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Introduction

The birth of biosensors is historically ascribed to Leland C. Clark and his colleagues
who in 1962 realized a device called the enzyme electrode in order to detect glucose
oxidase [6]. Biosensors are analytical devices that allow detection of biochemical sub-
stances by the means of two main components: the bioreceptors and the transducer.
The bioreceptors specifically recognize the target molecules and the transducer converts
the molecular recognition into a detectable signal. Nowadays, there are several well-
assessed laboratory techniques such as liquid chromatography-mass spectrometry, reverse
transcriptase-polymerase chain reaction, high-performance liquid chromatography and the
enzyme-linked immunosorbent assay, that exhibit impressive performance in terms of sen-
sitivity, selectivity, and reliability.

However, the demand for biosensing devices is still increasing [7, 8]. Main reasons are
that the gold standard laboratory techniques generally require well-equipped laboratories
and trained personnel. Moreover the use of significant amounts of toxic solvents, time
consuming and expensive procedures limit their adoption for mass screening and in-situ
applications for contaminant monitoring or diagnostic purposes.

In this regard, biosensors offering the possibility of real-time, practical, and affordable ap-
plications are particularly attractive for point-of-care testing (POC) and high-throughput
analysis. Therefore, the scientific community is spurred to face the challenges that still
limit biosensors-based approaches, such as limited sensitivities, difficulties in functional-
ization with bioreceptors, and the complexity of the technology transfer from the academic
research to the industry [9, 10]. In the last few decades, the outstanding progresses in
nanotechnology have shown a tremendous potential to address the quests of biosensing
field thanks to a wide variety of emerging nanomaterials [11]. The key properties of nano-
materials depend on nanoscale objects with at least one dimension smaller than 100 nm.

The aim of this thesis is exploring a class of metallic nanomaterials with magnetic
and plasmonic features to investigate their great potentiality in biosensing applications.
In particular, the nanomaterials here investigated are suspended core@shell magnetic
nanoparticles, a two-dimensional plasmonic nanostructure consisting of branch pattern
of gold nanoparticles and a magnetoplasmonic heterostructure of gold and cobalt thin
layers. All the nanomaterial have been implemented in an immuno-assay scheme in which
their surfaces are functionalized with antibodies (the bioreceptors). The functionalization
is obtained with the Photochemical Immobilization Technique, a novel functionalization
method developed in Biosensing research group at the Department of Physics of the Uni-
versity of Naples Federico II [12]. Remarkably, for all the above mentioned magnetic
and plasmonic nanomaterials the PIT was tested and implemented in an immuno-assay
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scheme for the first time.

Magnetic nanoparticles have gained popularity due the possibility of remote controlling
through an externally applied magnetic field. In particular, iron oxide magnetic nanopar-
ticles are appealing due to their higher biocompatibility and greater ease of synthesis as
compared to other magnetic materials [13, 14]. In this work we showed how core@shell
magnetic nanoparticles consisting of a magnetite (Fe;O4) core coated with gold can be
used to enhance the sensitivity of magnetoelastic transducers that generally suffer from
poor sensitivity, being much more effective than gold nanoparticles [1]. Remarkably, we
find that core@shell magnetic nanoparticles can be easily functionalized with antibodies
using the PIT. The magnetoelastic biosensor is described in Chapter 2.

The second nanostructure here presented is a plasmonic nanostructure consisting of an
assembly of branch pattern of gold nanoparticles immobilized on a glass slice. Plasmonic
nanostructures (i.e. nanostructures that sustain the excitation of surface plasmon po-
laritons SPP or localized surface plasmon polaritons LSPP) opened the possibility of
controlling and manipulating the light at nanoscale below the diffraction limit. Upon the
stimulation with an external radiation, plasmonic nanostructures allow a sub-wavelength
confinement and a strong enhancement of the electromagnetic field. Thanks to these fea-
tures these nanomaterials can be used to enhance the fluorescence in plasmon-enhanced
fluorescence (PEF) based biosensors. We showed that our nanostructure obtained with
an easy fabrication method allows to achieve a competitive fluorescence enhancement
as compared to much more complicated nanostructure. With numerical simulations we
demonstrated that the pattern architecture endowed the substrate with a large amount
of intense electromagnetic hot spots in which fluorophores can be housed. We find that
the theoretical results are in agreement with the experimental outputs obtained imple-
menting the substrate in the detection of a malaria biomarker in human whole blood [2].
This work is described in Chapter 3.

Eventually, the third nanomaterial investigated in this work is a magnetoplasmonic het-
erostructure consisting of a trilayer of cobalt and gold [15, 16]. Multilayered structures of
ferromagnetic and noble metals layers exhibit both plasmonics and magneto-optics prop-
erties. In these structures, the excitation of SPP modes produces a resonant enhancement
of the magneto-optical effects both in reflectance (Kerr effects) and in transmission (Fara-
day effects). In recent years, the magnetoplasmonic modulation of the surface plasmon
resonance (SPR) has been proposed as tool to overcome the sensitivity of the traditional
SPR sensors [17, 18]. Our research fits in this context. In particular, my research contri-
bution consisted in fabricating and characterizing the magnetoplasmonic heterostructures,
devising the experimental setup for real-time monitoring of the magneto-optical-surface-
plasmon effect, testing the PI'T and conducting biosensing experiments. The experimental
activity took place in the research center CIC nanoGUNE (San Sebastian, Spain) under
the supervision of the professors Paolo Vavassori and Andreas Seifert. We showed as a
proof of concept the implementation of this substrate in an immunosensing scheme where
the novel above mentioned PIT is employed for functionalizing the multilayered nanos-
tructures. The preliminary results obtained can be easily improved by optimizing the
fluidic system. The immunosensor based on magneto-optic surface plasmon resonance
effect is reported in Chapter 4.
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Organization of the thesis

Chapter 1 begins with some basic concepts on biosensing that will be recalled throughout
the whole thesis, including a description of the Photochemical Immobilization Technique,
the novel functionalization method adopted in this work. The chapter contains also basics
aspects of magnetic nanoparticles with special regard to their application to biosensing
and an introduction to plasmonics that is the core of the biosensors presented in Chapters 3
and 4. Starting with basics on optics in metals, the concepts of volume plasmons, surface
plasmons and localized surface plasmon are gradually introduced. Afterwards, the optical
response of metal nanoparticles is investigated through the Mie theory and within a quasi-
static framework. Eventually, a section is devoted to the description of coupled localized
surface plasmon modes that can arise in two dimensional arrays of metal nanoparticles.

In Chapter 2 basic concepts on theory of magnetoelasticity and magnetoelastic (ME)
materials are presented, so to explain the main ME properties of the acoustic-wave trans-
ducers and the origin of the mass sensitivity. Afterwards, a novel protocol for enhancing
the response signal of the ME sensors exploiting core@shell magnetic nanoparticles is
presented. The effectiveness of the protocol is proved by the experimental application of
ME biosensor in a real-time detection of an antigen in liquid matrix.

Chapter 3 is devoted to the plasmon-enhanced fluorescence. In this chapter, some
sections depict the effects occurring when a fluorophore is in close proximity of metal
nanoparticles. In the second part of the chapter, a biosensor based on plasmon-enhanced
fluorescence is presented. The sensor platform is a double resonant nanostructure that
allowed the implementation of multiplexed detection in whole blood down to the femto-
molar level. A detailed analysis of the nanostructure deeply describes the origin of the
double resonance and of the fluorescence amplification factors obtained.

Chapter 4 starts with a description the magneto-optical effects within a classical
framework. Other theoretical sections are devoted to the flourishing field of magnetoplas-
monics where plasmonics and magneto-optics are combined, opening novel possibilities
for the light manipulation at the nanoscale. The chapter focuses on magnetoplasmonic ef-
fects arising from the simultaneous excitation of surface plasmon polaritons and magneto-
optical effects within multilayered heterostructure of noble and ferromagnetic metals. In
the second part of the chapter the biosensor based the gold-cobalt trilayer is presented. A
section is devoted to the experimental optimization of the layers thicknesses. Finally the
biosensing application in liquid environment is described, proving high sensitivity, reliable
stability, and specificity of the immunosensor.
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1.1 Basics on biosensing

Biosensors are analytical devices able to convert the recognition of a biochemical substance
into a detectable signal. They mainly consist of three components:

e bioreceptors: the biological elements that selectively recognize the target molecules
(e.g. bacteria, proteins, toxins, viruses). Examples of bioreceptors are enzymes,
antibodies, nucleic acids, aptamers. When the bioreceptors are antibodies (im-
munoglobulins) the sensor goes under the name of immunosensor.



e physicochemical transducer: the element that converts the recognition of target
biomolecules into a measurable signal. According to the transduction system biosen-
sor can be classified as electrochemical, optical, acoustic-wave based;

e the electronic system that analyses the signal and displays the outcome.

Depending on the details of theirs components, biosensors have found a variety of ap-
plications in different fields including food and water safety, environmental monitoring,
agriculture, and medical diagnosis [19].

The demand for biosensors has grown despite the existence of well-established conven-
tional laboratory techniques such enzyme-linked immunosorbent assay (ELISA, [20]),
polymerase chain reaction (PCR, [21]), and liquid chromatography (HPLC). The rea-
son is that all of them generally require well-equipped laboratories, skilled personnel,
sample pretreatments and complex chemical procedures. On the contrary, biosensors of-
fer low-cost and user-friendly procedures, rapid response-signal, and thus the possibility
of performing in-situ analysis and real-time environmental /diagnostic monitoring.

Some parameters that will be used throughout this work for describing the performances
of biosensors are listed below for convenience:

e Limit of detection (LOD): the lowest concentration or amount of an analyte that
can be measured and that is statistically different from the analyte blank;

e Dynamic (Linear) range is the range of analyte concentrations for which the sensor
gives a different (linear) response;

e Sensitivity: the variation of the sensor signal as a function of the variation of the
analyte concentration or amount;

e Selectivity: the ability of detecting a specific analyte in a sample containing other
contaminants;

e Specificity: the capability of the sensor of not giving a response signal when exposed
to molecules different from the target.

Some other important qualities to which one can refers are (i) the reproducibility, that
is the coherence of the response signal that a sensor generates among different experiments,
and (ii) the stability that describes how much the sensor’s response is affected by external
and environmental disturbances.

1.1.1 Surface biofunctionalization

A crucial factor affecting both the sensitivity and specificity of a biosensing device is the
biofunctionalization [10]. This includes the choice of the bioreceptors and the methods
for immobilizing them on the active surface of the sensors.

Ideal bioreceptors should have high selectivity and specificity against the target analyte.
Among all the possible bioreceptors, antibodies (Abs) are considered prime candidates
thanks to their inherent affinity with the antigen’s molecules, high specificity and versa-
tility.



Abs are characterized by two fragment antigen-binding (Fab) that are responsible for the
selective recognition of the target biomolecules (Fig. 1.1). An efficient immobilization of
the Abs on the active surface of a sensor should expose their Fab to the sample containing
the target analyte.

Antigen

binding sites

Hinge
region

Figure 1.1: Sketch of a typical IgG structure. The heavy are in blue and the light chains
are green, respectively. Adapted from [22].

However, the strategies for immobilizing antibodies with the right orientation and with
an optimal surface density, is still an open issue [23].
Many functionalization methods have been so far explored. We list here the general
idea of the main techniques known, before introducing the one adopted in this work
for all the biosensors (Section 1.1.2). The simplest method is the physical adsorption
that relies on weak intermolecular interactions (e.g. van der Waals bonds, electrostatic
interactions) between antibodies and metal surfaces [24]. It is an easy strategy that
does not require any chemical modification of the surface, however, resulting bonds are
generally weak and with random orientation. Another strategy to immobilize Abs consist
in exploiting intermediate proteins (protein A or protein G [25]) that bind to the Fc
region of antibodies (Fig. 1.1) leaving the antigen binding sites free for the recognition
of the antigen. The main advantage is promoting the best orientation (Fab exposed
to the surrounding environment). However, the instability of non-covalent binding can
cause the disassembling of the antibodies, especially during the regeneration step [26].
A covalent conjugation of Abs onto metal surface can be obtained by modifying the
biosensor surface with reactive groups (e.g hydroxy, thiol, carboxy or amino groups). In
this case the bindings are stable. The main drawback is that these procedure are usually
time-consuming because of the complex chemical steps involved. Also, there is a concrete
risk of modifying antigen binding sites, thus compromising the efficiency of the molecular
recognition [27].

1.1.2 Photochemical Immobilization Technique

The photochemical immobilization technique (PIT) is a simple, fast and effective strat-
egy to immobilize Abs on noble metal surfaces with one Fab free and exposed to the



surrounding environment [12]. The technique has been recently developed in the Biosens-
ing research group at the Department of Physics of the University of Naples Federico
IT [12],]22]. The PIT consists in irradiating Abs with UV-light so to produce the selec-
tive photoreduction of the disulfide bridges in some cysteine-cysteine/tryptophan (Cys-
Cys/Trp) triads [28] that are present in the Immunoglobulins G (IgG) structure [29]. The
UV excitation of the Trp leads to the generation of solvated electrons that are captured
by the nearby disulfide bridge resulting in its destabilization and in a subsequent breakage
of the Cys-Cys bond. The process produces four free thiol groups, two of which interact
with the noble metal surface forming a covalent binding (Fig. 1.2).

(a) (b) (c)

free Fab

»
LI
b ]

- =l
PLae e,

R | ™ anchored Fab

r\i?«s»&%’:
Swananst’

Figure 1.2: (a) UV irradiation of Abs leads to the selective production of four thiol groups,
two of them are visible in the figure. (b) Schematic representation of an antibody linked
to a gold surface. Thanks to the position of the thiols, the antibody is immobilized with
the one Fab anchored on the gold surface, while the other is exposed to the environment.
(¢) Low pressure mercury U-shaped UV-lamp used to carry out the thiols activation in
antibody Fabs. The length of the scale bar in the top-left corner is 1 cm. Adapted from
2, 30].

Besides the stability of the covalent binding, this functionalization ensures both close

packing and an optimal orientation of the tethered Abs, with one of their binding sites
free and exposed to the sample solution.
The protocol mainly consists in the irradiation of a Abs solution with a UV-lamp for
30 — 60s. The irradiation time depends on the power of the UV-lamp used and it has
been established according to the results of the Ellman’s assay [12]. The sensor’s surface
needs to be exposed to the solution of UV-activate antibodies for few minutes (details on
the protocols employed in this work for each biosensor are reported in the corresponding
chapter). This technique preserves the selectivity and efficiency of the antibodies while
ensuring an optimal tail-on orientation. Compared to the conventional methods, PIT is a
quick and user-friendly method, it does not require any chemical or surface modification.
So far PIT has been adopted to develop several type of immunosensors based on different
transduction systems such as quartz-crystal microbalances [31] and screen-printed elec-
trodes for electrochemical sensing [32]. Moreover, it has been successfully employed to
functionalize colloidal solutions of gold nanoparticles (AuNPs), for colorimetric transduc-
ers [33],[34] and gold coated magnetic nanoparticles [1], [5].
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1.2 Basics on magnetic nanoparticles

Magnetic nanoparticles (MNPs) have been attracting increasing interest in scientific com-
munity as they provide the possibility to control and tune properties of nanoscale objects
through an external magnetic field. Commonly MNPs consist of pure ferromagnetic mate-
rials or alloys, oxides, or composite structures based on ferromagnetic elements (Fe,Co,Ni).
They can be fabricated via physical methods (e.g. condensation methods, mechanochemi-
cal dispersion) or chemical methods. The latter typically involve co-precipitation, thermal
decomposition, sol-gel, and micro-emulsion methods [35]. Small magnetic particles exhibit
many unique phenomena such as superparamagnetism and enhanced magnetic coercivity
[36]. In Sections 1.2.1 and 1.2.2 we recall some fundamental properties of fine magnetic
particles, in particular the size-dependence of coercivity and the superparamagnetic be-
haviour.

1.2.1 Coercivity of magnetic particles
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Figure 1.3: (a)Variation of intrinsic coercivity H.; with particle size (b) Schematic repre-
sentation of the size dependence of the intrinsic coercivity. The terms stable and unstable
refer to particles with relaxation time 7 < 100s and 7 > 100s respectively. Adapted from
[36, 37]

In magnetic materials, domain walls are interfaces between regions in which the spon-
taneous magnetization Mg has different directions (i.e. different easy crystallographic
directions). Generally, the change of spin directions between adjacent domains does not
occur abruptly. There are domains walls with nonzero width and a definite structure
consisting of spins oriented in noneasy directions. The reason can be understood from an
energetic argument. The minimization of the exchange energy requires the walls to be as
wide as possible, so to make angle between adjacent spins as small as possible. On the
other hand, thin walls require a smaller number of spins pointing in noneasy directions
thus reducing the anisotropy energy. The formation of domains walls is associated to a
certain energy cost per surface area. It can be shown that when the specimen size is less
than a critical value a configuration with one single-domain is favored with respect to
multi-domains configurations. In particular below a critical diameter D, small magnetic



particle consist of a single domain. In this size range the coercivity reaches a maximum
(Fig. 1.3(a)). As the particle size decreases below D; the coercivity decreases as well
(Fig. 1.3(a)). Finally below a critical diameter D,, the coercivity is zero because of ther-
mal effects. In this state magnetic particles are called superparamagnetic (see Fig. 1.3(b)
and Section 1.2.2).

1.2.2 Superparamagnetism
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Figure 1.4: (a) Magnetization curves of an assembly of iron particles (4.4 nm in diameter)
at different temperatures plotted against the applied field, (b) magnetization curves of
the assembly measured at different temperatures superimpose when M is plotted as a
function of the magnetic field divided by the temperature H/T. Reproduced from [36,
38].

Let us consider an assembly of uniaxial, single-domain particles with no applied mag-
netic field. The magnetization of each particle can be reversed overcoming the energy
barrier given by the anisotropy energy. Assuming that the particle’s surface makes no
contribution to the anisotropy, the energy has the form F = Ksin?6 where K is the
anisotropy constant and € is the angle between the magnetic moment m of the particle
and the anisotropy axis. Hence the energy barrier associated is AE = KV where V is
the volume of the particle [36].

Below a critical dimension of the single-domain particles, the anisotropic energy becomes
so small that that energy fluctuations happening at microscopic scale could overcome
the anisotropy energy barrier causing the spontaneous reverse of the magnetization of a
particle from one easy direction to the other. As for paramagnetic materials, if a field
is applied to the assembly of nanoparticles, the field will tend to align their magnetic
moments whereas the thermal energy will have the opposite tendency. However, the
magnetic moment per nanoparticle is relatively enormous as compared to the magnetic
moment per atom or ion in a normal paramagnetic material (few Bohr magnetons). This
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is the reason why this phenomenon goes under the name of superparamagnetism [39].
Magnetization curves of the assembly measured at different temperatures superimpose
when M (i.e. the magnetization of the assembly), is plotted as a function of the magnetic
field divided by the temperature H/T (see Fig. 1.4). Since there is no hysteresis, both
retentivity and coercivity are zero. However, the superparamagnetism disappears and the
hysteresis appears when the assembly is cooled below a particular temperature or when
the size of the particles go beyond the critical diameter for the zero coercivity, D,. To
determine these critical values of temperature or size, we must consider the rate at which
the assembly approaches thermal equilibrium after the applied field H has been removed.
Suppose an assembly of uniaxial particles has reached a magnetization value M; due to
the application of an external magnetic field and that the field is removed at ¢ = 0. The
magnetization M of the assembly will decrease as an effect of the demagnetization of the
particles due to the thermal energy. The rate of decrease is given by:

oM _ %efAE/kBT _ %

Y To T’

(1.1)

where AFE is the energy barrier due to anisotropy, e *F/*T is the Boltzmann factor giving

the probability that a particle has a thermal energy that exceeds the energy gap for
magnetization reversal. The value of 7y is typically in the range 1073 — 107 s [35]. The
time 7 is the relaxation time. The magnetization at any time is decreasing as M;e!/7.
If the measuring time 7,,.4s is much larger than 7, a time average of the magnetization
orientation is observed in the experimental time interval, and the assembly of particles
behaves like a paramagnetic system. On the contrary, if 7,,..s << 7 , the system does
not reach a new equilibrium state and its magnetisation does not change. If 7005 = 1008
that is characteristic value for the static magnetic measurements, and 75 = 107?s, the
condition Tpeqs = 7 in Eq. (1.1) gives that for uniaxial particles (i.e. AE = KV) the
transition to a stable behavior occurs when the energy barrier becomes equal to 25T
(Fig. 1.3(b)). For a given T, this implies that the volume of the particles assumes the
value V);:

25kT
K
which gives for any particle’s shape the corresponding diameter D, that is the upper limit
diameter of superparamagnetic behaviour.

At a given particles’ size, there will be a temperature T below which the hysteresis will
appear, called the blocking temperature. For uniaxial particles, proceeding as before, we
get:

v, = (1.2)

kV

Ty = ——.
B 95k

(1.3)

1.2.3 Magnetic nanoparticles in biosensing

Iron-oxide nanoparticles, such as magnetite (Fe3O4) and maghemite (Fe;O3), are usually
preferred for biomedical and environmental application due to the ease of synthesis, ease
of surface modification [40], and relatively low toxicity [41]. Many applications are re-
ported in biosensing [13, 42], nanomedicine and pharmacology (e.g. magnetic targeting,
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drug delivery, magnetic resonance imaging, hyperthermia). Suspended magnetic parti-
cles offer a large active surface aria which encourage a rapid transfer of analytes onto
their surfaces. As regarding the sensing applications, MNPs can be used in solid face
extraction for collecting and separating the analytes of interest in the sample volume [43].
Beyond the techniques of samples preparations, an appropriate combination of MNPs
with several transduction systems can amplify the detection signal and the interaction
with applied magnetic fields may accelerate the process of target recognition [44]. To
name few examples, in giant magnetoresistive sensors the magnetic field generated by
magnetic nanoparticles is directly exploited [5], in optical sensing MNPs can be used to
enhance the change of the refractive index for refractometric transducers [44].

Also, due to superparamagnetic properties they can be easily collected from sample solu-
tions by applying an external magnetic field [40]. Generally, the use of MNPs in biosensing
requires their surfaces to be functionalized with bioreceptors. However complex, expen-
sive and time-consuming procedures may be needed to directly link the bioreceptors on
the MNPs. Indeed, it is common to coat the magnetic core with a gold layer, a polymeric
shell (e.g. poly (ethylene glycol) (PEG), 2,3-dimercaptosuccinic acid) or a silica shell on
which bioreceptors can link more easily [45, 46]. The presence of a shell is also essential
to protect the surface and improve the chemical stability [47].

In particular, gold decorated magnetic nanoparticles merge the magnetic properties of the
cores with the oxidation resistance, the chemical stability, and the unique optical proper-
ties of gold. The optical and magnetic properties can be tailored by changing size, gold
shell thickness, shape, charge, and surface modification [48]. However, the application of
decorated magnetic nanoparticles is a relatively new topic and the protocols available in
the literature for an effective coating require expensive laboratory equipment and may be
complex and time-consuming [48].

Gold coated MNPs can be realized in several different configuration: core@shell,
core@satellite, nanodumbbells and hybrid structures [48]. In this thesis, the core@shell
type have been adopted in combination with a magnetoelastic transducer (Chapter 2).
Core@shell nanoparticles are characterized by the presence of an approximately uniform
gold coating around the magnetic core. The gold layer ensures high stability and allows
to maximize the presence of Abs per particle linked via PIT (Section 1.1.2, Section 2.A.2).
However, the magnetic properties of the core@shell structure are weakened by the dia-
magnetic nature of gold shell.

1.3 Basics on optics in metallic nanostructures

1.3.1 Optical properties of metals

The interaction between electromagnetic waves and metals can be understood in the clas-
sical framework based on the Maxwell’s equations. When interacting with low-frequencies
radiation, up to visible light’s part of the spectrum, metals are highly reflective and only a
negligible part of the incident radiation can penetrate trough them. At higher frequencies
towards near infrared and visible part of the spectrum, the penetration of electromagnetic
waves increases significantly and dissipation phenomena occur. In the ultra-violet part of
the spectrum metals allow the propagation of electromagnetic waves with the occurrence



of attenuation and absorption phenomena depending on the electronic band structure.
The dispersive properties of metals can be described by the mean of a complex dielectric
function e(w) [49]. Thus to retrieve a convenient expression for e(w) and describe the
optical phenomena of interest, we start from the three-dimensional Maxwell’s equations
for macroscopic electromagnetic fields [50, 49]:

V-D= Pext (14)
V.B=0, (1.5)
0B

E=-——"—" 1.

V x ™ (1.6)
oD

H = i 1.

V x J+ 5 (1.7)

where D, E are the dielectric displacement field and the electric field and H,B are the
magnetic field and the magnetic induction, respectively. As for the right side of the equa-
tions, pezs is the external density charge and J.,; the external density current. Moreover
the constitutive relations bind the macroscopic fields with the polarization P and the
magnetization M fields:

D=¢E+P, (1.8)
1

H=—DB-M, (1.9)
Ho

where €y and pg are the electric permittivity and the magnetic permeability of vacuum,
respectively.

Within this section, we assume to deal with nonmagnetic materials, for which the
magnetization is zero. With this assumption we do not lose generality since the optical
behaviour of the metals is driven by the by the electric polarization effect.

For isotropic and nonmagnetic media the constitutive relations can be rewritten as:

D = ¢y¢E, (1.10)

where ¢ is the relative permittivity. By inserting the expression in (1.8) into (1.10), it
follows that the polarization field is linearly related with the electric field through the
dielectric susceptibility x:

In the case of Ohmic and isotropic metals, the current density is proportional to the
electric field by the conductivity o:
J =0E. (1.12)

To take into account the dependence of the optical response of metals on the wave vector,

we need to introduce the non-locality in time and space. Thus, assuming that the material

is homogeneous (which means that length scales are larger than the lattice spacing) the
equations (1.10) and (1.12) turn into the following:

D(r,t) = &g / / e(r —r',t — tE(r',¢) dr'dt,

(1.13)

J(r,t) = //a(r —1' ¢t —t"E(' t")dr'dt’.
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The Fourier transform of the previous relations gives:

émﬂgz@ak@ﬁﬂkw% 114
J(k,w) =0k,w)Ek,w),

where the tilde symbol indicates the Fourier Transform, k is the wave vector and w the

frequency. From these relations we can easily retrieve an expression for the dielectric

function e(k, w):

io(k,w)
0w

k,w) =1+ (1.15)

As long as the wave length A of the impinging radiation is much longer than the lattice
spacing and the electrons mean free path, the equation (1.15) can be evaluated when
k = 0 which implies £€(k,w) = &(w). In general, the dielectric function is a complex
function £(w) = €1 + iey, where 1 := Re(€) and e = Im(€). The index of refraction is
also a complex function defined as n = /£(w) := n + ix. The following equations follow
by the definitions:

2 2
2 2 2 €1+‘v51+52

ggE=n"—kK, n=—4-—-"=
2 2 (1.16)
€2

€9 = 2NK, K=
2n

The imaginary part of the index of refraction, &, is the extinction coefficient that is related
to the optical absorbance of the electromagnetic waves propagating trough the medium.
More explicitly, the exponential attenuation of a beam of intensity Iy propagating through
a medium is given by the Beer’s law [49]:

I(z) = Ipe=),
o 2k (w)w (1.17)

Y

C

where ¢ is the speed of light in the vacuum. Thus by considering the relations (1.16)
stated above, the imaginary part of the the dielectric function 5 determines the optical
absorption inside the medium. If |e1] > |e2|, the real part of the index of refraction, n, is
mainly determined by €;. In absence of external stimuli the Maxwell’s equations lead to
the wave equation for the electric field:

00*D
VxVxE:—”aZt , (1.18)
and the corresponding equation in Fourier transform is
w2
k(k-E) — k’E = —(k, w)Eg. (1.19)

This equation admits two different solutions, namely transversal and longitudinal waves.
For transversal waves k - E = 0, the equation (1.19) gives

w2

FE = g(k,w)E=, (1.20)

c2
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that is the usual Helmholtz wave equation. For longitudinally polarized waves (k-E # 0),
according to the equation (1.19) the allowed wave frequencies are only the zeros of the
dielectric function:

2k, w) = 0. (1.21)

This relation defines the dispersion relation for the so-called plasmon excitations that are -
as we will see more in detail - collective longitudinal oscillations. To simplify the notation
from now on we will omit the Fourier transform symbol on the dielectric function.

1.3.2 Plasma model

The optical properties of metals can be explained by the plasma model at frequency ranges
that come from the electron band transition energies. The basic assumption of the model
is that the electrons of a metal are a gas of particles free to move in a background of
relatively fixed ions of opposite charge. In this picture the electron-electron interactions
and the effect of the lattice potential are both neglected. When a driving electromagnetic
field is applied to the metals, the electrons of the gas oscillate. Taking into account that
the motion is damped by individual electron collision, the dynamics is described by the
following equations [49]:

*r or

where v = 1/7 is the characteristic collision frequency that corresponds to the inverse of
the relaxation time 7 of the free electron gas. Assuming harmonic time dependence of E
upon time E(t) = Ege ™", a particular solution of the equations has the form

r(t) =ree ™ = mE(t) (1.23)

The displacement of the electrons gives a contribution to the macroscopic polarization. If
np is the electron number density, the polarization is P(t), since P = —nper(t), we get
the following expression for the displacement field:

wp
W+ 1yw
1.24
e (1.24)

2
wp.

Eom ’

where w), is called plasma frequency. The resulting expression of complex dielectric func-
tion is

w2
=1-—r 1.25
e(w) 1) (1.25)
whose real and imaginary part are £;(w) and e5(w) respectively:
(WpT)Q wzzT
—1— T S 1.26
f1(w) Trnr 29T e (126)
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At low-frequency w7 < 1 the relations (1.26) become

w2
e(w) ¥1—wir’ =1- 2%,
w
2 (1.27)
~ Yp
ea(w) = ——,

and the imaginary part of the dielectric function is dominant, €5 > €;. According to the

equations (1.16):
naka/eg/2. (1.28)

This implies that the real and the imaginary part of the index of refraction are of the
same magnitude and very large so that the reflection coefficient R = [(1 —n)? + k%] /[(1 +
n)? + k%] &~ 1. In this regime the radiation is mainly absorbed in a region very close to
the metal interface preventing the wave propagation inside the metals (skin effect). On
the contrary, at high-frequency w7 > 1 the real part of the dielectric function results to
be dominant (g1 > £):

~1— P 1.29

) =1 BT (1.29)
w2r?

52((,4}) ~ w37'3' (130)

For frequencies higher than the plasma frequency w > w,, according to the equation
(1.25), e(w) — 1. In this transparent regime the electron plasma support the propagation
of transversal waves through the metal. By inserting the equation (1.29) into (1.20) we
get the dispersion relation and the group velocity of the propagating transversal waves
(Fig. 1.5):

w? = wﬁ + k%2,
vy = dw/dk = CT 3l

Noble metals

For noble metals in the region w > w, an extension of this model is needed. At high

frequency the dielectric function tends to values different from the unit predicted by the

equation (1.25). This is corrected adding a parameter €., that takes into account the net
contribution from the positive ions:

2

“p

o (1.32)

e(w) = €0 —

Typical values of €4, for metals lie into the range 1 — 10 and depend on the inter-band re-
sponse [51]. A contribution to the dielectric function is also given by inter-band transitions
from lower-lying bands to the conduction band. These contributions can be accounted for
by adding the description of the bound electrons into the equation (1.22). In the classic
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Figure 1.5: The dispersion relation of the free electron gas (red solid line). The propaga-
tion of transversal waves is only allowed for frequencies higher than the w,. The dashed
black line is the dispersion relation of light in air w = kc.

pictures the bound electrons are linked to the nucleus by an atomic force represented as
a spring force. Thus the equation (1.22) is replaced with the following

0r or
My + ™Yo + mwjr = —¢E, (1.33)

where wy is the resonance frequency.

1.3.3 Volume plasmons

We saw in the previous sections that the plasma frequency w, defines a threshold between
the reflected and transmitted wave frequencies. The plasma frequency can also be under-
stood in another way. At frequencies close to the plasma frequency the condition (1.21)
is realized and, according to the equations (1.8) and (1.10), the electric field is a pure
depolarization field with E = —P/eo. Let us consider a metal slab to which an external
electric perturbation at a frequency close to w, is applied. Assuming that the free elec-
tron gas moves as a rigid entity, the external perturbation causes a collective displacement
by a distance u from the equilibrium position. The electron gas experiences a restoring
force due to the unbalanced charge of the positive ion cores and a surface density charge
o = neu appear on the slab’s sides (n is the electron volume density and e the electron
charge). The equation of motion of the electron cloud is:

0*u n?e?u
M sy = —nel = — o (1.34)

13



where m is the electron mass and E' = 0/¢¢. Manipulating the previous equations we get:

2

nmaa—;tl +wiu =0, (1.35)
which implies that the plasma frequency naturally appears as a frequency of the collective
oscillation of the free electron gas. It is worth noticing that the coherent in-phase oscil-
lation of the conduction electrons is possible only if the condition k = 0 is satisfied. The
quanta of these collective oscillations are called volume plasmons in order to distinguish
them from “localized” and “surface” plasmons. Because of their longitudinal nature, vol-
ume plasmons do not couple to transverse electromagnetic perturbations. In general for
metals w, assume values that vary in the range of 1 — 15eV depending on the electronic
band structure [52].

1.3.4 Surface Plasmon Polaritons

Surface Plasmon Polaritons (SPP) are electromagnetic oscillations propagating at the
interface between a dielectric and a conductor and evanescently confined in the direction
perpendicular to the surface. These modes arise from the coupling of the electromagnetic
field with the electron plasma of the conductor.

The main properties of SPPs can be retrieved from a classical approach, by apply-
ing the Maxwell’s equations to the interface between a dielectric and a conductor. The
equations have to be solved in two separate regions of constant dielectric function (the
dielectric and the conductor), and the obtained solutions must match appropriate bound-
ary conditions. In absence of external stimuli the equations (1.6),(1.7) lead to the wave
equation: )

e O°F

AFE — Elvo =0, (1.36)
where it is assumed that the spatial variation of € are negligible. For simplicity we can
consider a one dimensional geometry (Fig. 1.6) in which z = 0 is the interface between the
dielectric and the conductor and in the y-direction the system is homogeneous. We also
assume that electric field propagates along the x direction and that it has the harmonic
dependence on time E(r,t) = E(z)e*r?e~“! where kg, = ki is the component of the
wave vector along the propagation direction.

The equation (1.36) becomes

O*E

5 T (kge — k2,)E =0, (1.37)

where kg = w/c is wave vector in the vacuum. Making the equivalent assumptions for
the magnetic field H(r,¢) for the three component of both field one easily retrieves the
following set of equations:

0F. , oE, OF, . oF .

- a—zy = iwpoH,, 92 o = iwpoHy, 8_xy = wpoH., (1.38)
0H, . OH, O0OH, . OH ,

— a—zy = %U&Toé‘Em, aZ — 81’ = ZC{)EogEy, a—xy = zweerZ, (139)
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Figure 1.6: Configuration for SPP propagation at a single interface between a metal and
a dielectric medium (from [49]).

where it has been used that the partial derivative with respect to the y-direction 9/dy
is null for each component because of the assumption on the homogeneity of the system.
This system admits two sets of solutions with different solutions: the so-called transverse
electric mode (TE or s modes) and transverse magnetic mode (TM or p modes). The two
sets of self-consistent solutions and the corresponding wave equations are the following:
for TM modes

i OH k 0*H,
E,=— Y E,=——"rH Y4 (ke — K2)H, =0 1.40
wepe 0z wege Y 022 + (koe = k5p) Hy = 0, (1.40)
and for TE modes
i OFE k O%E.
H =—=>"2 H,=—"LF Y 4 (K2 —K2)E, = 0. 1.41
Wit 827 Wit Y 022 +( 0€ sp) Y ( )

We know that SPPs are propagating wave solutions confined to the interface between a
dielectric and a conductor with evanescent decay in the direction perpendicular to the
interface. Let £4(w) be the dielectric function of the dielectric medium and a &,,(w) the
one of the metal. The two media are separated by a single flat interface coinciding with
the plane z = 0. For TM modes a solution is

H, = AgetFsrtehza,
iAq ik —k
E, = k.qe™® =,
wepeq(w)(w)(w) el (1.42)
iAg hap
E. = ke rted
weoea(w)(w)(w) ™

15



for z > 0 and

ikspx kom
H, = A,e"r¥em,

iA ,
E.’E = ——mkzm stpx —kzd
weem(w) e (1.43)
A ‘
EZ _ 1Am k'speszpxekzm,
WeYEM (W)
(1.44)

for z < 0. The subscript m, d refer to the medium, k.,,, k.4 are the Z-component of the
wave vectors in the two media. The inverse of the real part of these wave vectors k.,
k:;dl are the evanescent decay lengths (or depth penetration length) of the fields in the
direction perpendicular to the interface. The continuity of the tangential component of
the fields £, and H, and of the normal components D, leads to the conditions A4 = A,,
and

km eq(w)

e = _em(w)' (1.45)

According to the last condition the existence of SPPs solution at the interface implies that
the dielectric functions of the medium have real parts with opposite signs. The condition
is fulfilled in case of dielectric-metal interface. In particular, for metals we saw in the
equation (1.27) that the real part of the dielectric function is negative at frequencies
lower than the plasma frequency w,. Imposing that H, is also a solution of the wave
equation we get the two relation

kzm = k?p - k’g€m(W),
A (1.46)
zd — "sp Ogd(w)7

that lead to the dispersion relation for SPPs propagating at the interfaces between two
media:

B em(w)eq
ksp = ko\/em(w) T ea@) (1.47)

where Re(e,,(w)) < 0 and Re(eq(w)) > 0 as required by the equation (1.45).

Following the same procedure for TE modes leads to the conclusion that no surface
mode can exist for TE polarization. Fig. 1.7 shows plot of the dispersion relation (1.47) of
SPPs modes at the interface between a metal with negligible damping (i.e. Im(e,(w)) = 0)
and air.
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Figure 1.7: Dispersion relation of SPPs modes at the interface between a Drude metal
with v &~ 0 and air (gray curves) or silica (black curves.) Adapted from [49].

Since SPPs are bound modes, their excitation can only occur at frequencies lower than
the plasma frequency w < w, for which metals are not transparent (Section 1.3.2), so
that the SPPs dispersion curve lies on the right side of the light line in air. An important
consequence is that special phase-matching techniques are required for the SPPs excitation
via three-dimensional beams as we will further see in Section 1.3.5.

For large wave vectors kg, — 00, the dispersive relation (1.47) admits two asymp-
totes that can be obtained by using the real part of the free electron dielectric function
(eq.(1.25)) and assuming that the collision frequency of the metal, v, is negligible. One
branch solution is w = cks, (w — 0o when kg, — 00) and the other one, that correspond
to the surface plasmon solutions, is the branch with w that approaches a finite value wg,

when kg, — 00:
“p

vV 1+ Ed ‘
The value ws, is the so-called surface plasmon frequency. In this region the group velocity

tends to zero vy — 0 and the SPPs modes have an electrostatic behaviour which is known
as surface plasmon. The confinement of the surface plasmon occur in both media since

(1.48)

wsp -

kp > /55, (1.49)
C

with j = m,d and the Z-components of the wavevectors have purely imaginary values

kom = \/ Emk(Q) o kEp? k.o = \/ Edk% B kzp’ (150)
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Figure 1.8: Dispersion relation of SPPs at a silver/air (gray curve) and silver/silica (black
curve) interface. For real metal, the wave vector kg, of the bound SPPs reaches a finite
maximum value at the surface plasmon frequency wg,. Adapted from [49].

which implies that the fields decay exponentially away from the interface.

In the case of real metal, the imaginary part of the dielectric function is not null
Im(en) # 0 for both from free-electron and interband damping. As a result, the SPPs
are damped and the attenuation length L = (2Im(ky,))"" lies typically in the range of
10 — 100pm in the visible regime depending on the metal/dielectric couple considered.
In Fig. 1.8 it is shown as an example the dispersion relation of SPPs propagating at a
silver/air and silver/silica interface. Compared to the previous undamped case, now the
wave vector of the bound SPPs approaches a finite value at the surface plasmon frequency.
The corresponding finite wavelength is Ay, = 2/(Re(kgp).

1.3.5 Configurations sustaining Surface Plasmon Polaritons

The excitation of SPPs modes requires the conservation of energy and momentum. On
a flat metal/dielectric interface, at any frequency, the SPPs wave vector ks, > ksin®,
where k is the wave vector of light on the dielectric side of the interface and 6 the inci-
dence angle. Thus, the phase matching is prohibited in this way but it is still possible in
a three-layer system consisting of a thin metal film sandwiched between two insulators of
different dielectric constants.

Let one of the insulators be the air (¢ = 1). A beam reflected at the interface between the
insulator of higher dielectric constant ¢,(w) (usually a prism) and the metal will have an
in-plane momentum k, = k,/g,sin 0 sufficient to excite SPPs at the metal/air interface.
The phase-matching to SPPs cannot occur at prism/metal interface since the correspond-
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ing SPP dispersion lies outside the prism light cone (Fig. 1.9).

air ——»/ prism
metal/air interface

metal/prism interface

Frequency

Wave vector

Figure 1.9: Dispersion relation of SPP at metal/air and metal /prism interface for the
typical ATR coupling scheme. Only propagation constants between the light lines of air
and that of the prism are accessible: the SPPs can be excited at metal/air interface where
their propagation constants lies inside the prism light cone (from [49]).

The phase-matching with prisms can be realized with two different configurations: the
Otto and Kretschmann configurations (Fig. 1.10).
In the Otto configuration [53], the prism is separated from the metal film by a thin air
gap. Total internal reflection takes place at the prism/air interface exciting SPPs through
tunnelling of the field to the metal/air interface.
In the Kretschmann configuration [54], a thin metal film is evaporated on the prism
surface. The incidence angle of the exciting beam at the prism/metal interface is greater
than the critical angle of total internal reflection. The tunnel effect occurs through the
metal film so that SPPs are excited at the metal/air interface. Thus, the matching
condition can be written as:

Re{kepp} = %sin(@)np, (1.51)

where n, is the index of refraction of the prism, w the exciting frequency and 6 the
coupling angle.
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Figure 1.10: Phase-mathing SPPs using prism coupling with attenuated total internal
reflection according to the Kretschmann-Raether (left) and Otto (right) configuration
(from [49]).

The coupling scheme described is also called attenuated total internal reflection (ATR),
and it is not the only possibility to exctice SPPs. The phase-matching can also be achieved
with a grating of grooves or holes. For a one-dimensional grating of grooves (Fig. 1.11),
the phase-matching requires

Espp = Y sinf + vy, (1.52)
c

where g = 27 /a is the vector of the reciprocal space, a is the period of the diffraction
grating and v € Z .

k
k‘ll
a

Figure 1.11: One dimensional grating: a is the grating vector, kj = ksin 6
where 6 is the angle of incidence (from [49]).

Observing SPR

A direct method for observing the excitation of SPPs in ATR experiments is detecting
the reflected light, measuring the dependence of the p-polarized light reflection coefficient
R,, on the incidence angle or wavelength. Ideally, in resonance condition, Iz,, = 0, all
energy of light wave transforms to surface plasmons.

It is worth noting that the modes excited with ATR configurations are leaking modes that
lose energy due to intrinsic losses in the metal and the leakage of the radiation inside the
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prism. The minimum of R,, measured occurs due to the destructive interference between
this leaking emission and the reflected part of the excitation beam. When the thickness of
a metal film is optimal, the destructive interference causes the reflected beam to vanish,
thus preventing the detection of the leaking field.

1.3.6 Localized Surface Plasmon Resonance

The interaction of an oscillating electromagnetic field and nanoparticles with small or
subwavelenght dimension gives rise to propagating excitations of the conduction electrons
of metallic nanostructures, called Localized surface plasmons (LSPR).

For describing this phenomenon we start considering the scattering problem for a
small and spherical particle interacting with an oscillating electromagnetic field. If the
dimension d of the nanoparicle is much smaller than the wavelenght of the electromagnetic
field d < A, the phase of the harmonically oscillating electromagnetic field is constant over
the whole particle volume, and the problem can be reduced to the electrostatics (quasi-
static approximation). Thus, we consider a homogeneous, isotropic, spherical nanoparticle
of radius a located at the origin of the system and subjected to a static electric field
E = Eyz (Fig. 1.12). The surrounding medium is isotropic and non-absorbing with
dielectric constant &,,, while e(w) is the dielectric response of the particle.

Eo

e(m)

€m

Figure 1.12: Homogeneous spherical particle placed into an electrostatic field Eq (from
[49]).

In this geometric configuration, the solutions of the Laplace equation for the electric
potential A¢ = 0, are the following [50]:

3em
in = —%EOT cos 6,
) o €—¢ cos (1.53)
D, = —FEyrcost + " Eya® ,
€+ 2e,, 72

where the proper boundary conditions for the normal and tangential component of the
electric field are taken into account. We note that ®,,; can be written as:
p-r

b, = —FEgrcosf + —,
dmegemt

(1.54)
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where p is the electric dipole moment:

= AmepEma
P 0 €+ 2e,,

= goemEo, (1.55)
where « is by definition the polarizability. This means that when a small spherical
nanoparticle is illuminated by light, the electric field causes that its conduction electrons
to oscillate coherently with the field. The applied electric field induces a dipole moment
inside the sphere of magnitude proportional to |Ey|. We note that the polarizability «
defined in (1.55):
3€E—Em
€+ 2en,’

experiences a resonant enhancement under the condition that | + 2¢,,| is a minimum.
For the case of small or slowly-varying Im e this simplifies to the Frohlich condition:

a =4ma (1.56)

Re{e(w)} = —2¢,. (1.57)

The mode associated to this resonant condition in an an oscillating field is called dipole
surface plasmon of the metal nanoparticle (Fig. 1.13 (a)).
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Figure 1.13: (a) Schematic illustration of the localized surface plasmon excitation. (b)
Extinction efficiency as a function of NP diameter. (c) Sketch of the visual colour change
of a nanostructured substrate as a consequence of the LSPR redshift. Adapted from [2].

It is worth to notice that in real cases the magnitude of the polarizability « is limited
by Im(g) # 0. The electric field distribution is given by E = —V¢:

c g"énm o) —p (1.58)
Eout - EO + —3
4mEQEmT

Thus, resonant condition in « implies an enhancment for both the internal and the external
electric field. Now we can restore the harmonic time dependence of the electric field,
keeping in mind that the spatial retardation effects over the whole nanoparticle volume
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are neglected because of the quasi-static approximation. Thus, from (1.55) the oscillating
electric field E = Ege~™? induces an oscillating dipole moment p = eppe,,aEge “*. The
radiation of this dipole leads to scattering of the plane wave by the sphere, which can be
represented as radiation by a point dipole. We recall that the total fields H(t) = He **
and E(t) = Ee ™' emitted by an oscillating dipole are [50]:

2 ikr 1
Hzi(nxp)e (1 )

4rr ro " ikr

E— {kQ(n X P) X nei:T +[3n(n-p) — 7] (i _ ﬁ) e“"},

4mEgEm

(1.59)

with £ = 27 /X and n is the unit vector. In the near region kr < 1 the magnetic field is:

Tw 1

and the electric field reduces to the static solution

_3nm-p)-p

E
dmegem,rs

(1.61)

In the near field region, the electric field is predominant since the magnitude of the
magnetic field is smaller of a factor Z—‘ékr. In the radiation zone where kr > 1 the

dipole fields have the typical spherical-wave form:

Ck?2 eikr
E=,/ ™ Hxn (1.63)
€0Em

Under these circumstances, the nanoparticle acts as an electric dipole, absorbing and scat-
tering electromagnetic fields in a resonant condition. In the quasi-static approximation,
the scattering and absorption cross sections assume the following form:

Ko, 8w e—em |
sca — L = _k4 ) L 1.64
Ton = grlol” = 3 et 2| (1.64)
Oaps = kIm[a] = 47ka® Im . : (1.65)
€+ 2e,

where in the first equalities the relation between o and the absorption and scattering
cross sections is provided through the Optical Theorem [55]. The extinction cross section
given by Oept = Osea + Oaps 18 (Fig. 1.13(b)):

wesl? Im{e}

¢ [Re{e} + 2e,)2 + Im{e}”’

Tegt = IV (1.66)

where V' is the volume of the spherical nanoparticle. All these cross sections are valid for
metal as well as dielectric scatters.
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For a sphere consisting of a Drude metal with a dielectric function (1.25) located in a
medium of dielectric constant €,,cqium, the Frohlich’s criterion is fulfilled at the frequency:

/ wp
=,/— 1.67
WLSPR 25medium + 1 ( )

The equation (1.67) states that the LSPR resonance strongly depends on the dielectric
environment. In particular, the wygpr red-shifts as the dielectric constant of the medium
Emedium iNCreases. The dependence on &,,cq4ium 1S approximately linear over small ranges
of the refractive index at optical frequencies [56].

We finally observe that the LSPR strong dependence on the refractive index of the

surrounding medium is the reason why the effect is employed for colorimetric plasmonic
sensors [1]. Fig. 1.13(c) shows the sketch of the typical color change of colloidal solutions
of gold nanoparticles caused by the red-shift of the LSPR and exploited by colorimetric
plasmonic biosensors.
The effect of the LSPR is also concentrating the incident electromagnetic field in proximity
of the nanostructure. The concentrated local electromagnetic field can interact with some
optical processes such as fluorescence. In this case the resulting effect is the plasmon-
enhanced fluorescence as we will see in Chapter 3.

1.3.7 Mie theory

When particle dimensions are comparable with the wavelength of the incident radiation
we have to take into account that electromagnetic field experienced by the particle is not
constant over its whole volume. Thus, the quasi-static approximation fails. An alternative
approach is given by the Mie’s theory. It consists in studying the scattering fields produced
by a plane wave incident on a conducting sphere in a linear, isotropic, and homogeneous
medium. To do that is convenient to introduce the spherical harmonics and the spherical
vector harmonics, in order to decompose the incident field and then derive an expression
for the field in proximity of the spherical particle. Let ¢ the scalar wave function that
solve the Helmholtz equation:

AY(r) + k*)(r) =0 (1.68)

Every solution of this equation can be written a series of the 1" and ¥°% that indeed
are basis of solutions:

it = cos(me) P (cos 0)z (kr) (1.69)
0dd — sin(me) Py™ (cos 0) z (kr) (1.70)

where P’ are Legendre functions of the first kind of degree ¢ and order m and the symbol
z; refers to the spherical Bessel functions j,, v,, hg), hg). In particular, two possible

solutions of the equation (1.68), restoring the harmonic time dependence, can be written
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as:

- 2041 ,
u =e " cos(¢ ;1 0+ P (cos0)je(kr), (1.71)
: - 20+1
__—iwt _: Y4 1 .
v=e “"sin(¢) Y (—1i) W+ Pj (cos0)je(kr). (1.72)

~

=1

The Mie solution inside and outside the sphere can be found by imposing the boundary
conditions on the sphere’s surface at infinite distance. In the two sets of solution different
type of Bessel functions appear. This comes from the imposition of the proper boundary
conditions. Thus we have outside the sphere [57]:

-  20+1
u =e~ " cos( Z 0+ 1)Pgl(cos O)he(kr), (1.73)
- 20+1

v =e “sin(¢) > bg(—z)ngg(COS 0)7o(kr), (1.74)

~

where h, are the Hankel functions, and inside the sphere:

u =e ™" cos(¢) ; co(— ')E%P} (cos @) je(kr), (1.75)
v ="t sin(6) 3 de(—i)" ;ﬁi ; Pl (cos 0)jo(kr), (1.76)

~
Il
—

where ay, by, ¢4, d, are the Mie’s coefficients.

We can introduce two vectors M and N that solve the vector wave equation
VV.-C -V x VC+k*C? =0, (1.77)

so that in the end the electric and the magnetic fields can be expressed in terms of these
solutions. These vector wave functions are defined as:

M=Vx(r), N= %v x M. (1.78)

The time factor is reintroduced with the harmonic time dependence by writing M =
me ! and N = ne~®!. With these definitions we find the spherical vector wave functions
[57]:
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Jn(kr) . oP! .

Moy, =~ Pl (cos 0) cos peg — jn(kr) 50 (1.79)

My, = jgffg) Pl(cos 0) sin geg — jn (kr) 88_1:;1 sin ¢ey, (1.80)

Nein :%jn(kr)ﬂlb(cos 0) sin pe, + kl [krjn(kr)) 88];1 (1.81)
+ %Pg (cos 0) cos ey,

g1, :%jn(kr)P;(cos 0) cos e, + k_lr[krj"(kr)] 88_P9169 (1.82)
+ %Pﬁ(cos 6) sin pe,,

where e,, ey, e, are the unit vectors in spherical coordinates and the labels 0, e stand for
odd and even, and the prime indicates the derivative with respect to the argument kr.
From the previous equations, the incident field E; and the fields inside the sphere F; and
outside the sphere E, expressed in spherical harmonics are [57]:

LN~ 2L )

E; = Ege ™! g "~ m) —n , 1.83
0 = n(n + 1) [ 0ln eln] ( )

= g 2041 1
B, = Eoe ™Y i"———a! il 1.84
t 0€ ot 3 n(n + 1) [CL 0111 n eln] ( )

e~ 2n+1

E, = Bpe ™) " i"———[alm{;, — ib 1.85
0 yat n(n n 1) [ Oln n eln] ( )

The functions m{>. and n) are obtained by the expressions in (1.80) and (1.82) by

replacing j,(kr) with Hankel functions h, (kr). The corresponding scattering, extinction,
and absorption cross sections result from the Optical Theorem [58]:

I —
Osca = W 2(21 + 1)<|al|2 + |bl|2)7
=1

2 °© (186)
Oext = W Z(Ql + 1>R,e{(ll + bl},
=1

Oabs = Oext — Osca

where [ represents the multipole order of the scattering.

1.3.8 Coupled Localized Surface Plasmons

In an assembly of proximal metal nanoparticles, the LSPR is strongly affected by the
near-field coupling of the resonances of the individual particles.

The arising coupled modes are called coupled-LSPs (c-LSPs) and can offer a strong elec-
tric field enhancement and confinement at the inter-particle gaps whenever they resonate
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with the external perturbation [59].

Generally, the resonant conditions for ¢-LSPR take place for wavelengths that are red-
shifted or blue-shifted with respect to LSPR wavelengths of the corresponding individual-
nanoparticle. These phenomena have been described by applying the plasmon hybridiza-
tion method to dimers of nanoparticles [60],[61]. According to the model, when the
inter-particle gap is of few nanometers, the LSPs modes of individual particle mix and
give rise to bonding and anti-bonding hybrid plasmon modes [62].

When the external radiation is linearly polarized along the dimer axis (longitudinal
polarization), a lower energy (or bonding) mode o results from the in-phase coupling
of the individual particle dipoles, whereas a higher energy (or anti-bonding) mode o
results from the out-of-phase dipolar coupling [62]. Thus, o (%) modes occur at c-LSPR
wavelengths A._psp that are red-shifted (blue-shifted) with respect that of the individual
particle LSPR [63].

Furthermore, the o mode is associated with a strong enhancement of electric field (hot
spots) at the dimer gap while the ox mode exhibits a stronger field confinement at the
dimer edges.

Conversely, if the polarization is orthogonal to the dimer axis (transverse polarization),
a lower energy (or bonding) mode 7 (red-shifted) is associated to the out-of-phase dipolar
coupling, whereas a higher energy (or anti-bonding) mode 7+ (blue-shifted) is associated
to the in-phase dipolar coupling [63].

R <2/3 (LSPR)

0, 4

R >2/3 (c-LSPR)
1 s

Figure 1.14: (a) Schematic representation of the plasmon hybridization model. (b) Sketch
of the near-field coupling among two neighbouring nanoparticles in a two-dimensional
hexagonal lattice. (c) Schematic illustration of the electric field enhancement in the case
of LSPR mode and ¢-LSPR mode for a homodimer configuration (from [4])

Fig. 1.14(a) shows a graphical representation of the plasmon hybridization model in
the case of a homodimer (i.e., two equivalent nanoparticles) as well as a heterodimer (i.e.,
two non-equivalent nanoparticles).

It is worth noting that a linearly polarized light cannot excite the out-of-phase modes
ox and 7 in a homodimer (dark modes), but specific illuminations such as a focused
cylindrical vector beam can [64].

However, ox and m modes are allowed by the heterodimer configuration (under linearly
polarized light) and, in this case, they are characterized by weaker intensities than ¢ and
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7 in-phase modes. These facts can readily be addressed by the dipole-dipole model (in
the quasi-static approximation): the oppositely oriented dipole moments neutralize each
other (dark modes) in the case of homodimers while an incomplete cancellation takes
place for heterodimer (Fig. 1.14(a)) [62].

In the case of a 2D nanoparticle array, the plasmonic behavior in a first approximation

depends on the ratio between the nanoparticle diameter D and the inter-particle distance
d, R = D/d (Fig. 1.14b)).
In particular, when R > 2/3 their LSPs do couple through near-field interactions and
give rise to c-LSP modes [65](Fig. 1.14(c)). On the contrary, if R < 2/3 the couplings are
negligible and the optical response of the array is well-described by a system of decoupled
LSPs [65]. These properties can be recovered from the following semi-empirical relation
for resonance shift of a nanoparticle dimer A/A\._rspr [66]:

A)\ch.S'P

= k‘e%, (1.87)
AchSP

where £ is the maximum c-LSPR shift for the dimer and ¢; is the decay length of the
c-LSP. By varying the inter-particle distance between two metal nanoparticles through
lithographic techniques, it resulted that c-LSP decay length ¢; can be approximated as
Uy ~ D/5 [67]. Therefore, there is the concrete possibility to tune the optical response of
a nanostructure by tailoring the array pattern. This potentially makes the c-LSPR-based
platforms a versatile tool for biosensing applications [4, 68].
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Magnetoelastic biosensor
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2.1 Introduction

Recently, among the magnetic biosensors [69], magnetoelastic materials (ME) have emerged
as interesting acoustic-wave transducers for development of high-sensitive biosensors [70].
ME sensors can be placed in a vibration condition due to magnetostriction effect, at the
characteristic resonance frequency fy, employing time-varying magnetic fields.

The attaching of a small mass to the surface of the material involves a shift of the res-
onance frequency, which can therefore be used as sensing parameter. In fact, the mass
addition dampens the resonance behavior of the resonant sensor.

The principal competitive advantage of ME biosensors is that they are wireless, namely
there is no physical connection between the detection electronics and the sensor. Wireless
sensing turns out to be a very interesting feature for applications as point of care testing,
especially by considering that most of the other devices require complex wiring for power
and measurement.

Furthermore, ME transducers are composed by a low-cost raw material, and their compact
size make them suitable for multiplexing schemes. However, sensitivity remains the main
drawback of these transducers. Recent attempts to enhance sensitivity rely on several
strategies such as the reduction of the size of ME platforms [71], and the amplification of
the signal response by using gold nanoparticles [72].

It should be noted that the attempt of reducing the dimension of sensor platforms is lim-
ited by manufacturing difficulties and loss of the intensity of the signal that occur when
the microscale is reached [73, 74].

Gold nanoparticles (AuNPs) are widely used in biosensing due to their high chemical sta-
bility, biocompatibility and large specific surface area on which bioreceptors such as Abs
can be properly immobilized. In the case of a ME sensor, the amplification of the response
signal via AuNPs exploits the typical sandwich-assay scheme, in which AuNPs, function-
alized with bioreceptors (e.g., Abs), bind to the target-bioreceptor pair (e.g., antigen-Ab)
on the sensor surface. Thus, the mass loading on the ME sensor surface increases, en-
hancing its sensitivity of detection.

Besides AulNPs, magnetic nanoparticles have also found application as signal labels in
biosensing systems, such as molecular detection and related strategies that rely on ligand-
receptor binding. In particular, iron oxide magnetic nanoparticles (NPs) are particularly
appealing due to their magnetic properties, tunable size, biocompatibility, and greater ease
of synthesis than other magnetic materials [13, 14]. Indeed, recent studies have shown
how to use magnetic nanoparticles to improve the efficiency of the functionalization pro-
cess [75], to realize multiplexing immunoassays [76] and for magnetic detection [69, 77, 78].

In this chapter, we describe how core@shell magnetic nanoparticles, Fe3O,QAuNPS,
i.e., made of gold nanoflower grown on a magnetic core, can be used to amplify the signal
from a ME biosensor for wireless detection of contaminants in liquid [1].

The use of the magnetic properties of nanoparticles is a current and relevant topic for
scientific community, although the tendency to aggregation is an obstacle to their appli-
cations. In our case, gold coating and the functionalization protocols employed for signal
amplification have also the effect to prevent the FesO4NPS aggregation, so that other
complex and time-consuming techniques can be avoided [78, 79].

The sensor platform is a inexpensive and commercially available ME material (Metglas
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2826), shaped in a ribbon of small size (6mm x1mm x30um). We propose the synergy of
two strategies to increase the performance of this sensor:

e a new amplification procedure that exploits gold coated nanoparticles with magnetic
core;

e the use of reliable, quick and easy-to-use antibody functionalization procedure.

We observed that the signal amplification obtained with gold coated nanoparticles with
magnetic core (Fe3O,QAuNPS) was significantly higher than that obtained using AuNPs,
although the nanoparticles” mass was the same. The fact that in our case both the mag-
netic sensitive platform and magnetic nanoparticles contribute to the measurements pro-
cess is an element of novelty in comparison with standard configurations widely discussed
in literature [80, 81].

It should be noted that the amplification of the shift of the resonance frequency of the
ME sensor is due to the mass of magnetic nanoparticles and does not depend directly on
their magnetic properties. Indeed, the advantage of the magnetic core of the nanoparticles
relies in its coupling with the local magnetic field, which in turn leads to an increase of
the local density at proximity of the ribbon surface. Such an effect can be well understood
by working out the magnetic field produced by the magnetized ribbon and comparing its
action on a magnetic nanoparticle with the thermal energy (Brownian motion).
Regarding the functionalization procedure, the photochemical immobilization technique
(PIT) recently introduced [12] not only was used for the first time to functionalize a
ME material (coated with gold), but also the gold nanoflowers grown on the magnetic
nanoparticles.

The experimental results show that the proposed ME biosensor has a reliable stability
in liquid, a quick response to antigen exposure and exhibits a limit of detection (LOD)
lower than 1 nM.

2.2 Magnetoelasticity

2.2.1 Origin of magnetoelasticity

Elastic and magnetic properties of materials are related. When a material is exposed to
a magnetic field its dimension changes; on the other hand when a stress is applied to the
material, a change in its magnetization occurs. The previous effects go under the name of
magnetoelastic (magnetostrictive) effect and inverse magnetoelastic (magnetomechanical)
effect. While these effects are usually negligible in most materials, their entity is partic-
ularly evident in some types of metallic glasses. We shall focus on the magnetostrictive
effect.
The magnetostrictive effect is due to the spin-orbit coupling of the electrons [36]. The
rough picture is that the magnetoelastic strain A = AL/ L follows from the reorientation
of the electrons’ spins according to the orientation of the external magnetic field together
with a deformation of the electrons’ clouds, as schematically depicted in Fig. 2.1.

The order of magnitude of the magnetostriction is 1-10 of parts per million (ppm). For
example, for the ME material employed in this work (Metglas 2826) \ is about 1.1-107°,
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Above T magnetostriction
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L H magnetostriction

Figure 2.1: The relation between magnetostriction and spin-orbit coupling. The black dots
represent atomic nuclei, the oval line the electrons’ clouds, the arrows the net magnetic
moment per atom. The upper figure shows the row of atom in the paramagnetic state
above the Curie temperature T;. Assuming for simplicity that the spin orbit coupling is
very strong, the spontaneous magnetization occurring below 7 would cause a rotation
of the spins and the electron clouds in accordance with the crystal anisotropy. Then
applying a field H # 0 strong enough the spins and the electron clouds would rotate
causing a magnetostrictively strain by an amount AL/L. Adapted from [36].
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L+AL

Figure 2.2: Schematic representation of the magnetostrictive effect. A ME ribbon is
subjected to an external magnetic field generated by a coil. The ME strain is A\ = AL/ L.
Adapted from [82].

that is 66 pm for a 6 mm long ribbon as the ones we used in this this work [1].
When a time depending magnetic field is applied to a ME ribbon, longitudinal elastic
vibrations occur due to the time varying strain (Fig. 2.2).

We will illustrate in the next section the thermodynamic description of the magne-
tostriction aiming at deriving the acoustic wave equations and the characteristic resonant
frequencies of the ME ribbon.

2.2.2 Metallic glasses

ME transducers are generally thick film strips made from amorphous ferromagnetic alloys.
Amorphous metallic solids are noncrystalline materials generally obtained by cooling down
a liquid alloy quickly enough to avoid crystallization.

The usual production method is called melt spinning, and employs very high cooling
rate of about 10° — 10° K/sec that are essential to reach the glassy state [36]. The mi-
croscopic structure that emerges from the rapid solidification reveals the absence of any
long-range order, almost like the snapshot of a liquid phase. Generally, the final product
resulting from industrial fabrications is a thin ribbon about 20 — 50 pum thick with meters
or kilometers of length (Fig. 2.4). Typical compositions are given 70 — 90% of transitions
metals and 10 — 20% additional substances. For magnetic applications the transition
metals preferred are Fe, Co and Ni. The other components may be metalloids as Si and
B that are necessary for the glass formation and refractory metals like Nb, Mo [84].

Metallic glasses are distinguished in two main categories, the Co-based and the Fe-
based amorphous alloys. The former have a superior soft magnetic behaviour and for some
compositions almost zero magnetostriction, the latter are characterized by high saturation
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Figure 2.3: Volume-Temperature diagram. From right to left, T,, is the melting temper-
ature of the liquid. Lowering the temperature, if the cooling rates are high enough, the
crystallization does not occur and the material enter the supercooled liquid phase. Ty
and T, are two fictive temperature at which the liquid enter the glassy state. These tem-
peratures are by definition the intersections between the glassy state line and the liquid
line. (Adapted from [83])
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Figure 2.4: On the left: fabrication of an amorphous metallic shaped in a thin ribbon.
On the right: schematic representation of the noncrystalline atomic structure. (Adapted
from [84])

magnetization and a relevant magnetostriction [84]. ME sensors are based on Fe-based
amorphous alloys. In this work we adopted the Metglas 2826 alloy whose composition is
Fe4oNigoP14Bg. A detailed description of the amorphous solids metals and their fabrication
goes beyond the scope of this work. For a complete discussion on amorphous metals we
refer the reader to [85].

2.2.3 Acoustic wave equation of magnetoelastic ribbons

Following the classical elasticity theory, we describe a ME material as a deformable and
continuous medium subjected to a magnetic field H and to a mechanical force for unit
volume F that causes a shear stress. Generally, when the body is deformed the coordinates
x of each point of the body go under a transformation x — x’. We call deformation vector
u the vector that represents the difference between the object’s configuration under a
deformation and its natural state whose coordinates are u; = x; — x; with i = z,y, z .
Let U(S,~, B) be the internal energy of the ME material and {S, 7, B} the entropy,
the strain and the flux density of the magnetic field, respectively. From the first law of
thermodynamics:

dU = 0L +6Q (2.1)

where 0L is the infinitesimal work done by an external force applied to the system per
unit volume and (@) the heat absorbed per unit volume by the system. For a reversible
transformation, dQQ = T'dS where T is the temperature. The force F acting on the
material and causing the shear stress can be written as the divergence of the shear tensor
F, = ?9;"?' by using the typical definition of stress tensor [86]. The infinitesimal work of
the force applied to the material can be shown to be 7;;d~v;; where ;; is the symmetric
part of the Jacobian matrix of the deformation vector u:

(8U) = H;, (6U) = Tij- (2.3)
B; Vi Vi By,
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The third-order tensors known ME coefficients can now be defined as follows:

aHk) (aTij>
_ — b 2.4
(a’)/z] 5, aBk . Jjk ( )
(9Hk) (3%'1')
_ _ (D) 2.5
( Tij /B, By ), gik (25)
aBk) (3%7)
Y L — - 2.6
( i J m, o), " 20
(83’“) _ (3—) ~ e 2.7
,71] H,; Hk TYmn

By sing the previous relations one can retrieve all the constitutive equations of magnetoe-
lasticity under the hypothesis of small perturbations. Here we only report the ones that
will be further needed for deriving the acoustic wave equations [87]:

Vij (Tmna H) = SZ%nTmn + dinla

2.8
Bz’ (Tmn> H) - dimnTmn + HZ[thh ( )

where sgfnn and " are called the specific elastic compliance and permeability, respec-

tively, and by definition:

iymn aTmn B ) il aHl :

S

These equations describe small magnetostrictive deformations induced by magnetic fields
and stresses for which the material’s response is linear and quasi reversible. The amor-
phous ferromagnetic materials can verify this condition due to their soft magnetic proper-
ties [88]. In particular, the linearity condition for the magnetoelastic effect is satisfied for
values of the external polarizing field H close to the inflection point of the magnetoelastic
strain curve \(H) (Fig. 2.5).

From the constitutive equations (2.8) we can derive the equations of motion for the
displacement vector u. For simplicity we assume that the ME material is thin road lying
along the Z-axis and H = H, 2 [87] [89]:

0*u OH 0*u
-1 z v _ z

where p is the density of the ME material. Considering the relations (2.3), we get the
wave equation:

_ 0?u, 0?u,
(szzl)(l - ezzgzz)w =p o2

The velocity of propagation for these longitudinal vibrations is:

. \/ (s2h( - e..922) _ % 2.11)

(2.10)
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Figure 2.5: Sketch of of the magnetoelastic strain A versus the applied magnetic field
H for an amorphous ferromagnetic material. The strain at saturation is A\g. [ is the
inflection point of the curve.

where E is the Young modulus. By imposing the free-standing boundary conditions
0,u, = 0 the following harmonic frequencies are obtained:

E
Y (2.12)

where L is the length of the rod and n is an integer. When the thin rod approximation fails
but still the thickness and the width of the ME material are significantly smaller than the
length, we can rather use the plane strain approximation. In plane strain approximation
the Young’s modulus becomes E/(1 — v?) where v is Poisson’s ratio ([90]) yielding to the
following expression for the harmonic frequencies :

n FE

fn = 2\ o1 =2) (2.13)

For instance, for the ME material used in this work (Metglas alloy 2826) the Poisson’s
ratio v is approximately 0.33 .

Oscillations in liquids

In this work we use a ribbon shaped ME material immersed in liquid environment. In air
the fundamental resonance frequency of a ribbon for which the plane strain approximation

applies is:
1 E
= —|——. 2.14
Jo 2L \/ p(l —v?) (2.14)

When immersed in a viscous liquid, the frequency and the amplitude of vibrations reduce
due to dissipative shear forces [70]:

NMiigPliq V fair

fliq:fair_ T de )

(2.15)
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where 7, and py;4 are the dynamic viscosity and density of the liquid and d is the thickness
of the ME ribbon.

2.2.4 Effect of mass loading

If a coating of mass AM is uniformly applied on the surface of the ME ribbon, the
resonance frequency of the mass loaded ribbon with respect to the frequency of the bare
(mass M) can be obtained substiting the density of the bare ribbon p = M/(Ad) with
the density of the loaded ribbon p = (M + AM)/(Ad), where A is the cross sectional
area and M the mass. Thus, assuming AM < M and deriving the expression (2.15) with
respect to the mass M, the frequency shift results:

5fliq - Bfair
4M ’

where fi;, is the frequency of the bare ribbon in liquid and fq;, is the frequency of the bare
ribbon in air. When temperature, humidity and other environmental parameters cam be
considered constant, the resonance frequency change of the ME sensor depends only on
the mass loading on its surface.

Af = floaded - fO = (216)

(a)* (b)+

. : N h
fo freque?cy frequency
Target
i ¥ JYYYYYYY4 Analyte
Bare ribbon

- Mass loaded ribbon

Figure 2.6: Schematic representation of the resonance shift of caused by the mass loading.
A bare ribbon has a characteristic fy resonance frequency (a) and after the mass loading
(represented here by antibodies and antigens) experiences a resonance shift Af.

2.3 Materials and methods

2.3.1 Magnetoelastic platform

The sensor’s platforms composed of Metglas alloy 2826 (FeyoNiyP14Bg) were purchased
from Honeywell Corporation (Morriston, NJ, USA) in the form of roll and cut in ribbon

form with the dimensions 6 mm x 1 mm x 30 gm using a computer-controlled laser cutting
machine.
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The ME ribbons were ultrasonically cleaned sequentially in ethanol and distilled water
each for 20 min, then dried in an inert atmosphere. The surfaces of the cleaned ME ribbons
were covered with a layer of titanium (Ti) in thickness of 30 nm, followed by a layer of gold
(Au) in thickness of 100 nm. The titanium inner layer was used to improve the adhesion
of the gold film on the sensor surfaces, while the gold layer was exploited to enhance the
immobilization process of sensing-elements (i.e., antibodies in this study) on the sensor
surfaces and also to protect the ME ribbons from corrosion. Compared with other works
found in literature [91] polishing and annealing of the ME ribbons were not needed in our
procedure.

2.3.2 Swurface biofunctionalization

The ME sensor surfaces coated with gold and washed sequentially in ethanol and ultra-
pure water were functionalized by means of Abs human IgG produced in Goat, purchased
by ImmunoReagents Inc. (Raleigh, NC, USA). The adopted functionalization procedure
was the photochemical immobilization technique (PIT) [12] a powerful and rapid method-
ology based on an appropriate UV-activation of Abs, whose effectiveness was already
confirmed in several application for biosensing [92] [31] [32] [33].

The functionalization procedure via PIT involved the following steps: the ME sensor
was mounted into a fluidic circuit and immersed in MilliQ) water; a quartz cuvette con-
taining 1 mL of Abs dissolved in ultra-pure water 25 ug/mL was irradiated by UV light
(lamp Trylight) for 30s, which is the optimal irradiation time for PIT; since the Abs
binding sites remain active for about five minutes, immediately after the irradiation, the
activated Abs solution was placed in the fluidic circuit and conveyed onto the ME sensor
surfaces.

The solution flowed into the closed fluidic circuit for several minutes.In this study gold
nanoparticles AuNPs and core@shell Fe3O,@QAuNPs were used to amplify the biosensor
response, in order to determine, for the same mass of the nanoparticles, whether the mag-
netic action produces an improvement in the sensitivity of the biosensor.

The functionalization was again achieved by PIT for both types of NPs. A volume of 1 ml
of suspended NPs in MilliQ) water was prepared, whereas a volume of 100 ul of Abs solu-
tion 25 ug/ml irradiated by UV-light for 30 s, was added in twenty spikes (5 ul each) to
the NPs solution and gently stirred in order to avoid aggregation. The absorbance spectra
of the functionalized NPs, characterized by the UV /vis spectrophotometer (model 6715
Jenway, Cole-Parmer Company, Illinois USA), showed a red-shift of 3nm of the LSPR
wavelength, in accordance with the change of both types of NPs refractive index due to
immobilization of antibody onto gold layer [33].

2.3.3 Experimental setup

The ME biosensor was mounted into a fluidic circuit by inserting it in a 3D printed
acrylonitrile butadiene styrene (ABS) cell that was subsequently placed in a glass tube to
be connected to a fluidic continuous pump (Fig. 2.7). Two identical home-made Helmholtz
coils were mounted at a distance equal to their radius and employed to produce a static
and uniform magnetic field in the central region between them, where the glass tube,
enclosing the ME sensor, was placed. During the experiments the applied static field was
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Figure 2.7: Schematic representation of the experimental setup. From left to right: the
solution containing antibodies (activated via PIT), antigens and functionalized nanopar-
ticles, fluidic channels and switch, fluidic (continuous) pump, Helmholtz coils, the ribbon
enclosed by the cylindrical coil, the VNA connected to the PC and the flash out container
(waste). A flow rate of 5puls™ was used in order to ensure laminar flow over the ME
sensor. Resonance frequencies were continuously monitored and recorded by the analyzer
(VNA) and computer system (PC). Finally, the waste analyte was collected in the flush
out container for disposal. Reproduced from [1]

NPs

approximately 50 Oe ( for details see 77). A vector network analyzer (VNA) (E5071C ENA
series, Keysight Technologies, California, USA) was connected to a home-made cylindrical
coil wound around the glass tube containing the ME sensor. The cylindrical single layer
coil was made with 80 consecutive windings, using a copper wire (diameter of 0.1 mm),
for a length of 8 mm and a diameter of 3.5 mm. The VNA operating using S-parameters,
was employed to provide an AC field to excite the ribbon and monitor the reflected signal
from the cylindrical coil around the sensor. The reflection coefficient S11, i.e., the ratio
between the amplitude of the reflected signal and the amplitude of the incident one, is
commonly used to monitor the resonance frequency of a ME resonator [70]. In fact, S11
signal reaches its minimum at a frequency corresponding to the resonance frequency, fo,
of the sensor. The error of the experimental setup on a resonance frequency measure,
extracted by fitting the signal obtained by the VNA, is of the order of 102 Hz, much
smaller than the error related to stability fluctuation over time of fy (3 Hz as estimated
in Section 2.3.4).

2.3.4 Experimental procedure

Before starting the sample injection, the fluidic circuits (flow rate of about 5ul - s71) and
the ME sensor were rinsed with MilliQ) water. A typical sensorgram reporting all the
measurement steps is shown in Fig. 2.8. In first step (I) a solution of 25 ul - s™! of UV-
activated antibodies (anti-human IgG produced in goat) was conveyed to the cell for the
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Figure 2.8: Typical dynamic response of the ME biosensor. On the y axis the shift of the
resonance frequency fy due to the mass loading and on the x axis the time interval. The
black line represents the response of the sensing ribbon in each of the following steps: (I)
functionalization with a solution of 25 ug/ml of UV-activated antibodies, (II) rinse with
MilliQQ water, (III) flowing of bovine serum albumin solution (50 ug/ml), (IV) flowing
of target antigen solution (5ug/ml), (V) rinse with MilliQ water, (VI) amplification with
core@shell magnetic NPs (Fe3O,@Au). The control ribbon, that was employed to estimate
the noise level, is represented by a blue line. Reproduced from [1].

surface functionalization with the PIT. The decrease of the resonance frequency of the
sensor makes evident that the functionalization took place correctly in just ten minutes.

After the stabilization, the fluidic circuit was rinsed for five minutes with MilliQ wa-
ter to remove the unbound Abs (II). Subsequently, a bovine serum albumin solution
(50 ug/ml) flowed into the fluidic circuit for five minutes to fill possible free space left by
Abs on the gold surface (blocking, step III). In the step IV a solution of target antigen
(Human IgG) flowed into the circuit for fifteen minutes. After the rinse (step V) a solu-
tion (1ml) of functionalized core@shell nanoparticles was conveyed to the cell (step VI).
As it can be noticed looking at Fig. 2.8, the Fe30,@AuNPs play an important role since
the ME sensor response is eventually amplified by a factor slightly greater than three at
this intermediate concentration. We highlight that all the steps were carried out until the
equilibrium condition was reached thereby making more robust the whole approach. For
each detection step the time to achieve a reliable stability was approximately five minutes,
thus we carried out long term stability measurements (blue line in Fig. 2.8), which we
used to analyze the distribution of the means of the resonance frequency measured over
intervals of five minutes. It turned up that the standard deviation (&) of such a distri-
bution was 1Hz so that 3Hz (3 SD) was used to determine the threshold to establish the
occurrence of a signal (limit of detection).
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Figure 2.9: TEM micrographs of (a) AuNPs, (b) Fe3O4NPsand (c) Fe30,@AuNPs (gold
nanoflower grown on a magnetic core). In the lower part of the figure the circled portions
in panels (a,b,c) are respectively reported in detail in panels (d,e,f). In panel (f) the
magnetic core is highlighted with a red circle. Reproduced from [1].

2.3.5 Charaterization of gold and magnetic nanoparticles

Transmission electron microscopy (TEM) micrographs were collected using a FEI Tecnai
G2 S-twin apparatus (University of Naples Federico 11, Italy) operating at 200kV (LaB6
source). The particle powder samples were transferred on carbon-coated copper grids
(200 mesh) by dispersing them in ethanol and then adding one drop on the copper grid
and evaporating the solvent. Fig. 2.9 shows the TEM micrograph of AuNPs synthesized
according to the above mentioned protocol (a) as well as the Fe;O4 magnetic nanoparticles
before (b) and after (c) the gold coating (Fe3O,@QAuNPs).

The mass distribution of the AuNPs and Fe3O,QAuNPs, which was crucial in order to
construe the results related to signal amplification, was assessed by applying the software
SPIP Mountains 8 to the TEM micrographs (Fig. 2.10 a,b). The nanoparticle of interest
was considered and extracted from the collective TEM micrograph (I), the contour of the
nanoparticles was detected and distinct by the background (II), then the particle surface
(III) together with its 3D rendering (IV) were generated. The latter was employed to esti-
mate the volume of the object. Once the volume of the nanoparticle had been estimated,
its mass was obtained by multiplying by the density of the material. In Figure 2c the mass
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distribution of AuNPs (blue histogram) and of core@shell nanoparticles (red histogram)
are compared. Each nanoparticle employed for the mass analysis was extracted randomly
from collective TEM micrographs. The two mass distributions (Fig. 2.10¢) turned out
to be unimodal distributions with the picks around the value 0.4 fg for Fe3O,QAuNPs
(red histogram) and 0.63fg for AuNPs (blue histogram). The standard deviations are

respectively 0.2 fg and 0.09 fg. Thus, the masses of AuNPs and Fe30,QAuNPs result to
be of the same order of magnitude.
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Figure 2.10: The steps of the protocol employed to estimate the mass of AuNPs (a) and
Fe30,@QAuNPs (b) using the software SPIP Mountains 8. The nanoparticle of interest
was considered and extracted from the collective TEM micrograph (I), the contour of
the nanoparticles was detected and distinct by the background (IT), then particle surface
(III) and its 3D rendering (IV) were generated. The latter was employed to estimate the
volume of the object. (c¢) Mass distribution of AuNPs and Fe3;O,QAuNPs (core@shell
NPs). The mean and the standard deviation for the mass distributions were 0.4 £ 0.2 fg
for Fe30O4,@AuNPs and 0.63 + 0.09 fg for AuNPs. Each nanoparticle employed for the
mass analysis was extracted randomly from collective TEM micrographs. Reproduced

from [1].
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2.4 Biosensing application

2.4.1 Comparison between AuNPs and Fe;O,@QAulNPs

The idea of taking advantage of the magnetic interaction between magnetite nanoparticles
and ME ribbons has already been employed in the past to detect bacteria [93]. In that
case, Fe3O4 nanoparticles were modified by using chitosan, a linear polysaccharide, so
that their surface was charged positively. In this way, in specific conditions, the nanopar-
ticles bind to negatively charged bacteria as Escherichia coli and therefore, thanks to
magnetic attraction, they also bind to the surface of the ME sensor giving rise to a signal
enhancement. This approach has several drawbacks. Firstly, the chitosan coating and the
Escherichia coli binding process are expensive and time consuming (several hours); and
furthermore, the whole procedure must be carried out under controlled conditions, this
preventing the application to complex matrices. Secondly, since the adhesion between
bacteria and nanoparticles results from the electrostatic interaction between bacteria and
the chitosan, it is expected that the specificity will be greatly compromised when other
gram-negative bacteria are present in the sample. To circumvent such limitations, we
functionalized the gold surface of Fe30,QAuNPs with the antibodies targeting antigen,
in this way achieving high specificity for the nanoparticle-antigen interaction.

Moreover, the magnetic core of the nanoparticles still played an important role since
the (specific) nanoparticle-antigen bond is somehow catalyzed and enforced by the inter-
action between the magnetic dipole moment of the core@shell NPs and the strong local
magnetic field. The occurrence of the latter process can be deduced by the results shown
in Fig. 2.11, in which the response signals obtained by exposing the sensor to 1 ug/ml of
antigen solution and amplifying once with AuNPs (blue line) and once with core@shell
NPs (red line) are reported. Even though their mass was smaller (Fig. 2.10), core@shell
magnetic NPs were able to amplify the frequency shift by a larger amount (Fig. 2.11)
thereby demonstrating the higher sensitivity that can be achieved when the additional
tool provided by magnetic moment is exploited.

45



(a) (b)

ol o 1MLV VY v 70 Average mass
1 [ [N !
1 Lo ! 60
-10
: o : 0.6 fg 0.4 fg
-20{ b i __50
1 1 ! E
— ] I
£—30 . L 1 ~ 40
. 1 [ ! —
“ 40 1 [ (| ! <
< ! -
: 1o | =0
-50 1 o [
1
\ — AuNPs Lo 20
-60{ ! T
|—Fe304@Au 1 I
1 1 |
-70 1 [ [ 1 0
0 20 40 60 80
0

Times (minutes)

Figure 2.11: Comparison between the amplification effects due to AuNPs and core@shell
magnetic NPs. (a) The blue and the red lines represent the response of the sensing rib-
bon to the following steps: (I) functionalization with 25u¢g/ml of UV-activated antibodies
(anti-human IgG) which causes a shift of the resonance frequency Af ~ 30Hz; (II) rinse
with MilliQQ water; (III) flowing of bovine serum albumin solution (50 ug/ml); (IV) ex-
posure to the antigen solution (human IgG) which causes a shift Af ~ 10Hz; (V) rinse
with MilliQ water; (VI) amplification with AuNPs for the blue line and amplification with
core@shell magnetic NPs for the red line. The former causes a shift Af =9 + 1 Hz while
the latter causes a shift Af =30+ 2Hz. (b) A direct comparison between the amplifi-
cation of the response signal due to AuNPs (blue) and core@shell magnetic NPs (red).
Reproduced from [1].
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2.4.2 Detection of human IgG

The dose-response curve is reported in Fig. 2.12 together with the best fit of the experi-
mental data provided by a Langmuir isotherm curve [94]:

Xz

x+c’

f(z)=a (2.17)
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Figure 2.12: Dose-response curve, i.e., resonance frequency shifts A f versus human 1Gg
concentrations. Experimental data are fitted by Langmuir isotherm curve (Equation
(2.17)). The range of tested concentrations varies from the zero concentration to 20u g/ml.
Each concentration has been tested using different ribbons. Reproduced from [1].

where a = 68.9 £ 0.5 Hz and C = 1.25 4+ 0.04 ug/ml are the asymptotic value, and the
concentration at which the frequency shift reaches the 50 % of its maximal value, respec-
tively. We carried out every experiment with a different ribbon obtaining coherent results.
This is a strong confirm of the robustness of the experimental setup with respect to fluctu-
ations related to differences in the fabrication process of ME sensors. The dose-response
curve exhibits signal saturation at concentrations larger than 10 ugml, thus showing that
the ME immunosensor is able to provide a quantitative measurement over two decades.
The error on each experimental point of the dose response curve was estimated by prop-
agating the errors of the resonance frequency values in the equilibrium states before and
after the amplification with core@shell NPs. The error of the resonance frequency of an
equilibrium state was estimated as the standard deviation of the measured values in a
time interval of five minutes. The limit of detection (LOD) was assessed inserting the
error estimated in Section 2.3.4 (3¢ = £3 Hz) in (2.17) and turned up to be lower than
0.1pg/ml (0.66nM).

2.4.3 Specificity test

To ascertain the sensor specificity, the same experimental procedure was used to test the
ME sensor with similar compounds. In the present case, we measured the response of the
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immunosensor to a mixture rabbit IgG produced in sheep and mouse IgG produced in
goat at a concentration of 20ug/ml each, whose sensorgram is shown in Fig. 2.13. As it is
clearly visible, only the shift resulting from the surface functionalization is visible, whereas
no additional frequency shift is measured as a result of the presence of rabbit and mouse
IgGs. This is true even when core@shell magnetic NPs are conveyed into the interaction
cell (step VI). The high specificity of the immunosensor is largely a consequence of the
excellent biorecognition properties of the antibodies.
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Figure 2.13: Sensor specificity. ME sensor responses to a mixed solution of rabbit IgG
produced in sheep and mouse IgG produced in goat. The black line represents the response
of the sensing ribbon in each of the following steps: (I) functionalization with a solution of
25 pg/ml of UV-activated antibodies, (IT) rinse with MilliQQ water, (III) flowing of bovine
serum albumin solution (50ugmi™!), (IV) flowing of Rabbit IgG produced in sheep and
Mouse IgG produced in goat solution both at a concentration of 20ug/ml, (V) rinse
with MilliQ water, (VI) amplification Fe3O,@AuNPs), (VII) rinse with MilliQQ water.
Reproduced from [1].

2.4.4 Magnetic interaction among the ME sensor and Fe;O,@QAulNPs

The magnetic force acting on each core@shell Fe3O,@QAuNP is:
F(r) = V(m - Byo), (2.18)

where m is the magnetic moment of a core@shell magnetic nanoparticle and B;,; = Bg+B
is the magnetic induction field generated by the Helmholtz coils (By) and the ME ribbon
(B), respectively. The magnetic induction field produced by Helmholtz coils is directed
along the z axis (Fig. 2.15) and can be considered uniform in the region around the ribbon.
On the contrary, the magnetic induction field produced by the ME ribbon is not uniform
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Figure 2.14: Room-temperature M — H curve of the magnetite samples (supplied by the
nanoparticles manufacturer Ocean Nano Tech, LLC) measured by cycling the external
magnetic field between —140000e and 140000e. This magnetization curve shows a very
weak hysteresis and exhibits small values of coercive field and residual magnetization.
Reproduced from [1].

and can be worked out by considering the ribbon as rectangularly shaped permanent
magnet whose significant components can be written as [95] [96]:

po M 1)k g (v —y)[(@ —zm)® + (y —11)* + (2 — )%/
22 [(y — )@ =) + (= 42)2+ (2 — Zk)2]1/27:|
(2.19)

B.(x,y,2) = poM Z Z(_1>k+m tan—! { (2 —2,) (Y — Ym) }

(z = 2)l(@ — 2n)? + (y — ym)2+ (2 — 2)?]'/2

(2.20)
where g is the magnetic permeability of free space, x1, x2,y1, Y2, 21, 22 are the positions
of the edges of the ribbon with respect to z,y and z axis (Fig. 2.14(a)).

The magnetization M = M2 of the ribbon is oriented along the z axis and the value
of uoM is approximately 0.27 for Metglas [97]. The component B, can be neglected
since it is always much smaller than B, and B, while the latter are of the same order
of magnitude and reach their maximum nearby the ribbons ends (Fig. 2.15,(c)). The
dependence of B, and B, on z,y and z variables in Fig. 2.15 suggests that the significant
magnetic interaction is limited to a region with volume S;,. = 100 gm x 1 mm x 100 pm
close to the ends of the ribbon. In this region By is negligible with respect to B, and B,
and does not contribute significantly to the nanoparticles’ magnetization.
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The magnetic moment, m, of a core@shell magnetic NP is the product of its magne-
3
tization, Myp, and volume, V,, = 4”5 m - where R, is the radius of its magnetic core,

m = Myp V,,. The volumetric magnetization induced by the external magnetic induc-
tion field, Myp = %B, where Ax = Xayp — Xwater = Xyp 15 the effective susceptibility

of a magnetic nanoparticle with respect to the medium (water). Since the component
of the magnetic induction field along the y axis is negligible, the magnetic moment of a
core@shell NP lies on the x — z plane.

The order of magnitude of the magnetic moment can be retrieved by the hysteresis cycles
of Fe30,4 superparamagnetic nanoparticles provided by the seller and reported in Fig. 2.14,
also considering the effect of the gold shell that weakens magnetic properties [98].

The intensity of external magnetic induction field was high enough to induce significant
magnetization, but only in the linear range of the magnetic response so the magnetic
susceptibility could be considered constant in our case. Thus, the attractive magnetic
force between the ribbon and a core@shell NP is:

_0m-B  V,Ax

Fx(.T,y,Z) - ax NO (2Bm

9B. 9.21
Ox * ox (2:21)

From the analysis of Equations (2.19) and (2.20), along the z axis, we have B, ~ B,
(Fig. 2.15 (c)) which entails 22¢ ~ %8= ~ 1 T -mm™'; thus equation (2.21) can be
approximated as follows

25 125,28

Ho Ox

The force in Equation (2.22) bends the nanoparticles velocity field lines towards
the ribbon thereby increasing the local density of the core@shell magnetic NPs. The
order of magnitude of the bending can be estimated as the displacement induced by
F,(z,y, z)acting on a nanoparticle in the region where the force is non-vanishing, i.e., the
region Sy, previously defined. The mean force F, acting on core@shell magnetic NPs
can be evaluated by averaging F,(z,y, z) in the region S,,.. According to Stokes’ law, for
a spherical particle with radius r, the displacement caused by the mean force F), is

Asy, &~ pkt,, (2.23)

Fx($>y72) = 4vaXB£E(x7y7 Z) <aBz) ’ (222)

where p = (67nr)~! is the mobility, #; the time during which the interaction takes place.
It should be noted that this approach is valid in the approximation that the motion is
uniform along z, a condition well satisfied in our case since the limit velocity is reached
within a very short time-interval (7 & 107%s).

The time ¢4 in which the magnetic interaction takes place can be estimated as t; =
d v;hlw ~ 1 s, where vy, ~ 100 pm-s™' is the the longitudinal velocity of the liquid
inside the channel and d ~ 100pm the size of S, along zaxis. Eventually, (2.23) provides
As,, ~ 30um that leads to an increase of the frequency collision between nanoparticles
and the ribbon surface whereby more antigens (human IgGs) captured on the surface are
ballasted by nanoparticles.

The significance of such a bend arises from its comparison to the Brownian motion dis-

placement
ASB =/ 2DtD, (224)
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where D is the diffusion coefficient (D = pkpT ~ 107" m?-s7! ) and tp the diffusion
time, which we can estimate by requiring Asp ~ As,,. Thus, from equations (2.23) and
(2.24), we obtain tp ~ 45, a time much longer than the transit time of the core@shell NPs
over the ME ribbon, which implies that the velocity field lines remain bent by magnetic
force along the whole length of the ribbon.
This view is confirmed by the analysis of the energy scales involved. The binding energy
between the antibodies and the antigen is of the order of 1.6 1071 J ( €V), which is larger
than the thermal energy at room temperature (kg7 = 0.04107' J = 0.025¢V).
Interestingly, the potential well due to the magnetic induction field averaged over the
region of interest S,,., is of the order of kg7 thus making consistent the description
about the role played by the strong magnetic induction field at the edge of the ribbon
in bending the velocity field lines and increasing the “effective” nanoparticle density, but
without giving rise to any non-specific interaction with nanoparticles and the surface of
the ribbon.
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Figure 2.15: (a) Schematic representation of the interaction among the core@shell mag-
netic nanoparticle and the ME ribbon. M is the magnetization of the ME ribbon, m is
the magnetic moment of the core@shell nanoparticle and r indicates the position in the
chosen reference system. (b,c) Intensity of the z and z components = of the magnetic
induction field (B, and B,) in the symmetry plane xz of the ribbon (y = 0.5mm).
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2.5 Conclusions

In this chapter we presented a high-performance ME biosensor for wireless recognition of
antigens in liquid. An innovative signal amplification method has also been introduced
based on core@shell magnetic nanoparticles (Fe3O4,@AuNPs). The results obtained with
magnetic nanoparticles have been compared with those obtained with gold nanoparticles,
showing that the magnetic character of the former plays a crucial role for improving the
performance. The ME biosensor exhibits a LOD of 0.66 nM against human IgG in water.
Generally, ME sensors are simple in design and can be produced in small size using
standard manufacturing procedures; the raw material are quite inexpensive so that the
cost of manufacturing of these sensors is mainly the sensing element (i.e., antibody in
this study). Furthermore, the sensing mechanism is wireless, so that there is no the
need for direct physical contacts, thus favoring their use in real-time applications such
as detection in conductive liquids or in sealed and opaque containers, and biological ex-
periments such as monitoring of blood flow chemistry. In addition to these features, the
ME biosensor presented in this thesis, profits from the synergy with PIT that allows
a fast and efficient functionalization, thus contributing to the rapidity of the detection
measure, which lasts approximately 1 hour (including the functionalization). Moreover
since the PIT does not need a laboratory, there is a better chance of turning the sen-
sor into a portable device. The stability in water of the ME biosensor, the rapidity of
sample analysis and the possibility of turning the sensor into a portable device are essen-
tials characteristics for environmental control and food safety applications. As a possible
application, the LOD achieved against human IgG would be appropriate for detecting
glyphosate [(N-(phosphonomethyl)glycine)| in water. Indeed European Union settled the
maximum residue limit of glyphosate in drinking water to 0.1 ug - 17! (i.e., 0.5nM) while
in the United State of America the established limit is 700 ug -17* = 4 uM (Directive
2006/118/EC, Directive 2006/118/EC, USEPA. EPA 816-F-09-004).
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Appendix

2.A Protocols

2.A.1 Synthesis of gold nanoparticles

The AuNPs were synthesized by chemical reduction of tetrachloroauric (III) acid trihy-
drate (HAuCly - 3H50) through sodium citrate (NagCsH507) [99]. A solution of 50ml of
ultra-pure water and 0.5ml solvated NagCsH507; (24 mM) was heated up at 150 C and
stirred constantly. Afterwards, 6 ml of sodium citrate dihydrate (39 mM) was added into
the boiling solution to achieve particle nucleation. To further increase particle growth,
another 4.2 mL of HAuCly - 3H,0 (24 mM) was added after 2min. The color of the solu-
tion changed from transparent to black to finally move to bright red in few minutes. As
final step, the solution was let cool down for two hours keeping the same stirring.

In order to employ AuNPs as signal amplification factor, it was necessary to remove the
sodium citrate, in which they were suspended to avoid aggregation, during the function-
alization of the surface with Abs. The centrifuge protocol working conditions for 1 mL of
citrate AuNPs (the dilution: 200 pl of citrate AuNPs and 800 pl of ultra-pure water) was
achieved through two steps: (a) 15min at 9000 x g, and (b) 10min at 5000 x g. After
each centrifugation, the pellet was re-suspended in 1 ml ultra-pure water.

The resulting optical density (OD) was & 1 that corresponds to ~ 10" AuNPsml~! with
diameter of 40 nm [100].

2.A.2 Coating of magnetic nanoparticles

The magnetic Fe;O4 nanoparticles (average diameter 30 nm) were purchased by MERCK
(catalog number 747327) and gold coated as follows: 100 ul of magnetic nanoparticles were
added to a solution containing 50 ml of MilliQ) water and sodium citrate (10 mg/ml) and
they were heated until 90C with vigorous stirring. Once the temperature was reached,
50 pul of HAuCly - 3H2O (10mg/ml) was added to the solution for four times every ten
minutes. At this point the solution was let to cool down until it reached the room
temperature keeping the same stirring. As a result of such a procedure a colloidal solution
of 50ml of Fe30,@AuNPs was obtained.

2.B Static magnetic field

The static field applied to the ME ribbon is produced by two Helmholtz coils mounted at
a distance equal to their radius (5.7 cm). The uniform magnetic field in the central region
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between the coils where the ME ribbon is assumes the following value:

A3 pgiN
5 R

B (2.25)

where B e is the magnetic field, R is the radius of the coils, N & number of winding,
i is the current. The linear relation is experimentally verified as shown in Fig. 2.16(a).
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Figure 2.16: Uniformity of the static magnetic field produced by the Helmholtz coils in
the plane containing the ME ribbon, where the origin of the system is placed in the middle
of the Helmholtz coil. The longitudinal positions is the coordinate parallel to the longest
side of the ME ribbon (6 mm).

Fig. 2.16(b) depicts the variation of value the magnetic field in the whole region between
the coils with respect to value measured in central region (30 Oe). The measurements are
performed in the plane containing the ribbon.
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Chapter 3

Plasmon-Enhanced Fluorescence
biosensor
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3.1 Introduction

In the last few decades, plasmonic nanostructures have been routinely used to amplify the
signal in plasmon-enhanced fluorescence (PEF) [101], surface plasmon-coupled emission
(SPCE) [102], surface-enhanced Raman scattering (SERS) [103], and surface-enhanced
infrared absorption (SEIRA) applications [104]. In particular, the fluorescence amplifica-
tion is highly desirable in biosensing applications to remarkably lower the detection limits,
notably in complex biological systems exhibiting significant interfering background (e.g.,
autofluorescence, crosstalk, competing signals) [105].
Even though the physics underlying the PEF phenomenon is still to be fully under-
stood [106, 107], the fluorescence enhancement (FE) can be ascribable to the optical
coupling between the nanostructure and the fluorescent molecules [101]. The particular
enhancement mechanism (i.e. excitation rate enhancement, emission rate enhancement,
dual-mechanism enhancement) is determined by the (i) fluorophore-nanostructure spectral
overlap and (ii) fluorophore-nanostructure separation distance [108, 109] (Section 3.2.2).
Rough metal surfaces constitute one of the simplest tool to realize a fluorescence en-
hancer for biosensing applications since they generally offer high densities of randomly
distributed electromagnetic hot spots on macroscopic areas. Additionally, employing a
sensing area with no discontinuities provides the substrate with a multitude of anchor-
ing sites for biomolecules to make the bioreceptor-substrate binding easier. Nevertheless,
their moderate FEs limit their applicability to bioassays whose interest concerns concen-
trations larger than tens of picomolar [92].
Thus, a wide variety of nanostructured platforms have been recently explored to devise
high-performance fluorescence enhancers apt to realize ultrasensitive bioassays such as
nanoassemblies [110, 111], nanocages [112, 113], and nanopatterns [114, 115, 116]. Par-
ticularly, Soret colloids realized through thermo-driven self-assembly [117] represent an
intriguing approach to achieve not only remarkable FEs (up to thousands-fold) [118, 119],
thanks to the collective and coherent coupling between localized surface plasmons and sur-
face plasmon polaritons [118, 120], but also highly directional and p-polarized emission
enhancements (> 97 %) when implemented on SPCE platforms [121, 118]. Even larger
FEs (up to 106-fold) [122] were measured by using particular designs sustaining strong
inter-plasmon coupling such as nanocavities [114, 123], and nanoantennas [124, 125].
However, such architectures require a nanoscale positioning of the fluorescent molecules
at electromagnetic hot spots to make their adoption in real biosensing applications un-
practical [126].

Two-dimensional (2D) patterns of metal nanoparticles represent a smart solution to si-
multaneously augment both the FEs via inter-plasmon coupling and the hot spot density.
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Their optical properties crucially depend on lattice parameters and on the size, shape,
material, and immediate environment of nanoparticles [56]. In fact, modifications in the
index of refraction of the immediate environment entail a variation of the optical response
so that nanostructured surfaces can be effectively used for bulk refraction index sensing
and molecular sensing [127]. As it concerns the material, silver is generally preferred
to gold in fluorescence-based assays because of the lower quenching entailed by silver at
nanoscale distance (< 5nm). However, the significant chemical reactivity of silver makes
it prone to oxidation and dissolution, which is detrimental for some applications in real
matrices [128].

On the other hand, gold exhibits high biocompatibility and inertness [129]. Innovative
strategies have been recently explored for dequenching the fluorophore emission, such as
adopting photonic crystal [130] and graphene oxide as substrates [131].

Patterns of AuNPs are valid candidates as a signal enhancer since they combine tun-

able plasmonic features with simple fabrication [132]. In a first approximation, their
optical behavior depends on the ratio D/d between the particle diameter and the center-
to-center distance (see Section 1.3.8). Additionally, multi-resonant plasmonic modes can
be activated by properly tailoring the pattern architecture so that these structures are
suitable for multiplexed bioanalytical assays. Multiplexing-based assays are highly ap-
pealing in diagnostics since they benefit from lower detection time, sample volume, and
costs despite generally suffering from low sensitivity and specificity, also requiring com-
plex microfluidic systems, sample pretreatment, and purification steps [133, 134]. When
fabrication affordability and scalability as well as optical tunability are required, block
copolymer micelle nanolithography (BCMN) stands out over other methods thanks to its
capability to easily produce large-scale periodic arrays of AuNPs whose lattice parameters
can be modified by simply choosing the appropriate diblock copolymers [135].
In recent studies, two plasmonic substrates consisting of hexagonally arranged (BCMN)
and randomly positioned AuNPs (electrostatic immobilization) were implemented in a
PEF-based assay for detecting malaria biomarker Plasmodium falciparum lactate dehy-
drogenase (PfLDH) down to femtomolar and picomolar levels, respectively, without any
sample preconcentration and pretreatment [136, 137].

The quest for multiplexed detection, while preserving high quality performances,
spurred us to devise a double-resonant plasmonic nanostructure suitable for simultane-
ously detecting two different analytes in the matrix of interest [4]. Thus, we tailored
BCMN in such a way to fabricate branch patterns made of plasmon-coupled hexagonally
arranged AuNPs, which gives rise to a coupled mode whose resonance lies in the far-red
region, and sprinkled plasmon-uncoupled AuNPs that exhibit an LSPR at 524 nm.

As a case study, we implemented the proposed plasmonic nanostructure in a PEF-based
malaria apta-immunosensor for detecting PfLDH in spiked whole blood. The PfLDH is a
biomarker secreted by the Plasmodium falciparum parasite, the most common and lethal
among the malaria parasites (90 % of malaria-related mortality worldwide [138]).

The PEF-based apta-immunoassay herein described combines the intrigued optical prop-
erties of a double-resonant plasmonic nanostructure with the photochemical immobiliza-
tion technique (PIT) (Section 1.1.2).

While Abs were preferred as a capture bioreceptor layer since the simple and effective func-
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tionalization carried out via PIT, fluorescently labeled aptamers (Apts™*) were employed
as the top bioreceptor layer in the sandwich configuration to (i) significantly increase the
specificity, (ii) enable optimal separation distance between fluorophore and nanostructure
(approximately 10nm), and (iii) accomplish a versatile and affordable fluorescent labeling
of the analytes of interest.

It is worth mentioning that our approach allowed us to not be overly concerned about
dequenching strategies since fluorophores were inherently positioned beyond the FRET
region (Section 3.2.2).

3.2 Plasmon-Enhanced Fluorescence

3.2.1 Fluorescence spectral modification

In free-space conditions, the absorption of a photon of energy hw typically sends the
fluorophore to the first excited singlet state S, from which it can relax to the ground
state Sy by emitting a photon of a lower energy hw’ or by non-radiative decay processes
including heating and quenching mechanisms. The emission from an isolated fluorophore
is described in terms of two observables: the quantum yield QY and the lifetime 7. The
lifetime is the average time the molecule spend in the excited state before returning in
the ground state. The QY is the number of emitted photons relative to the number
of absorbed photons. The process is governed by the rate constants of radiative and
non-radiative processes, namely v and ("), that depopulate the excited state. We
will indicate with @)y and 7y the QY lifetime, respectively, of a fluorophore in free-space
conditions [101]:
(r)

QO = (r) 7o (nr) ? (31)
Y T %
1
0=y ) (3.2)
Y T Y%

where 7(()7") and yénr) are the radiative and non-radiative decay rates in free-space condi-
tions, respectively.

Although yér) does not significantly depend on the external conditions, fluorescence
QY, lifetime and intensity are strongly affected by the surrounding environment due to
the changes in 75"’”). Thus, the fluorophore spectral properties can by modified by altering
%gm«). However the enhancement of the fluorescence observables is inherently limited since
a decrease of 7, implies not only an increase of 4(") but also a decrease of QY strongly
decreasing a probability to emit a photon. On the contrary, when a fluorophore is nearby
a metal surface, the metal introduces an additional radiative rate (7,?“)) yielding to both

an increase of the quantum yield QY and a reduction of the lifetime 7, [139]:

(r) (r)
_ Yo Tt . 1
QP ) (nr) (nr) (r)? Tp = (r) nr) (nr) (r)’ (33)
Yo +tY% St Tt Y% +Y%  t+w +w

where 7},”” is the rate of the quenching processes introduced by the nearby metal.
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Figure 3.1: (a) Jablonski diagram for the free-space conditions and (b) modified from the
presence of a conductive nanostructure.

3.2.2 Mechanisms of plasmon-fluorescence interaction

The energy transfer between the plasmon and the fluorophore is dominated by dipole-
dipole interactions. If the fluorophore is in close proximity of the nanostructure surface
(1 — 10nm), the non radiative local field of one dipole can excite the other. This is called
Forster resonance energy transfer (FRET). The efficiency of the energy transfer in FRET
strongly depends on the separation distance [140]:

1
1+ (&)

where R is the fluorophore-nanostructure. It decays as 1/R® because each dipole has a
1/R? near field.

The distance behavior is scaled by the factor Ry, which depends on the spectral overlap

between the emission of the donor’s excited state and the acceptor’s ground state absorp-
tion. Since the value of Ry lies usually in the range of 3 — 8 nm in plasmon-fluorophore
FRET the enhancement is very efficient only for small separation distances R < Rj.
A second mechanism that the plasmon has to enhance the radiative rate of the fluorophore
is the Purcell effect. To understand the Purcell effect we can consider what happens to a
radiative dipole when it is placed in a resonant cavity. According to the Fermi’s Golden
Rule, the spontaneous emission rate from a set of final states |f) to the initial state |} is
generally written as:

NFRET = (3.4)

7= (gl 186 (s — wy). (35)
f

Equation (3.5) for a dipole emitter (H = —p - E)) becomes [141]:

2w

f)/(rv CU) = oF_ |p|2/)LDOS<I'a CU),
?)hE() (36)

6w
pLpos (T, w) = — n-ImG(r,r,w) - n],
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Figure 3.2: (a) Enhancement of the excitation mode through either FRET and Purcell
effect due to the spectral overlap between the plasmon extinction and the fluorophore
absorption. (b) Emission mode enhancement through either FRET and Purcell effect
due to the spectral overlap between the plasmon extinction and the fluorophore emission.
Adapted from [68].

where p is the transition dipole moment of the emitter, n the unit vector of the orientation
of p, r is the position vector, w the emission frequency, prpos the local density of the
states, G(r,r,w) is the Green’s dyadic which is the electric field interacting with the
emitter due to its own radiation. We recall that the so-called dyadic Green’s function
G(r,r’) is in general the electric field at the field point r due to a single point source j(r)
at the source point r’. It is the solution of the equations:

V x VGi(r,r') — E°Gy(r,r') = 6(r — r')n,,

for i = x,y, z, with n; unit vector in i-direction.
From the eq. (3.6) we have that [109]:

Proc(t,w) ~ | Eioe(r, w)|*, (3.7)

where and FEj,. is the local electric field of the cavity normalized to the incident intensity.
A consequence of the modification of the LDOS entailed by the cavity is that the emission
intensity will be amplified on-resonance and quenched off-resonance with respect to free
space emission. The plasmon acts on the nerby fluorophore as a resonant cavity. Its local
field |Eje|? (in proximity of the nanoparticle’s surface) is stronger than the free space
light incident on the nanoparticle, so it increases the LDOS with respect to the free-
space conditions. If the plasmon’s absorption or scattering spectrally overlaps with the
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fluorophore’s emission, the fluorophore’s emission rate will be enhanced by the plasmon
due to the change in the LDOS.

The spectral overlap between the plasmon extinction and the fluorophore excitation
and emission determines if the FRET or Purcell effect take place and which one is pre-
dominant. In particular, if the plasmon overlaps with the fluorophore absorption spec-
trum, the fluorophore excitation rate is enhanced through FRET mechanism at separation
distances of a few nanometers. A weaker coupling would take place at longer fluorophore-
nanostructure distances (Fig. 3.2, (a)). On the other hand, if the plasmon overlaps with
the fluorophore emission an enhancement or quenching of the emission intensity is pos-
sible. In particular a large fluorescence enhancement will take place through the Purcell
effect for separation distances from the nanoparticles’ surface beyond FRET region. For
smaller distances of a few nanometers, the fluorophore’s emission will be quenched by
FRET mechanism [109] (Fig. 3.2, (b)). Usually it not feasible to obtain a pure excitation
or emission enhancement the relatively broad extinction line width of the plasmon and
the Stokes shift of the fluorophore (spectral difference between the wavelength of the ab-
sorption pick and the wavelength of the emission pick) [109]. Thus, the two mechanism
take place together realizing the so-called dual-mechanism enhancement. As a result, an
intense fluorescence enhancement arises at distances of about 1 — 30 nm while a strong
quenching is present at shorter separation distances.

3.2.3 Fluorescence amplification

The fluorescence amplification of a molecule due to the proximity of a plasmonic nanos-
tructure arises from three different contributions: the enhancement of the fluorophore
excitation rate G(w), the enhancement of the fluorophore radiative decay rate Y (w'), and
the gain of the luminescence collection efficiency K (w’) [142, 143, 144]:

FE(w,w") =Gw)Y (W)K(W) (3.8)

where w is the excitation frequency and w’ the emission frequency. In the next section we
will discuss each of these factors.

3.2.4 Intensity enhancement factor

To calculate the field enhancement factor G, we consider a spherical particle illuminated
by a plane wave, linearly polarized electromagnetic (EM) wave. We assume that the plane
wave is propagating along the positive z axis and the electric field is polarize along the
x axis. The center of the particle is located at the origin of the coordinate system. The
ambient medium is vacuum. The incident field in vector spherical wave functions is given
by (see Section 1.3.7):

o0

. . 2n +1
o thkz—iwt __ —iwt -n (1) s 1)
E; = G, Fpe = Fye 321 i Y p— (myy, — ing),), (3.9)

here Ej is the incident wave amplitude; k£ is the wavenumber, w is the incident wave
frequency; c is the speed of light in vacuum; Gy is the unit vector along the x axis, and
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D h are the spherical vectorial functions [57] (see Section 1.3.7):

Mg Deip
Jn(kr) opP; .
m{}) = sm@ 22 Pl(cos ) cos peg — (kr)w sin ¢ ey, (3.10)
1 1 P!
1(311)71 = Mjn(kr)Pé(cos 0)sin g e, + — [krj,(kr)] 9
[Frgn (k)] 11 '
r o d P (cosf)cos ¢ ey,

where e,, ey and e, are unit vectors of the spherical coordinate system; r = |r| is the
length of the radius vector from the particle center to a point of interest; 8 and ¢ are the
spherical angles, 6 € [0, 7] and ¢ € [0, 27|, j,,(kr) are the Bessel function; P! (cos ) are the
Legendre functions and the prime indicates the derivative with respect to its argument.
The electric field which is induced near a particle in subjected to the electromagnetic field
(3.9) can be written as [57] (see Section 1.3.7):

it N 201 .
E,(w,r) = Epe tZz m(anmfﬁl — zbnnS’%) (3.12)
n=1

where m(()i)l and ngzl are the spherical vector functions whose form can be obtained sub-

stituting the Bessel function j,(kr) with the Hankel functions hl(kr) in the equations
(3.10), e a,, and b,, are the Mie coefficients [144], [57]:

o UnlkayE) (ka) = VEU, (kay/E) b (ka) 3
"7 (kayEg(ka) — VeV (kavEE (ka) |
o VEu(kayE)Y, (ka) — ¢ (kayE)y(ka) 510
= ) 4 ey )

where a is the radius of the metal spherical particle and € = ¢(w) is its dielectric permit-
tivity and we introduced the so-called Riccati-Bessel functions:

Yo(r) = rje(r),  &(r) =rhy. (3.15)

To calculate the field enhancement in proximity of the particle, we need to calculate the

following ratio [144]:

|Ei(w, ) + Ep(w, )2
|Ei(w, r)|?

where E;(w, r) + Ep(w, r) is the total electric field nearby the particle. Averaging G(w,r)

over all the spatial direction we get [144]:

G(w,r) =

(3.16)

(G(w, i Zn (n 4 1)(2n + )|t (k) + bu& (kr) >+

1

E Z (21 + 1) (|ton (kr) + anln(kr)[* + [0 (kr) + b,C, (kr) ).
i (3.17)
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In the case of particles whose size is negligibly small when compared to the wavelength
of the incident line, the problem just seen simplifies to an electrostatic problem where the
oscillating electric field is approximated by a constant field (quasi-static approximation).
In particular, the electric field E, for ka — 0 reduce (1.61) and we get [144]:

B e(w)—1 ra\3
Grorm(w,7) = ’1 * iw (F) (3.18)

Glrang(w, 1) = ’1 -

where Gorm and Gigpg correspond to the normal and tangential orientation with respect
to the nanoparticle’s surface.

3.2.5 Enhancement of the fluorophore quantum yield

To get the enhancement of the quantum yield Y (w,r) one needs to calculate radiative
and nonradiative components of a molecule decay rate of a fluorophore in proximity of a

metal nanoparticle [145]:
(r) 1 A7) -1
1+ Qo (%—1)] , (3.19)
o

Vi) = 2007

Qo %gr)

where Q,(w',r) (3.3) and Qo (3.1) are the emitter quantum yield in the presence of a metal
nanoparticle and in free space, respectively, w’ is the emitted frequency, v = ’yéT) + %S’").
Decay rates can be computed in the classical electrodynamics framework [146, 147]. For

radiative spontaneous decay rate the following expressions can be obtained:

(W, r) 3 )
(T)norm = Zn(n +1)(2n + 1) [t (kr) + by&n(kr)|7,

(3.20)

(r) (w/, I') 3 0 ,
(FA50) i St om0l i

n=1

+ |97, (k) + ba&y, (k) [?),

where g is the radiative decay rate in a free space (in absence of the spherical particle); r
is the length of radius vector plotted from a particle center to the molecule position; the
norm (tang) subscript refer to the the cases when the molecule dipole orientation is normal
(tangent) to a particle surface. For the nonradiative decay rate a similar calculation can
be performed. However it is more convenient to find out the full rate of spontaneous decay

~tt which is the sum of the radiative and nonradiative rates vt = 4™ 4 4" [145]:

(tot) (1 s
(%) — 14 2(;)4 > “n(n+1)(2n + DRe{b,&2(kr)},
Yo norm (321)

T)’) =1+ 2(:7“)4 Zn(Zn + D)Re{an &2 (kr) + by (&, (kr))?}.
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Radiative decay in quasi-static approximation

In the quasi-static approximation ka — 0 the equations (3.20) adopt the form:

(W N1 3
,YOT norm E(w ) + 2 3
A (W', ) B ew') =1\ ray3|?
NCEE M o2/ 3

A ang e(w)+2/)\3

where the norm (tang) subscript indicates the radial (tangential) orientation of a molecule
dipole moment with respect to a spherical nanoparticle surface. The quasi-static limit
value (3.22) can also be calculated starting from the following relation [145]:

Y

7" _ [po +dpf?
W) [Pol?

, (3.23)

where pg is the is the molecule dipole moment in vacuum, and dp is the induced dipole
moment which a nanoparticle acquires in the presence of a molecule.

Noteworthy, the equations (3.22) adopt the same of form of the equations (3.18).
However, norm and tang subscript are referred to the orientation of the dipole with
respect to the nanoparticle surface in (3.22) and to the orientation of the incident field in
(3.18). Also there is a dependence on different frequencies. In (3.18) w is the frequency
of the impinging radiation whereas in (3.22) ' is the frequency of the light emitted.

Non-radiative decay in quasi-static approximation

As regard the equations (3.21) in the quasi-static limit we get [145]:

() (! > 2n+1 N _—

7" (W) a\2n+ {5(w) 1}
row,n Y (n+1)? () m{ )= U
( fyér) )norm 3 n=1 r E(UJ’) + n:1

(nr)(, 4 ° 2n+1 A
"W, T) (CL) + { g(w) -1 }
-_ E n(n Imd ———

( ’7((]74) )tang 3 n=1 r E( ,) e

n

From equations in (3.24) it results that the 7,(,7”") / 76” diverges when the emitter molecule
is approaching the nanoparticle surface. If non-radiative spontaneous decay rate tends to
infinity, the quantum yield will tend to zero. This means that the luminescence quenching
will occur. In this case, an excited molecule will lose energy by means of Joule heating
process.
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Figure 3.3: Calculated quantum yield of a fluorophore emitting (A = 480 nm) in proximity
of a Ag spherical nanoparticle of 90 nm diameter (single, black curve), in the gap between
two Ag spherical nanoparticles (dimer, blue curve), and in the gap of a chain (red curve)
as a function of the separation distance from the nanoparticles surface r (adapted from

[148)).

So far we assumed the emitter molecule is affected by the presence of a single metal
nanoparticle. However, it has been demonstrated that a significant difference emerges
when the emitter is placed in the gap of a nanoparticle dimer [148]. In particular the
quenching effect occurs only for distance from the nanoparticle surface smaller than those
predicted for a single nanoparticle. A comparison between the cases of an emitter molecule
in proximity of a single nanoparticle, a dimer, or a chain of nanoparticles are depicted in
Fig. 3.3 [148].

3.2.6 Luminescence collection efficiency

The fluorescence enhancement factor is proportional to the gain in luminescence collection
efficiency K (w') since the detected fluorescence can only receive the contribution of the
photons that are actually collected by the setup [142]:
K
K(W)=-2, (3.25)
Ko
where x, and kg are the collection efficiency in presence of the nanostructure and in free-
space conditions, respectively. The luminescence collection efficiency is dependent on the
directivity of the emission. We can enhance the gain by maximizing the directivity and
by minimizing the collection efficiency x used for the reference. An objective with low
numerical aperture should be used in accordance with the peak angular emission of the
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radiation pattern of the antenna [142], [149]. Moreover, it has been demonstrated that
the nanostructures can be designed so to tune the directivity of light emission [150].

3.3 Materials and methods

3.3.1 Double-resonant nanostructure: morphology and optical
response

The sensing chip is a substrate that consists of an assembly of plasmon-coupled and
plasmon-uncoupled gold nanoparticles (AuNPs) immobilized onto a glass slide. Plasmon
coupled AuNPs are hexagonally arranged along branch patterns whose resonance lies in
the red band (~ 675nm). Plasmon- uncoupled AuNPs are sprinkled onto the substrate,
and they exhibit a narrow resonance at 524 nm. Details on the fabrication with BCMN
are reported in Section 3.C.1. We describe below the morphological and optical charac-
terizations of the substrate.

Morphology

The morphological characterization of the substrate was accomplished by scanning elec-
tron microscopy (SEM) (details are reported in Section 3.A). Fig. 3.4(a) depicts a SEM
image at high magnification of the nanostructured pattern. Aiming to activate the plas-
monic coupled modes of the AuNPs arranged along the branches, the particle growth
was carried out to increase value of the ratio between the nanoparticle diameter and the
center-to-center distance D/d (Fig. 3.4). A higher number of isolated AuNPs appears as
a by-product of the growth process. Instead of representing a detriment, such isolated
AuNPs trigger a localized resonance mode in addition to the coupled mode.

The histogram of the nanoparticle size before the growth process includes two Gaussian

distributed populations: patterned AuNPs whose distribution is peaked at 27 nm with a
standard deviation of 5 nm and isolated larger gold by-products randomly distributed onto
the substrate whose size is 45 £ 7nm (Fig. 3.4 (c)). The histogram after the nanoparticle
growth includes three populations: isolated AuNPs whose diameter is 31 + 6 nm, larger
AuNPs of 56 4+ 10 nm diameter arranged along the branches, and isolated gold by-products
of 90 £ 15nm (Fig. 3.4 (d)).
The center to center distance distribution of patterned AuNPs did not significantly change
after the nanoparticle enlargement meaning that the growth process does not alter the
patter architecture (Fig. 3.4 (e),(f)). An average center to center distance of 80 nm was
large enough to sustain a plasmonic coupled mode for patterned AuNPs of approximately
50 — 60 nm diameter.
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Figure 3.4: SEM images of the substrate (a) before and (b) after the nanoparticle growth.
Histograms of the nanoparticle diameter (c) before and (d) after the nanoparticle growth.
The solid orange and blue lines are the fits obtained by considering the histograms as the
sum of (c) two and (d) three Gaussian distributed populations, respectively. Histograms of
the center to center distance (e) before and (f) after the nanoparticle growth. Reproduced
from [2].

Optical Response

The experimental extinction spectrum of the substrate exhibits two resonances at (i)
524nm and (ii) 675 nm (solid black line in Fig. 3.5).

Isolated AuNPs give rise to the localized mode at 524 nm, as expected of AuNPs of
30 nm diameter in air, [151],[152] whereas (ii) patterned AuNPs entail a coupled mode at
675nm [151]. The finite-difference time-domain (FDTD) method was adopted to solve
Maxwell’s equations in order to retrieve the theoretical response of the substrate when
stimulated by an external electromagnetic perturbation. The simulated curve (solid gold
line in Fig. 3.5) consistently reproduces that experimentally observed (solid black line in
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Figure 3.5: Experimental (solid black line) and theoretical (solid gold line) extinction
spectrum of the substrate. Plasmon-fluorophore spectral overlap with 5-FAM (emission
coupling, dashed green line) and Cy5 (dual-mechanism coupling, dashed orange and red
lines) dyes. From [2]

Fig. 3.5) (technical details on FDTD simulations are reported in Section 3.B). For compar-
ison, we also worked out the extinction spectra of the nanostructure without combination
of AuNPs with different sizes (Section 3.E)

Once the substrate was optically characterized, the fluorophore should be generally
chosen so that its excitation/emission peaks overlap with the plasmon extinction [109,
101].

Given the large variety of organic fluorophores apt to this aim, the spectral overlap may be
virtually accomplished at any wavelengths in the visible range. In this regard, we selected
5-carboxyfluorescein (5-FAM) and cyanine 5 (Cy5) dyes whose excitation/emission spec-
tra are reported in Fig. 3.5. While the narrow resonance at 524 nm restricts the spectral
overlap to the only radiative coupling with 5-FAM dye (emission peak at 520 nm, dashed
green line), the broad resonance band at higher wavelengths leads to a dual-mechanism
coupling with Cyb5 dye (excitation/emission 650 nm /665 nm, dashed orange and red lines).

It is worth mentioning that the choice of 5-FAM dye was not optimal since its excitation
peak lay off-resonance (490 nm). In such a way, we did not fully exploit the amplification
potential of the plasmonic resonance at 524 nm. Indeed, a fluorophore whose excitation
peak was in the green band may experience a higher FE as compared to the 5-FAM dye.

3.3.2 Surface biofunctionalization

The substrates were PIT-functionalized with pan malaria Abs (anti-PLDH). First, the
anti-PLDH concentration was varied over a large range to optimize the surface covering
(Fig. 3.6(a)). Both the plasmonic resonances red-shifted as the anti-PLDH concentration
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increased up to 50 ug/ml, above which the substrate is unable to house more Abs. Thus,
an anti-PLDH concentration of 50ug/ml was used throughout all the experiments yielding
a plasmon red-shift of approximately 4.5 nm due to the dielectric protein layer surrounding
the AuNPs (Fig. 3.6(b)). The efficient surface filling is also demonstrated by the lack of
significant optical change in the extinction spectrum after the blocking step (dashed red
line in Figure S4b). Since the steric hindrance of a PIT-immobilized Ab is approximately
150 nm? [31]) the average number of Abs per nanoparticle of 60 nm (30 nm) diameter was
~ 75 (~ 20). Details on the biofunctionalization protocol are reported in Section 3.C.2.
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Figure 3.6: Shift of the plasmon resonance wavelengths as a function of anti-PLDH con-
centration for the localized (green circles) and collective (red squares) modes. Both the
resonances red-shift as the anti-PLDH concentration increased up to 50 ug/ml that corre-
sponds to a maximum redshift of approximately 4 — 5nm . (b) Experimental extinction
spectrum of the substrate before (dotted green line) and after functionalization (solid blue
line) and blocking (dashed red line). The insets show the Gaussian fits used for evaluating
the plasmon resonance wavelength. Reproduced from [2].

3.3.3 Detection scheme

The biosensing application was conceived as a case study for evaluating the performance of
the proposed substrate as a fluorescence enhancer in a PEF-based biosensor in multiplexed
measurements for simultaneously detecting two different analytes.

The multiplexed detection was obtained by adopting the sandwich configuration Ab-
analyte-Apt* shown in Fig. 3.7(a). Fig. 3.7(b) shows some representative fluorescence
pictures at different analyte concentrations. Notably, the bright spot number is clearly
distinct from the control (i.e., uninfected human whole blood) down to the picomolar
level for both the fluorophores (details about acquisition and processing of fluorescence
pictures are reported in Section 3.D.1).

Note that the fluorescence of each bright spot is likely to arise from one single fluorophore
as explained in detail in Section 3.3.4.
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Figure 3.7: a) Sketch of the pattern architecture consisting of branch hexagonally arranged
and sprinkled AuNPs. The insets show the Ab-PfLDH-Apt* sandwich schemes in the
case of 5-FAM and Cyb5 labels. (b) Example of fluorescence images recorded at different
PfLDH concentrations spiked in human whole blood. From [2].

3.3.4 Analysis of the bright spots

In order to demonstrate the assumption that the fluorescence of each bright spot corre-
sponds to the light emitted by one single fluorophore, we firstly considered the lowest
PfLDH concentrations (1fM ) we investigated (Fig. 3.7). The corresponding number of
analytes in 1 mL volume (i.e., the volume we used throughout the work) is 6 x 10°. Thus,
in principle we can have 6 x 10° PfLDH proteins over the whole substrate (10 x 8 mm?)
and, hence, 2 x 10 analytes can be virtually housed in the microscope field of view (FOM)
(1.66 x 1.40 mm?). In ideal conditions, 2 x 10* fluorophores bind the analytes in the FOM.
The photodetector contains 5.51 x 10° pixels (Section 3.D.1). We can now evaluate the
probability that two fluorophores lie on an area of the substrate whose fluorescence would
be collected by one pixel (,0.650 x 0.650 um?, see Section 3.D.1). Since the number of
fluorophores (2 x 10*) is much smaller than the number of pixels (5.5 x 10%), we can adopt
the Poisson statistics to retrieve the probability P(k) that k fluorophores are placed in
one pixel4

ko

where m is the number of fluorophores and n is the number of pixels. It results P(2) =
0.0005 %. Therefore, we can safely assert that bright spots appearing in fluorescence
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images at very low PfLDH concentration (femtomolar level) arise from individual fluo-
rophores.

Moving to the next PfLDH concentrations we explored 1 pM, 1 nM, and 1 uM, the num-
ber of fluorophores housed in the FOM in ideal conditions is 2 x 107, 2 x 10'°, and 2 x 1013,
respectively. Since m > n, we evaluated the probabilities P(0) that one pixel is vacant.
Since P(0) = e ™™, it results 43% at 1 pM and negligible values at 1nM and 1 M.
However, considering 1 dark pixels, the probabilities are much lower P(l)(O) = e ™/ For
instance, P19(0) = 0.02% at 1pM. Nevertheless, in real measurements a much larger
number of dark pixels were present as compared to the number of bright spots even at
the largest PfLDH concentration (Fig. 3.7(b)). This result can be reasonably achieved
only if m < n.

Such a discrepancy can be justified considering a low system efficiency that depends on
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Figure 3.8: Correlation intensity vs spot area explored by (a) 5-FAM dye and (b) Cy5
dye at different PfLDH concentration spiked in whole blood (Pearson’s r = 0.95). From

[2].

(i) the binding affinities between Abs-Au, Abs-PfLDH and Apts*-PfLDH and (ii) the
fluidic efficiency in each step. Thus, only a small amount of the available fluorophores
would be housed on the substrate and only a tiny fraction of them would experience a
significant FE. Therefore, we can assume that the condition m < n is hold even at large
concentrations (up to micromolar level) and, hence, the probability P(l) that [ > 2 fluo-
rophores lie on one pixel is low.

The previous argumentation is coherent with the linearity exhibited by the correlation
curves fluorescence versus spot area (Fig. 3.8). The slope of the linear regressions is inde-
pendent from the PfLDH concentration revealing that the mean fluorescence intensity per
pixel at low analyte concentrations (femtomolar level) is hold even at high concentrations
(micromolar level).

In addition, the number of bright spots whose intensity/area ratio lies outside the linear
regression is relatively low even if it enlarges as the analyte concentration increases.

In particular, these spots arose from nearby fluorophores whose light was collected by the
same pixels of the photodetector so to increase the spot brightness while holding the spot
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size. In conclusion, we can safely assert that most of the observed bright spots arise from
individual fluorophores.

3.4 Biosensing application

Calibration Curve

The dependence of the fluorescence intensity F' on the analyte concentration is shown in
Fig. 3.9 (details about fluorescence analysis are reported in Section 3.D.1). The data are
fitted by the four-parameter Hill equation [153]:

F—F

K )
1+ (1 + [P_fLDH])">

F([P/LDH]) = F\ + (3.26)

where F); and F, are the minimum and maximum value of the fluorescence intensity, re-
spectively, K is the concentration at which the fluorescence is equal to half of its maximum
value, and n is the so-called Hill’s coefficient [154]. Table 1 reports the best-fit parameter
values, the linear range (LR), and the limit of detection (LOD), estimated as 30 above
the control value, for both the fluorescent dyes used in this work.

’ parameters ‘ 5-FAM ‘ Cyb ‘

Fy 7+ 1 arb. units 6 £ 2 arb. units
F 66 + 3 arb. units 154 £+ 2 arb. units
K (0.36 4 0.15)10° pM 6+ 1.7pM
n 0.36 + 0.05 0.44 + 0.06

x? 1.2 1.8

LR 10pM — 1 uM 100kM — 1nM

LOD 50pM (1.6 ng/ml) | 260 M (8.6 pg/ml)

Table 3.1: Best-Fit Parameter Values and LOD obtained by fitting the experimental data
in (3.26).

Specificity

The specificity of the proposed apta-immunosensor was tested against the Plasmodium
vivax lactate dehydrogenase (PvLDH) (90% residue identity with the PfLDH) [155]. To
this aim, the desired amount of PoLDH (1 uM referred to undiluted blood) was spiked
into the diluted specimens (human whole blood from healthy donors 1 : 100 diluted in
1 ml of 25 mM Tris buffer). Fig. 3.9(b) illustrates the fluorescence intensity measured in
human whole blood with no analyte (control), competitive analyte (PvLDH), and analyte
of interest (PfLDH). Although the bottom bioreceptor layer, consisting of pan malaria
anti-PLDH, can capture any Plasmodium malaria marker, the high selectivity of malaria
aptamers warranted a negligible cross-reaction with PvLDH [156].
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Figure 3.9: Fluorescence intensity as a function of PfLDH concentration spiked in human
whole blood (calibration curve). The best fit curves (solid green and orange lines) are the
four-parameter Hill eq.(3.26). The shaded regions represent the 30 noise level measured
in uncontaminated whole blood. (b) Specificity of the apta-immunoassay against the
PvLDH (* % p — value < 0.001). The data are averaged on ten measurements and are
reported as mean value + standard deviation. From [2].

3.5 Simulations

3.5.1 Fluorescence Enhancement: electromagnetic simulations

We investigated the electromagnetic response of the substrate when interacting with a
plane wave radiation Ey. The ratio between the intensity of the electric field induced by
the nanostructure, F, and the intensity of the incident radiation is defined as the gain
factor G where w is the frequency of the impinging perturbation and r is the position
vector (Section 3.2.4):

_ [E(w,r)|

G=—F7"—"5.
Eo(w, 1)l

(3.27)

We modeled the nanostructure according to the architecture morphology provided by
SEM images. In addition, we implemented a surface roughness onto each nanoparticle to
approach the observed nanoparticle shape (Section 3.B for details).

Since the size of the fluorophores we used is ~ 1nm? [157], we discretized the substrate
over a mesh with 1 nm spatial resolution so that a dye can fit in a unit cell. Fig. 3.10(a)-
(c) shows the intensity distributions of the electric field at the emission peak of 5-FAM
(520nm) and at the excitation/emission peaks of Cyb (650/665nm), whereas those off-
resonance (490 nm and 575nm) are depicted in Fig. 3.11.
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Figure 3.10: Simulated electric field intensity of the substrate worked out at wavelength
(a) 520nm, (b) 650 nm, and (c) 665 nm. The white arrows point to some plasmonic hot
spots of the nanostructure. Histograms of the GG value distribution evaluated in annulus-
shaped regions around nanoparticles (5nm thickness, 5nm offset from particle surface)
at wavelength (d) 520 nm, (e) 650 nm, and (f) 665 nm. From [2].

Regions surrounding nanoparticles exhibit higher G values as compared to the free
space as a result of the strong confinement of the electric field: these regions are generally
called hot spots [144].

At 520 nm wavelength, the main contribution to the electric field arose from the dipo-
lar modes of nanoparticles. In this case, the electric field was mainly enhanced at the
nanoparticle edges (along the polarization direction) or confined at the nanoparticle dimer
junctions (Fig. 3.10(a)). However, such a plasmonic mode (i.e., not coupled mode) yielded
a relatively low amplification (G values do not exceed few thousand).

On the contrary, much higher G values (up to hundreds of thousands) were observed at
650 nm and 665 nm wavelengths as a result of the strong inter-plasmon coupling among
nearby AuNPs (Fig. 3.10(b),(c)).

A possible way to capture the physics underlying the coupled modes relies on the so-called
plasmon hybridization method, [61, 60] according to which the modes resulting from a
single nanoparticle mix (hybridize) with those from the nearby nanoparticles giving rise
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to bonding and anti bonding plasmonic modes (see Section 1.3.8).

Since we aimed at using this platform for sensing applications where fluorophores are
placed at a distance of 5 — 10 nm from the surfaces of the nanoparticles, we focused our
analysis on these annulus-shaped regions around each nanoparticle.
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Figure 3.11: Simulated electric field intensity of the substrate worked out at wavelength
(a) 490 nm and (b) 575 nm. Histograms of the G value distribution evaluated in annulus-
shaped regions around nanoparticles (5nm thickness, 5nm offset from particle surface)
at wavelength (c) 490 nm and (d) 575 nm. From [2].

In particular the electric field F,, around the n-th nanoparticle was evaluated in the
x—1y plane in annuluses of 5 nm thickness and 5 nm offset from the nanoparticle surface via
E,(r,¢) = E(x, + 1 cos ¢, y, + rsin ¢) where r is the distance from the nanoparticle cen-
troid (1nm spatial resolution), ¢ is the azimuthal angle (1 degree of angular resolution),
and (z,,y,) are the centroid coordinates. Note that r values range from D,,/2 + 5nm to
D,,/2 + 10nm, in which D, is the diameter of the n-th nanoparticle measured by SEM
micrographs (Section 3.A). We implemented the F, in a Python code that excluded mul-
tiple counting in overlapping annuluses.

Fig. 3.12 shows two representative magnifications of the electric field intensity worked out
with perfectly spherical gold nanoparticles and rough gold nanoparticles, in which the
shaded red annuli highlight the only regions where the G values were evaluated.

Fig. 3.10 shows the G value distributions in these regions at wavelengths of 520, 650,
and 665 nm , respectively. The histograms reveal that only a tiny fraction of fluorophores
would experience a relatively high G' value meaning that most of them were positioned
in places whose local amplification may not be strong enough to yield a measurable
fluorescence. Additionally, we worked out the electromagnetic response of the substrate
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with perfectly spherical nanoparticles (see Section 3.B for details).
In this case, much lower G values were attained revealing that the surface roughness was
a crucial feature to augment the local field [158].

10° 102 10" 10° 107 10* 10% 10% 10" 10°

Figure 3.12: Electric field intensity distributions of (a) perfectly spherical gold nanopar-
ticles and (b) rough gold nanoparticles worked out at 520 nm wavelength. The shaded
red annuluses (5nm thickness, 5nm offset from the nanoparticle surface) highlight the
regions where the G values were evaluated. Note that in the case of rough nanoparticles,
the annulus offset is determined by considering an ideal spherical surface embedding the
nanoparticle roughness. From [2].

3.5.2 Comparison between theoretical and measured Fluores-
cence Enhancement

The theoretical fluorescence enhancement factor is defined as

Q'

FEMw,w') = G(w)m

(3.28)

where @) is the fluorophore quantum yield in PEF conditions, () is the fluorophore quan-
tum yield in free-space, w and w’ are the excitation and emission frequency, respectively.
We aimed at comparing the FE™ values at excitation/emission wavelengths of the fluo-
rophores with those experimentally measured (later described).

Since (g is an inherent parameter of the fluorophore, the ratio Q/Q is bounded above
due to the constraint @ <= 1. Considering Q2 p\y; = 0.83 at 520 nm wavelength for 5-
FAM dye [159] and Q%y5 = 0.27 at 665 nm wavelength for Cy5 dye [160], the ratio Q/Qo
cannot exceed 1.2 for 5-FAM dye and 3.7 for Cy5. For simplicity, we firstly investigated
the case Q) = Q.

Thus, the G value distributions shown in Fig. 3.11(c) and Fig. 3.10(e) can be immediately
converted into (FE™) distributions at 490/520 nm and 650/665 nm excitation/emission,
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Figure 3.13: Experimental (top sub-panels) and theoretical (bottom sub-panels) FE dis-
tributions for (a) 5-FAM and (b) Cy5 dyes. Theoretical distributions are worked out at
(a) 490/520nm and (b) 650/665nm excitation/emission wavelengths in the case @ = 1.
The experimental histograms were obtained over an area of 1.66 x 1.40 mm?, whereas the
theoretical histograms were worked out over an area of 1.25 x 1.25 um?. From [2].

respectively. As it concerns the measured FE factor, it can be estimated as [161]:

obs _ LPEF

FE T (3.29)
where Ipgpp is the fluorescence intensity provided by fluorophores in the presence of the
nanostructure and (/) is the mean fluorescence signal of fluorophores under non-PEF
conditions (details are reported in Section 3.D.2). Fig. 3.13(a),(b) shows the FE°* dis-
tributions for 5-FAM and Cy5 dyes, respectively (top sub-panels). Thus, we can compare
such distributions with FE™ distributions worked out in the case @Q = 1 (bottom sub-
panels).

A slight discrepancy emerges between FE and FE™ distributions in both the flu-
orophore channels probably ascribable to an underestimated nanoparticle roughness in
the simulation modeling. Note that such a discrepancy would rise if perfectly spherical
nanoparticles were considered (Fig. 3.14) rather than rough nanoparticles, thus corrobo-
rating the crucial role played by the nanoparticle roughness in enhancing the fluorescence.
An estimation of the average FE factor, (FE®*), can be retrieved by [161]:

NppFr

where Npgp is the number of bright spots. Equation (3.29) yields (FE2:,,,) = 160
for 5-FAM dye and <FE%I’;5> = 4500 for the Cyb dye. It is worth mentioning that the
ratio between (FEZ5) and (FEZ:,,,) of approximately 28 is consistent with the ratio

between the slopes of the corresponding correlation curves (fluorescence vs spot area, see
Section 3.3.4).
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Figure 3.14: Simulated electric field intensity of the substrate in the case of perfectly spher-
ical AuNPs worked out at wavelength (a) 490 nm, (b) 520 nm, (c¢) 575 nm, (d) 650 nm, and
(e) 665 nm. Histograms of the G value distribution evaluated in annulus-shaped regions
around nanoparticles (5nm thickness, 5nm offset from particle surface) at wavelength
(£)490 nm, (g) 520nm, (h) 575nm, (i) 650 nm, and (1) 665 nm. From [2].
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3.6 Conclusions

We presented a novel double-resonant plasmonic substrate for potential multiplexed and
high-throughput analysis in PEF-based biosensing [2]. The substrate consists of an assem-
bly of hexagonally arranged and sprinkled AuNPs, which gives rise to a double resonance
at 524nm and 675 nm wavelengths. The former was coupled with the emission peak of
the 5-FAM dye and the latter with both the excitation and emission peaks of the Cyb
dye.

Numerical simulations demonstrated that the pattern architecture endowed the substrate
with a large amount of intense electromagnetic hot spots in which fluorophores can be
housed.

As a case-study, the substrate was implemented in a malaria apta-immunoassay for

detecting PfLDH in human whole blood. We adopted Abs as capture bioreceptor layer
and Apts* as the top fluorescently labeled layer. The PfLDH was simultaneously detected
by both the fluorophores as proof of concept for multiplexed analysis. Additionally, the
simultaneous detection of two fluorescent probes can provide high signal redundancy and
an extension of the detection range. The LODs achieved are 260 fM with the Cy5 dye
and 50 pM with the 5-FAM dye. No complex sample pretreatments are required making
such a device suitable for point of care tests.
The measured average values of the fluorescence enhancement FE were 160 with 5-FAM
dye and 4500 with Cy5 dye. We proved that these results are consistent with those sim-
ulated by considering branch patterns of rough AuNPs and that the roughness is crucial.
As futuristic scope, multi-resonant devices may be also conceived by properly tailoring
the pattern architecture or combining different metal nanoparticles in such a way to ac-
tive additional plasmonic modes. Moreover, sharp nanoparticles may further augment
the electromagnetic field by at least one order of magnitude as compared to smooth
nanoparticles as simulations revealed. The potential biosensing applications of the pro-
posed approach are far-reaching, for not only multi-analyte detection but also biomarker
panel identification with double signal redundancy.
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Appendix

3.A Analysis of scanning electron micrographs

SEM images were acquired by Zeiss LEO 1550VP field emission scanning electron mi-
croscope with a nominal resolution of 1nm at 20kV acceleration voltage by collecting
secondary electrons with an In-Lens detector. The morphology of the substrate was anal-
ysed processing the micrographs by ImageJ software. Firstly, objects were isolated from
the background by thresholding the raw image (Fig. 3.15(a),(b)), then adjacent nanoparti-
cles were segmented by watershedding (Fig. 3.15(c)). Analyze Particles tool implemented
in ImageJ was run to retrieve information about the object perimeter p, area S, shape
descriptors, and centroid coordinates. Figure S1d shows an example of processed micro-
graph in which the nanoparticles are decomposed in outline and inner area. Afterwards,
nanoparticle diameter was estimated as D = 24/(S/7), whereas the centre-to-centre dis-
tance distribution was carried out by calculating the distance of each centroid from its
nearest neighbours.

Figure 3.15: (a) Example of raw SEM micrograph at high magnification. Corresponding
(b) thresholded and (c) segmented image. The insets show a magnification of a nanopar-
ticle cluster highlighting the capability to effectively segment adjacent objects by the
watershedding algorithm. (d) Processed image in which the nanoparticles are decom-
posed in outlines (black line) and inner region (orange filling). From [2].
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3.B Numerical simulations

The optical response of the nanostructured substrate was simulated by using the finite-
difference time-domain (FDTD) method implemented in FDTD solutions tool of Lumer-
ical software. The Maxwell’s equations are numerically solved in the time domain within
a Mie problem-like framework by discretizing the space over a mesh and evaluating the
evolution of the electric and magnetic fields in each cell.

Branch pattern of spherical AulNPs

An illustration of the simulation workspace is shown in Fig. 3.16(a).

(a) (b)

light source

Figure 3.16: (a) Sketch of the simulation workspace consisting of light source, plasmonic
nanostructure, dielectric substrate, photodetector (PD), and appropriate boundary con-
ditions (BCs). (b) Comparison between the real morphology of the substrate observed
by SEM (left panel) and a representative model employed in FDTD simulations (right
panel). (c) Example of Au spheres arranged in a hexagonal cell. The shaded red rectan-
gle represents the region in which the Maxwell’s equations are numerically solved. Then,
the solutions are symmetrically /anti-symmetrically extended to the whole hexagonal cell.
From [2].

The optical behaviour of the substrate was explored through linearly polarized waves
(400 — 800 nm wavelength, 0 — 180° polarization angle with angular step of 15°) propagat-
ing along z direction. A photodetector placed in the z —y plane was dedicated to measure
the electric field over time (1.25 x 1.25um? size) (not shown in Fig. 3.16(a)), whereas a
second photodetector positioned on the opposite side of the workspace was set to col-
lect the transmitted photons to work out the extinction spectrum of the nanostructure
(400 — 800 nm wavelength, 1 nm spectral resolution). The nanostructure was realized by
positioning homogeneous gold spheresl onto a layer of silicon dioxide2 (200 nm thickness)
according to the real morphology provided by SEM images. Nanoparticle centroids and
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diameters were retrieved by raw SEM images as described in Section 3.A.

Then, homogeneous gold spheres were shaped in the Lumerical environment using
addsphere script command. The refractive index of surrounding environment was set
equal to 1. Periodic boundary conditions (BCs) were set along x and y directions to
extend the simulation over an infinite array.

Bloch BCs were used for simulations with non-zero polarization angles in order to com-
pensate the phase shift arising when an electromagnetic disturbance with a non-zero angle
should be re-injected at the opposite workspace site. Perfect matched layer BCs along 2
direction (steep angle profile, 12 layers) warranted the complete absorption of the wave
backscattered through the light source and that traveling beyond the photodetector [162].

The spatial resolution of the mesh was set equal to 1 nm to warrant high accuracy of
the results while holding the simulation time within few hours.

Branch pattern of rough AulNPs

Technical parameters of simulations were set as in the Section S2.A. In addition, we
implemented a degree of roughness onto the surface of spheres. Firstly, homogenous gold
spheres were placed onto a layer of silicon dioxide2 (200 nm thickness) according to the
real morphology. The diameters were reduced of 20 nm as compared to the real size (see
Section 3.A). Secondly, gold hemispheres of radius 20 nm were randomly arranged onto
the spherical surfaces allowing interpenetration. More precisely, 20 (40) (80) (120) (160)
(200) gold hemispheres were placed onto spheres whose real diameter lied in the range
10 —20nm (20 — 30nm) (30 —40nm ) (40 — 60nm) (60 — 80nm) (> 80nm). The size of
the resulting rough spheres as well as their degree of roughness was comparable with the
real one observed by electron microscopy (Fig. 3.16(b)).

3.C Protocols

3.C.1 Substrates fabrication

BCMN was adopted to fabricate branch patterns of hexagonally arranged AuNPs over a
large area [135]. The procedure included four steps sequentially shown in Fig. 3.17.
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Figure 3.17: Fabrication scheme of the branch pattern of AuNPs by BCMN. (a) Disper-
sion of amphiphilic diblock copolymers in nonpolar solvent. (b) Self-assembly of reverse
micelles. (¢) Formation of Au seeds inside the hydrophilic core. (d) Laying of PS-AuNPs
on the substrate. (e) Sticking of the AuNPs onto the glass slide after the copolymer
etching. (f) Enlargement of the nanoparticle size. From [2].

An amount of 24.3 mg of diblock copolymer P3807-S2VP (Fig. 3.17(a)) was dispersed
into 15ml of toluene. The solution was kept under vigorous stirring for 72h to obtain a
homogeneous monodisperse solution of reverse micelles (Fig. 3.17(b)).

An amount of 13.1mg of HAuCly - 3H,O was loaded into the solution under vigorous
stirring for 72h to allow the inception of Au seeds (inside the micelle core) covered by
polystyrene shells (PS-AuNPs) (Figure 7c). The solution appears yellowish.

Then, possible copolymer aggregates were removed by filtering the solution. Diblock
copolymers and gold(III) chloride trihydrate were handled in a glovebox under inert gas
(argon) and controlled conditions (Oy < 1ppm , HoO < 0.1 ppm).

Before the PS-AuNP deposition onto the substrate, glass coverslips (10 x 8 mm?) were
sonicated for 5 minutes in acetone, 2-propanol, and ethanol sequentially to remove dust
and impurities.

Afterward, the cleaned substrates were dipped in a nonpolar solvent (toluene) to enable
the sticking of hydrophobic polystyrene shells. Then, the substrates were vertically dipped
into the solution of PS-AuNPs by means of a dip-coater to warrant an extremely fine po-
sitioning and speed control. The dipping speed was set to 0.8 mm/s. Such a speed is low
enough to warrant PS-AuNP laying onto the substrate while preventing the maximum
close-packing (Fig. 3.17(d)).

Finally, an oxygen plasma treatment (0.8 mbar , 200 W | 30 min ) was used to etch the
copolymers so to leave the AuNPs immobilized onto the substrates (Fig. 3.17(e)).
Afterward, the substrates were incubated with 2ml of gold growth solution (CTAB
190 mM, HAuCly - 3H,O mM ;AgNO38 mM, ascorbic acid 100 mM) for 2h enabling the
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increase of AuNP size while holding center-to-center distances (Fig. 3.17) [163].

3.C.2 Biofunctionalization and detection

Gold surface functionalization with pan malaria anti-PLDH was realized through the well-
established PIT (Section 1.1.2). The aqueous solution containing anti-PLDH (50 pug/ml
concentration, 1 ml volume) was UV irradiated for 30s (6 W at 254nm ) and conveyed
onto the substrate. The latter was integrated in a microfluidic system consisting of an
interacting cell housing the substrate, a 2ml syringe, and Tygon tubes with a diameter of
I mm (for both the input and output channel) designed for biological samples (Fig. 3.18).

Figure 3.18: Sketch of the fluidic cell used to promote an effective interaction of the

irradiated Abs contained into the aqueous solution with the nanostructured substrate.
From [2]. From [2].

The volume of the solution in contact with the substrate was ~ 30 ul, whereas the
total volume flowing into the circuit was approximately 200 ul. The syringe was used to
repeatedly draw 250 pl from the fresh solution containing the irradiated Abs (4 draws
separated by a time interval of 3min). Then, ultrapure water was copiously flowed into
the circuit to remove the unbound Abs from the substrate. The blocking step was carried
out by flowing into the circuit an aqueous solution of 50 ug/ml BSA (4 draws of 250 ul
separated by a time interval of 1min). Afterward, ultra-pure water was copiously flowed
into the circuit to remove unbound BSA molecules. Finally, the substrates were stored in
PBS solution at room temperature.

Ab-Analyte-Apt* Stacking

Blood specimens were drawn from the healthy donors via monovette tubes. Ethylenedi-
aminetetraacetic acid (EDTA) was added to prevent blood coagulation. Whole blood was
diluted 1 : 100 in 25 mM Tris buffer to reduce the turbidity of the specimen.

The analyte was spiked into 1 ml of the diluted specimen to achieve a PfLDH concentra-
tion in the range 1fM — 1 uM(referred to undiluted whole blood). Control experiments
were performed in uncontaminated specimens (diluted whole blood).

The functionalized substrates stored in the buffer solution (ready-to-use) were slightly
rinsed by ultra-pure water and then incubated with PfLDH-spiked specimens (diluted
whole blood) by gently shaking the sample for 2 h to improve the PfLDHcapture efficiency
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by immobilized Abs. Afterward, the substrates were abundantly rinsed by ultra-pure wa-
ter and Tris buffer to remove blood residues and unbound PfLDH molecules.

5-FAM- and Cyb-labeled malaria Apt* were added in the ratio 1 : 1 into 1ml of PBS
(10mM) to achieve a final Apt* concentration of 0.1 M. Thus, the substrates were
transferred into the solution by gently shaking the bowl for 2h h in dark conditions,
thereby realizing the Ab-PfLDH-Apt* sandwich scheme shown in Fig. 3.7(a). Then, the
substrates were copiously rinsed by ultra-pure water and PBS to remove unbound Apts*.

3.D Fluorescence Pictures

3.D.1 Acquisition and Analysis

Fluorescence images were acquired by Zeiss Axio Observer Z1 inverted phase contrast
fluorescence microscope equipped by Zeiss Colibri.2 LED light source (modules 470 and
625 nm), Zeiss Plan-Apochromat 10x/0.45 Phl M27 (FWD = 2.1 mm) objective, 38 HE
filter (excitation 450 — 490 nm /emission 500 — 550 nm) and cube 50 Cy5 filter (excitation
625 — 655 nm/emission 665 — 715nm ), and pco.edge 5.5 SCMOS photodetector (scaling
0.650 pm x 0.650um per pixel, image size 2560 x 2160 pixels, scaled image size 1.66 mm x 1.40 mm,
16 bit dynamic range). The camera exposure time was set to 2s for recording every im-
age. Raw fluorescence images were processed by ImageJ to measure the whole intensity
arising from the bright spots. Firstly, RGB images were split into two channels contain-
ing the green and red components so to separately analyse the contribution of the two
fluorophores used in this work. Since the raw images contained a smooth continuous
background, the rolling ball algorithm was used to flatten any spatial variations of the
background by evaluating the average value over a ball around each pixel and then by
locally subtracting such a value from the image. Aiming at carrying out a reliable and
robust analysis, one different substrate was used for each analyte concentration (rather
than exploit additive concentrations on the same substrate), and ten fluorescence images
were randomly acquired over each sample thereby obtaining an average value of the whole
fluorescence intensity 4+ standard deviation.

3.D.2 Fluorescence intensity in non-PEF conditions

To measure the intensity (Iy), a volume of 100 ul containing 250 fmol of Apts* (approx-
imately 1.5 x 101 fluorophores) was drop-casted onto a microscope slide. After drying,
the 5-FAM (Cy5) fluorophores resulted to be confined within a circular region of 12nm
(13nm) diameter surrounded by an annulus (i.e., coffee ring) of 0.15mm (0.10 mm ) thick-
ness whose intensity was 10-fold (4-fold) higher than that measured in the inner region
(Fig. 3.19).
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Figure 3.19: Fluorescence image of (a) 5-FAM-Apts* and (b) Cy5-Apts* dried drops. The
drop was sampled in 100 regions of size 350 x 350 um? in the inner area (white squares
1, not in scale) and 70 x 70 yum? on the annulus (white squares 2). (c,d) Ring thickness
measured as FWHM of the intensity profile evaluated along the light blue and yellow lines
highlighted in panels (a) and (b), respectively (from [2]).

The whole fluorescence intensity Fy of the dried drop was measured by sampling the
drop area in 100 regions of size 350 x 350 um? in the inner region and 70 x 70 um? on the
annulus. Then, the resulting averages were scaled to the whole inner region (~ 113 mm?
for 5-FAM dye and ~ 133 mm? for Cy5 dye) and coffee ring area (~ 5.7mm? for 5-FAM
dye and ~ 4.1 mm? for Cy5 dye).

Thus, the mean intensity (Iy) provided by individual fluorophores in free-space condition
is

where Ny the number of fluorophores contained in the drop.

3.E Optical response of homogeneously sized gold
nanoparticles

Numerical simulations worked out with homogeneously sized AuNPs confirmed that the
measured double resonance of the real substrate is due to not only the branch architec-
ture, but also the combination of heterogeneously sized AuNPs. Actually, the optical
response of a pattern made of 30 nm diameter AuNPs conveys a broad peak in the ex-
tinction spectrum at 540 nm wavelength. This plasmonic mode may contain both the re-
sponse of isolated nanoparticles (at ~ 520 nm ) and that of plasmon-coupled nanoparticles
(Fig. 3.20(a), Fig. 3.20(b) and Fig. 3.20(c)). On the contrary, the pattern made of 60 nm
diameter AuNPs exhibits two resonances at 540nm and 675nm. Plasmon-uncoupled
AuNPs contribute to the first plasmonic mode, whereas plasmon-coupled AuNPs produce
the second mode (Fig. 3.20(d), Fig. 3.20(e) and Fig. 3.20(f)). Note that we coded the
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script for placing homogeneously sized 60 nm diameter AuNPs in such a way to avoid
particle interpenetration.
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Figure 3.20: Simulated extinction spectrum of the substrate in the case of homogeneously
sized AuNPs of (a) 30nm diameter and (d) 60 nmdiameter. Simulated electric field in-
tensity of the substrate worked out at wavelengths (b) 520nm and (c¢) 540 nm in the case
of 30nm diameter AuNPs, and (e)540 nm and (f) 675 nm in the case of 60 nm diameter
AuNPs (from [2] Supporting Information).
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Chapter 4

Magneto-Optic Surface Plasmon
Resonance biosensor
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4.1 Introduction

The magnetoplasmonics is a blossoming field where concepts from plasmonics and magneto-
optics are combined, opening novel possibilities for the light manipulation at the nanoscale
[164, 165, 166]. The magnetoplasmonic modulation arises from the simultaneous excita-
tion of SPPs modes and magneto-optic effects in plasmonic structures with a magneto-
optical activity. In these structures, the excitation of SPP modes produces a resonant
enhancement of the magneto-optic effects both in reflectance (Kerr effects) and in trans-
mission (Faraday effects, see Section 4.2).

Notoriously, the excitation of SPPs modes in plasmonic devices has been extensively ap-
plied as biosensing technology [167, 18]. When SPPs are excited along the metal/dielectric
surface, a change in the RI of the dielectric medium gives rise to a change in the prop-
agation constant of the surface plasmon (see equation (1.51)). Through the coupling
conditions, this modification entails a change of the characteristics of the light wave cou-
pled to the SPPs that can be used as sensing parameters (Fig. 4.1). SPR sensors are
based on this principle [18].

JANI VAN
yY Yy

Reflectivity
6'_3-;,‘? - {

O’E.PR

Laser Photodetector O degree

Figure 4.1: (a) Schematic representation of the experimental setup for SPR sensing. In
the Kretschmann configuration, the dielectric medium that is in contact with the metal
surface where SPPs are excited corresponds to the sample. The inset depicts the surface
of the gold layer functionalized with bioreceptors and the biorecognition of the antigen
(orange triangle). (b) The excitation of the SPPs causes a minimum intensity of the
reflected beam in the angular scanning (solid blue line). The minimum of the reflectivity,

spnr» shifts after the recognition of the antigen: 0pp — 04p, (the SPR curve shifts from
the solid blue curve to the solid orange curve).

Recently, the magnetoplasmonic modulation that exploits SPP excitation has been
proposed as tool to overcome the sensitivity of the traditional SPR sensors [17]. We
will refer to the sensor based on simultaneously excitation of magneto-optic effects and
SPPs modes as MOSPR (Magneto-Optic Surface Plasmon Resonance) sensors. For these
sensors the adopted transducers are multilayered nanostructures composed of noble and
ferromagnetic metals. These structures combine the extensive magneto-optical activity
of ferromagnetic materials with the well-known plasmonic properties of noble metals (see
Section 4.3.1).

The sensing process of MOSPR sensors may involve the measurement of the signal of the
Transversal Magneto-Optic effect (TMOKE) at a fixed angle in proximity of the resonant
condition (see Section 4.3.2) and for a fixed wavelength.
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The enhancement of the magneto-optic effect in the multilayered structure relies on the
excitation conditions of the SPPs, but it also dependent on the RI of the dielectric medium
in contact with the metal-interface where SPP are excited. The scenario is quite similar
to the traditional SPR systems, but in this case the plasmons are modulated by the mag-
netic field, giving rise to a sharp resonant enhancement of the TMOKE that has been
exploited to solve small RI variation [17, 168].

So far a threefold improvement in the sensitivity with respect to traditional plasmonic-
based sensing devices has been demonstrated in a biosensing application [169]. A similar
result was also obtained in a novel class of devices conceived for gas sensing [170, 171].
Several studies have been devoted to define an optimal configuration for the noble met-
als/ferromagnetic multilayer used as sensing device both with theoretical and experimen-
tal approaches [172, 173, 174, 175, 176].

From these studies we can conclude that the enhancement of the MOSPR signal arises
from balancing the magneto-optical activity (higher for thicker ferromagnetic layer) with
the resonant condition of the SPPs modes. The latter results in a much lower value of
the reflectivity at the minimum of the SPR curve (R(0,,;,)) and a sharper resonant-like
behaviour for the TMOKE signal (see Section 4.2.3). These aspects are strongly affected
by the detailed composition of the multilayered structures, i.e. the thickness of all the
metallic layer involved and their relative positions in the multilayer.

Even though most of these works ([172, 173, 174, 175, 176]) assume to deal with the same
type of multilayered structures (e.g. Au/Co/Au, Au/Fe/Au) it is difficult to determine
which is the ideal trilayer or bilayer. For instance, in some cases the thickness of the top
noble metal layer (the one exposed to the sample solution) is assumed to be as subtle
as convenient for enhancing the MOSPR signal. However, since this layer prevents the
oxidation of the internal ferromagnetic layer, choosing a thickness of 1 — 2nm or even less
can be unpractical or unfeasible. Moreover, the optimal magneto-optical enhancement de-
pends on the bulk medium, so that the configurations that give the greatest enhancement
in air are generally not the same in the liquid environment. Another crucial aspect is that
the magneto-optic effect and the SPPs are also dependent on the choice of the adhesive
layers added to attach the metal nanostructure on the glass substrates. Commonly, few
nanometers of chromium (Cr) or titanium (Ti) are used as adhesive layers even if their
presence can add dumping effects, thus broadening the SPR resonance [177] and worsen-
ing the sensitivity of the MOSPR sensors [17]. Finally, it worth mentioning that some
others works have explored different magnetoplasmonic nanostructure to enhance the RI
sensitivity of MOSPR based sensors. We refer the interested reader to [178, 168, 166].

In this chapter we propose a MOSPR immunosensor whose sensing platform is a mul-
tilayered nanostructure composed of a thin cobalt layer sandwiched between two gold
layers: Au/Co/Au/TiOy. The thickness of the layers have been selected according to an
optimization of the MOSPR signal as explained in Section 4.4.2 (details on fabrication
are given in Section 4.B.2). We adopted the Photochemical Immobilization Technique
(PIT) (see [12], Section 1.1.2) for the first time in a MOSPR sensor.

The RI sensitivity of MOSPR sensors (and SPR sensors) relies on the evanescent field
that probes the dielectric medium at the metal interface where SPPs are excited. Thus,
the sensitivity of these devices is also affected by the thickness of the protein layer built
on the sensing surface in order to functionalize the chip with bioreceptors. In this regard
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the PIT allowing a well-oriented tethering of the antibodies on metal surfaces ensures
that only thin layer of antibodies (~ 5nm) is formed on the surface of the MOSPR chip
[12]. Such a thickness cannot be guaranteed by other functionalization techniques ([27,
25]) except the physical adsorption which anyway suffers from having no control on anti-
bodies orientation (see Section 1.1.1). To the best of our knowledge, the influence of the
biofunctionalization on the MOSPR sensitivity has not been considered yet.

We successfully adopted the PIT for the MOSPR sensor for the real-time monitored de-
tection of the antigen (human IgG) at several concentrations in water, achieving a LOD
of 1.6nM. These preliminary results can be easily improved by optimizing the fluidic
system Section 4.4.4.

The application shows that the MOSPR immunosensor has a reliable stability in water
and a specific response to the analytes.

Before deepening the description of the MOSPR immunosensor, we give a basic overview
of the magneto-optic effects (Section 4.2) and the intertwined magneto-optic and surface
plasmon properties (Section 4.3.2) focusing on 2D multilayered noble metal /ferromagnetic
nanostructures.

4.2 Magneto-optic effects in metals

Magneto-optics is the branch of the physics that study the effects of an external magnetic
fields on the optical properties of a system. The first discovery of magneto-optic effects
dates back to 1845. It was Michael Faraday to observe that when a linearly polarized
light passes through a glass under an applied magnetic field, its plane of polarization
rotates [179]. The reflection analog of the Faraday effect was discovered in 1876 by
John Kerr [180]. The magneto-optic Kerr effect (MOKE) consists in the alteration of
the polarization state of the light reflected from the surface of a magnetized material.
A complete description of the magneto-optical phenomena involves the Zeeman effect.
However the classical description based on Lorentz’s classical theory provides a useful
insight [181] to show how the permittivity and susceptibility tensors change in presence
of a magnetic field.

4.2.1 Physical origins of magneto-optic effects: classical descrip-
tion

Let us consider a system of electrons harmonically bound in an oscillating electric field
and with a static magnetic field applied along the z axis. The equation of motion of each
electron is:

or  Or , or
M——— +b— + kr = —eEge ™" — ejip— x H, 4.1
o ot ° oot (4.1)
where b is the damping coefficient, \/k/m = wy is the natural frequency of the electron,
r is the displacement of the electron from its equilibrium position and the term on the
right side is the Lorentz force. Looking for a solution as r = roe~*!, where the electrons
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displacement has the same time dependence as the electric field, the eq. (4.1) becomes

€
—w?rg — iwyrg + wore = —eEq — iw o « H, (4.2)
m
where v = b/m is the damping parameter. For an assemblage of N oscillators the polar-
izability is P = —Nerg where —erg is the amplitude of the each electric dipole moment
and it is a linear function of the electric field Eg. The linear dependence is expressed
trough the polarizability tensor y and it reads P = goxEq (see eq. (1.11)) where

Xez Xzy Xaxz
)AC = | Xyz Xyy Xyz | - (43)
Xz Xzy Xzz

From the equation (4.2) we can calculate the coefficients of the polarizability tensor which
result to be the following:

Ne? Wi — w? —iyw
Tx — = p y 4.4
X Xow = Com (w2 — w? — 1w)? — dw?w? (44)
Ne? twwr,
Xzy = —Xyz — 2 _ (45)

gom (wg — w? —inw)? — dw?w?’

where wy, = eugH/2m is the cyclotron frequency known as Larmor’s frequency.

The presence of the magnetic field causes the non-diagonal antisymmetric terms to appear,
(4.5). In the absence of the magnetic field, the off-diagonal elements vanish and in the case
of isotropic media, the susceptibility tensor is diagonal with all the elements equal to each
other. Thus the magnetic field induces an anisotropy in the system that is manifest in the
non-diagonal form of the susceptibility x and the dielectric tensor &, where é = 3,3 + \
and I3.3 is the identity tensor.

4.2.2 Dielectric tensor in ferromagnets

As we saw in Section 4.2.1, in absence of magnetic fields the dielectric tensor ¢ is symmetric
but the application of a magnetic field makes this tensor asymmetric. Generally, the effect
of the magnetic permeability tensor p in the optical phenomena is small, so that we can
assume [ = pollses . Thus, the macroscopic property of the material are contained in the
dielectric tensor &(w):

Exx Exy Exz
E=|—€sy €y Eyz |, (4.6)
—Exz _5yz €2z

where the components €;; may be complex, depend on the magnetization M, and satisfy
the following Onsager relations [182]:

eij(—M,w) = gi(—M, w). (4.7)
The displacement vector D adopts the following form:

D=¢E+igxE (4.8)
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where g is the gyration vector, that is a function of the magnetization M and describes
the gyrotropic effects (the magnetic gyrotropic birefringence and the magnetic circular
dichroism). Let us limit our description to the case of an isotropic ferromagnetic materials
[183] for which ¢, = ¢,, = €,, = . The magneto-optical constants or Voigt parameters
are defined as Q); = ig;;i/e; = g;/¢ with i, j = z,y, z. If the magnetization is zero () and
g vanish. In the linear approximation the off-diagonal terms of € are proportional to M.

In terms of Voigt parameters the dielectric tensor of an optically isotropic ferromagnet
can be written as:

€ Qm,  iQm,
= | —iQm, 5 —iQm, |, (4.9)
—iQm, 1Qmy €

where m = (m,,my,m,) = M/Mg and Mg is the magnetization at saturation. For
paramagnetic and diamagnetic materials the off-diagonal terms of € depend on the applied
magnetic field and unless high magnetic fields are applied they result to be much smaller
than the optical constants.

4.2.3 Magneto-Optic Kerr Effects (MOKE)

The Kerr effects consist in a change in the polarization and intensity of the light reflected
by a material induced by the presence of a magnetic field. The general condition for every
type of Kerr effect is that the incident electric field has a component perpendicular to the
sample magnetization.
Let us consider a plane wave propagating through the medium with a dielectric tensor
e [182]:
E = Ege!kr=t), H = Hye'lbr=+1), (4.10)

Taking the curl of the equation (1.6) and using the equations (1.7), (1.11) we get:
w2
k(k-E) — k’E+ —¢E = 0. (4.11)
c

Recalling that k2 = w?/c?* and N = k/ky and assuming that light propagates along z-
direction (k = (0,0, k), N = (0,0, N)) we get the following set of equations for the electric
field E:

N2 —e,n  —€uy 0 E,
Exy N2 — ¢, 0 E, | =0, (4.12)
O O N2 — &2z EZ

which implies £, = 0 and
(N? — e40) By — Exylly = 0,

4.13
eoyEy — (N? — £00)E, = 0— (4.13)

Requiring a non-zero solution, we get:
N]%L,L = kO(gxz + igxy); ik, = Ey (414)

The condition on the right implies that the eigenstates of light are circularly polarized
states and the two values of N obtained are the complex index of refraction for left (L)
and right (R) circularly polarized light eigenmodes inside the material.
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Since Kerr effects occur in reflection, we consider the case where the light hits the
sample surface and it is reflected. The circularly polarized eigenstates of light exist in
both media, inside and outside the material. By using the the Fresnel relations the
reflection coefficients for left and right circularly polarized light are rp,rr given by

 Np-—1 N -1
T Np+ 1’ TN

TR (415)
If we consider a linearly polarized light with F;, = (E,,0,0) incident on the surface of a
ferromagnet, then the components of the reflected field E, will be given by (r, E,, r,E;,0)

with:
_TR+TL _TR—TL

Te =5 Ty T 5 (4.16)
Now we can define the complex rotation @ as
E, Nrp—N
By = Oy +impe = — 2% — ;R (4.17)

B, NaN,—1

In general for linearly polarized incident light, the reflected light will be elliptically polar-
ized. According to the definition, the quantity 6 indicates the rotation of the major axis
of the elliptically polarized light while 1 is the ellipticity, i.e., the ratio of the length of
the minor axes to length of the major axes of the ellipsoid. If the off-diagonal terms of
the dielectric tensor ¢ are zero (i.e. @ = 0), then r, = 0 and the Kerr effect does not take
place. On the contrary, if these terms are not null (¢ # 0), three types of MOKE can
take place depending on the relative orientation of the magnetization vector with respect
to the sample plane and the plane of incidence of light.

Assuming that xy-plane is the plane of incidence of light, zz-plane is the sample plane
and that the incident light is p-polarized (TM) we have that:

e the polar Kerr effect occurs when M = M,y (Fig. 4.2(a));
e the longitudinal Kerr effect occurs when M = M,& (Fig. 4.2(b)) ;

e the transversal Kerr effect occurs when M = M, 2 (Fig. 4.2(c)).

The polar and the longitudinal effects produce a rotation of the plane of polarization
together with an ellipticity of the light reflected from the sample surface. In this thesis
we use the transversal Kerr effect (TMOKE), which is characterized by a modulation of
the reflectance of an incident p-polarized light.

Transversal magneto-optic Kerr effect (TMOKE)

The transversal magneto-optic Kerr effect (TMOKE) is observed when the magnetization
vector, M is parallel to the sample plane and perpendicular to the plane of incidence of the
light. It results in a variation of the intensity and a phase shift of the linearly p-polarized
light impinging on the sample. According to the considerations made previous sections,
the dielectric tensor is of the form:

€ Qm, 0
E= [ —iQm, € 0]. (4.18)
0 0 €
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Figure 4.2: In the figure xy-plane is the plane of incidence of light, xz-plane is the sample
plane. E’ and E; are the s- and p- polarized components of the incident electric field,
respectively. Analogously Ef and EJ are the s- and p- polarized components of reflected
electric field. k is the wave vector, M the magnetization vector of the sample. According
to the direction of the magnetization vector, the MOKE configurations are classified as:
(a) polar (b) longitudinal,(c) transversal. Adapted from [183].

The intensity change of the p-component of the reflected light is described by AR,/ R,,:

ARP:D — 9 RPP(M) — Rpp(_M)
Rppm) - RPP(M) + Rpp<_M>’

(4.19)

where R, is the square of the Fresnel coefficient |r,,|? for p-polarized light and the quan-
tity R,,(M) — R,,(—M) measures the change of the reflectivity R,, when the orientation
of the magnetization vector M switches from +M to —M. By definition R,,(0) is the
reflectivity in a demagnetized state (i.e. M = 0) for an ideal demagnetized sample,
experimentally represented by the average value of R(M) and R(—M).

4.3 Magneto-Optic Surface Plasmons

4.3.1 Magnetoplasmonic materials

We already described the SPPs as modes depending on the optical and geometrical prop-
erties of the system (see Section 1.3.4). However, the magnetic field has also the ability
of affecting the SPPs properties. This has opened the possibility of tuning the character-
istics of SPPs with the application of an external control agent (i.e. the magnetic field).
The effects of the magnetic field on of the SPP is governed by the off-diagonal terms of the
dielectric tensor € which are responsible of the magneto-optical activity of the material
(see Section 4.2.1, Section 4.2.2, [184]).
When the magnetic field is applied in a direction perpendicular to the propagation of
the SPPs and parallel to the sample surface, the dispersion relation of the SPP modes
(equation (1.47)) is modified and a dependence on k), orientation appears. This nonre-
ciprocity effect induced by the magnetic field has been observed firstly in semiconductors
[185] and then in ferromagnetic/metallic systems [15].

The advantage of using ferromagnetic materials is that the magneto-optical activity
of these material is much higher, making the nonreciprocity effect in principle much more
evident. However, due to the high values of their absorption losses the associated SPR
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curves are too broad. On the other hand, plasmonic materials as noble metals exhibit a
poor magneto-optical activity so that very high magnetic fields (tens of Tesla) are required
to observe the induced nonreciprocity on SPPs modes [186]. Given that there are no
materials that simultaneously exhibit good plasmonics features and significant magnetic
and magneto-optical properties, a magnetoplasmonic material is generally a combination
of ferromagnets and noble metals. The easiest way to devise a magnetoplasmonic material
is a multilayered systems containing a ferromagnetic layer and a noble metal layer whose
surface is involved in the propagation of SPPs modes.

We restrict our further considerations to the type of magnetoplasmonic structure

adopted in this work, that is a multilayered planar structure of noble metals and fer-
romagnets (in our case gold/cobalt/gold) that sustains SPPs modes. We refer the reader
to [166] for an overview on magnetoplasmonic nanostrucures sustaining LSPP.
An exact derivation of the optical properties of the multilayered systems (noble met-
als/ferromagnets) requires a general formulation for the propagation of electromagnetic
waves of arbitrary polarization in a multilayered systems. The planar magnetic multi-
layers are represented by Yeh’s (4x4) matrices and each layer is characterized by its own
complex dielectric tensor £. The typical boundary conditions for the fields must be im-
posed at all the interfaces to determine the electric and magnetic field distributions in the
multilayer [187, 188]. We will not deepen this description. Instead, we will give the main
experimental and theoretical results that allow to describe the intertwined magneto-optic
and surface plasmon effects (Section 4.3.2).
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4.3.2 MOSPR in metals/ferromagnetic heterostructures

The excitation of SPPs modes can be used for the resonant enhancement of magneto-
optic effects both in reflectance (Kerr effects) or in transmission (Faraday effect). In the
following, we will offer examples from literature where the excitation of SPPs modes is
combined with the TMOKE for some noble metals/ferromagnetic multilayers. Due to the
presence of the magnetic layer, the optical properties of the noble metal-ferromagnetic
heterostructure correspond to that of an anisotropic system described by a dielectric
tensor with non-zero off-diagonal terms which are functions of the M. In particular, the
dispersion relation of SPP in anisotropic media depends on these terms [189].

H®

Laser : Photodetector

Figure 4.3: Schematic representation of a magnetoplasmonic multilayer where the ferro-
magnetic film (cobalt, Co) is sandwiched between two film of noble metal films (gold,
Au). The sample is placed above a glass-prim in ATR configuration. The cobalt film is
magnetized parallel to the sample surface.

In the case of the TMOKE, the SPP wave vector is modified as k0 = — k% +AK,,,(M)

spp spp
and the modification adopts the following form in the limit of very thin ferromagnetic layer

[184]:

2
AK (2 M) ~ 24— K0%dEm) (f”‘”) el/dskin, (4.20)
(ea+em)(e] —en)

where ¢,, and &,,, represent the optical and magneto-optical constants of the magnetic
layer, respectively (i.e. the diagonal and off-diagonal terms of the dielectric tensor), &,
is the dielectric constant of the noble metals and ¢4 that of the dielectric, kg is the light
wave vector in vacuum, d is the thickness of the ferromagnetic layer, h is the distance of
the ferromagnetic layer from the dielectric/noble metal interface, dsz;p, is the skin depth
of light inside the noble metal. The expression is valid under the condition d < dskin
and &,,, < €4z.

Let us consider the case in which the SPPs are excited in the ATR geometry as the one
depicted in Fig. 4.3 (see also Section 1.3.5). The SPP excitation causes the appearance
of a minimum of the reflectivity R,,(6) at a specific angle of incidence 6,,;, above the
critical angle for total internal reflection. The angle for SPP excitation 6,,;, is the angle
at which the matching between the in-plane component of the wave vector of the incident
radiation and that of the SPP (k;,,) occur and hence the following relation is valid:

2T

kspp = 7 Sin(@min), (421)

where A is the wavelenght of the exciting radiation. Therefore when the magnetization of

6$J}
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Figure 4.4: Simulated reflectivity R,, for a geometrical configuration ATR as the one
in Fig. 4.3 obtained for a multilayer AuSnm/Ag5nm/Co7nm/Ag7nm/glass with the
magnetization parallel to the sample surface. The dielectric medium above the Au top
layer is air. A6 is the angular shift of the minimum of the SPR caused by the switch of
the magnetization from —M (dashed line) to M (solid line). Reproduced from [16].

the ferromagnetic film is flipped from M to —M or vice versa, the minimum of the SPR
consequently shifts 6,,;, — Oin £ AL,
For typical magnepolasmonic multilayers with noble metals and ferromagnets Af =
1073 — 1072 degree [16, 15] (see Fig. 4.4). The TMOKE signal in the range of incident
angles ¢ where the SPR is observed exhibits a typical resonant-like shape as shown in
the plots in Fig. 4.5(d) obtained for Au6nm/Co4.7nm/Au 16 nm/glass structure (black-
dots). The peak of the AR,/ R,,(8) signal is around the minimum of the R,,(8) (Fig. 4.5(c)).

When no SPP excitation is present, the TMOKE signal exhibits a monotone increase
with the thickness of the ferromagnetic layer (see (Fig. 4.5(e)). However, when the SPR
is excited, a maximum is observed for a certain thickness, that gradually decrease for
thicker layers (Fig. 4.5(f)). The reason of this behaviour is that the TMOKE signal
AR,,/R,, reaches a maximum for the Co thickness at which R,, reaches a minimum
which corresponds to the optimum SPP-light coupling conditions.

The resonant shape of the TMOKE signal can be approximated as follows:

ARpp(eﬂM) _ aRpp,M:O(‘g) Aemm(M>
Rpp,M:O(e) o0 Rpp(o)

(4.22)

We can observe that Ak, goes linearly with the magnetization (eq. (4.20)) and so does
AB,,i, as we can easily see from the relation (4.21):
kSPP(M) - kgpp . Akspp

nkgy cos O,in nkqy cos O,in

(4.23)

Thus, in the eq. (4.22) the variation of the Ry, y/—o(#) when the magnetization is flipped is
approximated by (OR,p p—0(0)/00) Ay All of this is strictly valid in the approximation
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Figure 4.5: Top: schematic view of the sample configuration in ATR geometry
(Kretschman configuration). The incident light is TM polarized with A = 632nm. The
magnetic field H is parallel to the sample surface. In (a), (b), (¢), (d) the experimental
behavior of the reflectivity R,,(f) and the TMOKE signal AR,,/R,,(#) as a function of
the incidence angle for a trilayer with Co thickness of 4.7nm is reported. No surface
plasmon modes are excited in the left hand panels (a), (b), (e), whereas the right hand
panels show the corresponding data with SPP excitation. In (e) and (f) dots correspond
to experimental data and solid line to theoretical values calculated by the authors. Re-
produced from [15].

in which the the equation (4.20) was retrieved, however it is in good approximation with
the experimental results obtained for Au/Co/Au multilayers with Co thickness in the
range of about 0 — 10nm in [15] (see Fig. 4.6).
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Figure 4.6: TMOKE effect measured (black circles) and approximated with the derivative
of the reflectivity (orange triangles) for two different samples Au/Co/Au with Co thick-
nesses of (a) 2.7nm and (b) 7.7nm. The thickness of the gold layers is the same for both
samples. Reproduced from [15].

4.4 Materials and methods

4.4.1 Experimental setup
Experimental configuration of SPR system

The setup is a prism-coupled SPR system in Kretschmann configuration (Fig. 4.7). The
system consists of a diode laser (ULN, 635nm, 5mV, Coherent) a Faraday rotator (1O-
2D-633-VLP, Thorlabs), a beam shaping refractive component (LB1904 biconvex lens,
Thorlabs), a beam splitter for a reference signal, a reflectivity detector and a reference
detector (CCM1-BS013/M, Thorlabs), and a semicylindrical coupling prism (Schott N-
SF57, Crysmit Photonics, China) with index of refraction ngx7 = 1.5168, transparent at
A= 633 nm. The prism is placed on a rotating platform (M-060.DG DC, PI miCos, Spain).
The reflectivity photodetector is housed on a second rotating platform (OSMS-60YAW,
OptoSigma, France) (PDA100A-EC, Thorlabs) and the two rotating platforms are built
on three linear translational stages (PLS-85, Pi miCos), which allow the optical alignment
of the system.

The beam splitter provides two identical beams, whose intensities are measured by the two
photodetectors in order to calculate the reflectivity. The beam component that reaches
the sensor surface is further reflected and the emerging beam is collected by one of the
photodetectors. The measured reflectivity I?,, is the ratio between reflected light intensity
I; and the incident light intensity I,. By rotating the system it is possible to reconstruct
the reflectivity as a function of the incident angle R(#).

A 3D printed holder was fabricated to attach the plasmonic devices on the prism’s surface
(Fig. 4.7, inset). The devices are deposited on 170 um BK7 glass substrate which can be
attached to the prism’s surface with a matching oil.

The fabricated devices are also integrated into microfluidic chambers (Fig. 4.7, inset) that
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are manufactured by lamination of polymer layers using an origami-based self-alignment
method (details in Section 4.A). A syringe pump was used for injecting the samples and
for controlling the flux velocity.

4 | T
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Figure 4.7: Customized SPR system in Kretschmann configuration with a cylindrical
coupling prism. The system is equipped with an electromagnet in TMOKE configuration.
The inset shows the back of the prism where a plasmonic chip is integrated in a fluidic
chamber (white) and attached to the planar surface of the cylindrical prism.

Experimental configuration of MOSPR measurements

The SPR system is equipped with an electromagnet in TMOKE configuration. The
magnetoplasmonic device is a gold-cobalt trilayer.

If the electromagnet is as close as possible to the magnetoplasmonic device, the magnetic
field H produced can be considered approximately homogeneous in the area of interest of
the device. With the appropriate intensity of the magnetic field, the magnetic domains
of the cobalt layer can be saturated in such way that the magnetization vector M results
parallel to the sample surface and perpendicular to the plane of incidence of the light.
When the impinging radiation is p-polarized, we can observe the TMOKE signal

ARpp _ 2Rpp(M) — Rpp(_M>
Rpp Rpp(M) + Rpp(_M)
by measuring the reflectivity variation occurring when the orientation of the magnetiza-
tion vector is flipped from +M to —M.

In order to measure the TMOKE signal, an external magnetic field with a frequency os-
cillation of 130 Hz is used. The magnetic field intensity must be sufficient to saturate the
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magnetic domains of the ferromagnetic layer. In this case the switching of the direction of
the magnetization vector is obtained by switching the direction of the magnetic field H.
A sinusoidal function digitally generated with 130 Hz is generated to both modulate the
magnetic field and give a reference signal to the lock-in (7225 Dual Phase DSP Lock-in
Amplifier, Ametek).

For modulating the magnetic field, the signal is transmitted to the power supply (BOP
20 — 5MM, 20V, Kepco) connected with the electromagnet. A data acquisition board
(USB-6212, National Instrument) receives the output signal of the lock-in, that is the
amplitude of the first harmonic of the reflectivity signal R,,(¢). Finally, a data acquisi-
tion board allows the conversion of the analog input signal into a 16 bits digital signal
with a sampling rate 250 Ksample/s (the rate has to be divided by the number of the
channels used).

It is worth noticing that the reflectivity R,,(t) is measured at a fixed angle and as a func-
tion of time it is a square signal where the maximum and the minimum values correspond
to R,,(M) and R,,(—M). Thus, the amplitude of this signal represents the difference
|R,,(M) — R,,(—M)|, while the average value is (R,,(M) + R,,(—M))/2. For the real-
time sensing experiments we used the first harmonic of the reflectivity R,,(t) which is
generally not equal to |R,,(M) — R,,(—M)|. However, the first harmonic gave the higher
contribution.

These considerations do not apply to the angular-scan measurements of the TMOKE
signal that were performed without the lock-in (see Section 4.4.3).

4.4.2 Optimization of metal thicknesses in Au/Co/Au trilayers

The plasmonic material chosen for the experiments is a trilayer of gold-cobalt-gold (Au/Co/Au)
deposited on glass with an intermediate adhesive layer of TiO5. The top gold layer can
prevent the oxidation of Co and also offers a proper surface for the biofunctionalization
with the PIT (Section 1.1.2). Details on the fabrication are given in Section 4.B.2. Here

we report an experimental study on the dependence of MOSPR effect on the metals lay-

ers’ thicknesses performed over a set of Au/Co/Au trilayers. The selected set of samples

is listed in Table 4.1.

’ sample ‘ configurations
1 Au4.9nm /Co 5.2nm/Au 17nm /TiO, 3nm
2 Au 9.9nm/Co 5.2nm/Au 15.5nm /TiO2 3nm
3 Au 10nm/Co 2nm/Au 26 nm/TiOy 3nm
4 Au 10nm/Co 3nm/Au 26 nm /TiO2 3 nm
5 Au 10nm/Co 7nm/Au 11nm /TiO 3 nm

Table 4.1: Set of Au/Co/Au trilayers with different layers’ thickness, deposited on glass
substrate (details of fabrication in Section 4.B.2).

The range of Co thickness explored are chosen in accordance with literature [15]. The
thickness of TiOy was chosen as the minimal at which the adhesion on glass substrate
was satisfactory. Thus, it is the same for every chip. It worth noticing that Cr and Ti
have been preferred in literature as regarding the MOSPR sensing, despite their damping
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effects [190, 191, 177]. Thus, the studies about the optimization of the layers’ thickness
have been so far performed using Cr or Ti as adhesive layers or alternatively with out
any adhesive layer. We will discuss the comparison of the experimental results with the
theoretical expectations, using the approximations depicted in Section 4.3.2.
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Figure 4.8: (a) Experimental SPR curves of all the chips in Table 4.1 measured in air,

(b) theoretical SPR curves calculated for the same chips (Winspall software) in air, (c)

experimental AR,,(#) angular scan in air, (d) theoretical curves calculated as AR,,(6) ~

AQagg" using the R, theoretical curves in the panel above, (e) experimental MOSPR
ARpp (9) ~ ORpp AG

curves, (f) calculated MOSPR curves using - IR

Fig. 4.8(a) depicts the experimental SPR curves of all the chips in Table 4.1 mea-
sured in air. Fig. 4.8(b) shows the theoretical SPR curves calculated for the trilay-
ers with the Winspall software using the RI values reported in the databases (na, =
0.121965 + ¢3.29194,
nee = 2.2129 + i4.17010 [192], nrio, ~ 2.2813 [193]). Comparing Fig. 4.8(a) with
Fig. 4.8(b) we notice that in both experimental and theoretical plots the trilayers with
the smallest content of Co (2nm and 3nm) exhibit the narrowest SPR, i.e. much similar
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to the typical SPR curve of a gold chip. On the contrary the SPR curves of the oth-
ers chips are broadened. In particular, the chip with 7nm of Co has the broadest SPR
resonance. The difference between the chips with the same Co content of 5.2nm can be
ascribed to the different thicknesses of the gold top layers. In fact, sample 1 has 5nm
of gold top layer and hence the Co layer affect more the SPP properties with respect
to the the case of the sample 2, where the gold top layer is 10nm. For estimating the
AR,, = Ry, m(0) — Ryp—a(0) we can use the approximation (4.22) together with the
expressions in (4.20) and (4.21) that allow to compute the angular shift A caused by the
switching of the orientation of the magnetization vector Fig. 4.8(d)). The experimental
data, reported in Fig. 4.8(c) and the theoretical curves in Fig. 4.8(d) exhibit again a
similar behaviour. Since the shift of the propagation constant of the SPPs is proportional
to the thickness of the ferromagnetic layer (eq. (4.20)) the chips with higher Co content
generally present greater AR,,(6) values, however the angular shift is also exponentially
dependent on distance between the Co layer and the surface at which the SPPs modes
are excited (eq. (4.20)). This explains the difference between sample 1 (blue curve)

and sample 2 (orange curve) in Fig. 4.8(c) in agreement with the respective curves in
Fig. 4.8(d).
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Figure 4.9: On the left: AR,,(0) (upper panel) and the MOSPR signal AR,,/R,,(0)
(bottom panel) of the sample 2 (9.9nm/Co 5.2 nm/Au 15.5 nm /TiO23 nm) and the sample

4 (Au 10nm//Co 3nm/Au 26 nm /TiO33 nm) collected in pure water. On the right: the

theoretical curves AR,,(6) ~ Aﬁag% (upper panel) and %(9) ~ 8?5”% (bottom

panel) for the same sample 2 and 4.

Finally we can compare the experimental MOSPR curves (i.e. the TMOKE signal
in presence of excited SPP). The theoretical curves are calculated from the AR(f) in
Fig. 4.8(d) dividing by the reflectivity curves in Fig. 4.8(b). The difference between the
theoretical expectation for the chip with 2nm of Co and the actual experimental curves
can be mainly ascribed to the minimum of the respective reflectivity curves. In fact, the
minimum of the reflectivity curves can be several order of magnitude smaller than the
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ones actually measured, thus giving rise to a very big and sharp MOSPR signal (magenta
curve in Fig. 4.8(f)). Looking at the experimental curves in Fig. 4.8(e), it is clear that the
sharpest signal arise from the samples whose SPR curves are narrower (black, magenta
and orange curves) as expected from the derivative-like behaviour of the MOSPR ((4.22)).

water —» ethanol 5%

water —» ethanol 5%

Co 3 nm (Sample 4) Co 5.2 nm (Sample 2)

Figure 4.10: The shifts of the AR,,(#) signal due to the change of the bulk environment
around the Au/Co/Au trilayers from pure water to a aqueous solution of ethanol (5%) for
sample 4 and sample 2. The shifts were measured real-time at a fixed angle corresponding
to the inflection point of the respective AR,,(#) signal (¢ = 69.4 degree for the sample 4
and to 69.9 degree for the sample 2).

From this analysis we can select sample 2 and sample 4 as preferred sample balancing

the magnitude of the signal with the sharpness of the curve that is expected to positively
influence the sensitivity of the chip. The sample with the gold layer thickness ~ 10 nm is
preferred to the sample with more subtle top layer (sample 1) for better preventing the
Co oxidation.
However all the SPR curves are broaden in water environment with respect to the air,
and also the minimum of the reflectance changes. Comparing the AR,,(#) signal and the
MOSPR signal AR,,/R,,(#) of the sample 2 and the sample 4 in water, we see that the
sample 2 gives a greater MOSPR signal (Fig. 4.9, left panels). The curves can also be
compared with theoretical counterparts which show a similar behaviour (Fig. 4.9, right
panels).

The difference between the functions AR,,(0) for the two samples (1,2) determines
a different response signal to the change of the bulk refractive index. The shift of
the function due to the change of the bulk environment around the Au/Co/Au tri-
layer from pure water to a aqueous solution of ethanol (5%) was measured for each
of the two chips at the 6 angle equal to the inflection of the respective AR,,(6) sig-
nal in water. The response signal is more than 10 times greater for the sample 2
(Fig. 4.10). For the biosensing experiments reported in this work we selected the sample
2: Au9.9nm/Co5.2nm/Au15.5nm/TiOs 3 nm.
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4.4.3 Experimental procedure

The realized Au/Co/Au multilayer has been used as transducer both in the traditional
SPR sensing configuration and in the MOSPR configuration. The angular dependence
of the reflectivity R,,(f) where 6 is the incidence angle, is measured in Kretshmann
configuration described in Section 4.4.1 and in Section 1.3.5. The angular interrogation
on the appropriate angle range has a resonance-like shape (SPR) because of the excitement
of the SPPs modes (Fig. 4.11(a)).

Generally, in the SPR sensing measurements, the shift of the curve caused by the changing
of the effective RI is the sensing parameter. In this case, one can observe the shift of the
Omin, the angle at which the minimum of the reflectivity occurs, or the shift of any other
angle. A typical choice in sensing is the angle of maximum slope for the reflectivity curve
(Fig. 4.11(a)).

The real-time measurement of every step of the sensing process, from the immobilization
of the bioreceptors to the detection of the analyte, can be performed at a fixed angle
observing the variation of the reflectivity, that is retrieved as explained in Section 4.4.1
as the ratio between the intensity received by the reflectivity photodetector (I;) and the
intensity of the reference photodetector (Iy), i.e. R,,(0) = I1(0)/Iy where I; and I, are
simultaneously recorded.
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Figure 4.11: Measurements performed with the chip

Au9.9nm/Cob5.2nm/Aul5.5nm/TiOs 3nm. The angular-scans of (a) the reflectiv-
ity in pure water, (b) the reflectivity in pure water with two different orientation of the
magnetization vector at saturation (c) the signal AR,,(0) and (d) the TMOKE signal
AR (0)/ Ry

For the MOSPR sensing, before starting a real-time monitoring of the detection (or
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the functionalization), we measure the TMOKE signal as a function of the incident angle.
This step is performed in the following way: the reflectivity curve is measured R,,(6)
repetitively (/& 20 times) with an angular resolution of about 0.002 while a magnetic field
H that saturates the trilayer is applied. The magnetic field is produced by the means of
an electromagnet connected to a power supply. Thus, the same measurement is repeated
changing the direction of the magnetic field (i.e. changing the sign of the applied volt-
age). An example of the experimental shift of the reflectivity caused by the switch of the
magnetization is reported in Fig. 4.11(b).
From the two curves Ry, 1(6), Rpp—n(0) obtained switching the orientation of the mag-
netization vector at saturation, we retrieve the angular dependence of the TMOKE signal
AR,/ Ry vi—0(0) where Ry, p—o(0) is obtained as (R, 1(60) + Ryp—1(0))/2 as we saw in
Section 4.2.3 (see Fig. 4.11(d), Fig. 4.11(c)).

Then we fix the angle at which the slope of the TMOKE signal is maximum 6 and
performed the real-time measurement at the selected angle.
For the real-time measurement the orientation of the magnetic field varies with 130 Hz as
explained in Section 4.4.1, and the amplitude of the signal emerging from the reflectivity
photodetector I, 5(¢) is retrieved by the lock-in over an integration time of 2s. The

difference AR,,(t) = Rypa(0) — Rpp—n(6)(t) is obtained by dividing for the intensity of

the reference photodetector, In(t), that is simultaneously monitored. The sum (R, (0)+

R, —0(0)(t))/2 is the average value of I;(t) over a finite number of periods (again divided
by the intensity ).

Biosensing experiments

The sample is mounted on the system and the fluidic circuits are connected to a syringe
pump with flux velocity 15 ul/min. We measure the angular scan of the TMOKE signal in
pure water. The real-time measurements take place at a fixed angle, chosen as the angle
at which the slope of the function AR,,/R,,(f) is maximum. Once the angle is fixed we
can monitor the functionalization of the gold surface of the sensor:

(i) a solution of antibodies (anti-human IgG) activated with the PIT flows for approx-
imately 15min (details in Section 4.4.4, Section 4.B.1);

(i) the chip is rinsed with water to remove the excess of not bound antibodies;

(iii) the casein solution for the blocking is injected in the fluidic system (details on the
blocking in Section 4.4.4, Section 4.B.1) for 40 min;

(iv) the sensor chip is rinsed with water again.

Since the casein solution is in PBS buffer, the changing of the signal observed is also
related to the change of the RI of the bulk solution. After the bio-functionalization and
the blocking, the TMOKE signal as function of the incident angle of the p-polarized light
is measured again in pure water so to find the new angle at which the function has a
maximum slope (see 77, red line). Finally:

(v) a solution containing the target analyte is conveyed on the sensor surface and while
sensing signal monitored;
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(vi) when the binding dynamics reaches the equilibrium state, the chip is rinsed with
water again in order to remove the excess of not bound analytes. This step ends
when an equilibrium state is reached again.

In the experiments in which different concentrations of the antigen solutions are inserted
subsequently (from the lower concentration to the highest one) the steps (v), (vi) must
be repeated for each concentration.

4.4.4 Surface biofunctionalization

The magnetoplasmonic devices were functionalized with UV-activated anti-human IgG
produced in goat via the PIT and blocked with a solution of casein. Details of the
protocols and materials are reported in Section 4.B.1.

Covering up all the surface of the chips is essential to prevent a-specific attachment of the
antigen via physisorption. The blocking with a small protein (e.g. BSA, casein) after the
functionalization is a viable solution. In particular, for the experiment reported in this
work the blocking is a crucial step to ensure the specificity (the specificity experiment is
reported in Section 4.B.2).

To understand the reason why the blocking is needed we can look at Fig. 4.12 that
depicts a comparison between the AR, signal measured at a fixed angle (70.8 degree) for
the immobilization of IgG on a bare chip and for the subsequent blocking with casein. The
chip used is the one selected in Section 4.4.2: Au9.9nm/Co5.2nm/Au 15.5 nm/TiOy 3 nm.
The blue signal (orange signal) reported in Fig. 4.12 corresponds to the difference between
the value of AR, before the immobilization of IgG (blocking with casein) and after the
immobilization of IgG (blocking with casein). The immobilization of IgG takes place in
pure water while the casein solution is in PBS buffer. Therefore, the casein signal in
Fig. 4.12 refers to the signal level reached after the blocking and a subsequent washing
step with water. For both the procedures the substrate are integrated in a microfluidic
system (for details see Section 4.A) The signal due to the blocking is almost one-half of
the signal due to the immobilization of [gG. This implies that relatively large areas on the
chip are still empty after the functionalization with IgG. The inefficiency of the coating
with IgG is mostly ascribable to the fluidic system which was not optimized during the
conducted experiments. A further optimization would increase the amount of antibodies
on the surface of the chip. This aspect will be recalled in the conclusions of this chapter
(Section 4.6). Finally, it worth noticing that Fig. 4.12 displays the AR, signal measured
during the functionalization steps and not the TMOKE signal AR,,/R,,. Indeed, the
TMOKE signal is not suitable for the comparison because it is saturated by the shift
caused by the functionalization.
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Figure 4.12: Comparison of shift of the signal AR, caused by the immobilization of IgG
on the bare surface of the chip. The blue signal corresponds to difference between the
value of AR, before the immobilization of IgG and after the immobilization of IgG in
pure water. The orange signal refer to difference between the value of AR, before the
blocking with casein and after the blocking in pure water.

4.5 Biosensing application

4.5.1 Specificity test

To ascertain the sensor specificity, we functionalized the surface of a magnetoplasmonic
device following the protocol explained in Section 4.4.4 and then measured the response
of the immunosensor to 500 ng/ml of anti-human IgG and 1 ug/ml of anti-Salmonella.
Fig. 4.13 and Fig. 4.14 depict the comparison of the response signals to these analytes
with the one obtained against the proper target human IgG at the same of concentration of
the anti-Salmonella IgG. For completeness we show the results with the TMOKE signal
(Fig. 4.13) AR,,/Rypnm—o and ARy, signal (Fig. 4.14). The error on each response is
estimated by propagating the errors of the considered signal in the equilibrium states
in pure water before and after the analyte flow. The error of signal at an equilibrium
state is estimated as the standard deviation of the measured values in a time interval of
approximately four minutes. In both cases the response signals to these concentrations
are negligible compared to the one obtained against the target analyte human IgG.

The specificity of the immunosensor is consequence of the biorecognition properties of
the antibodies and confirm the effectiveness of the blocking procedure. Without a proper
blocking, antibodies may attach to the empty areas on the sensor surface via physical
adsorption.
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Figure 4.13: Response signal (AR,,/R,,)of the MOSPR immunosensor to target analyte
human IgG [1 pg/ml] (blue), to analyte different from the target: 500 ng/ml of anti-human
IgG, 1 pg/mlof anti-Salmonella.
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Figure 4.14: Response signal (AR,,)of the MOSPR immunosensor to the target analyte
human IgG [1ug/ml] (blue), to analytes different from the target: 500 ng/mlof anti-human
IgG,1 ug/ml of anti-Salmonella.
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4.5.2 Detection of human IgG

The dependence of the TMOKE signal AR,,, »//R,, on the analyte concentration for the
realized immunosensor is shown in Fig. 4.15. The data are fitted by the Hill’s curve [153]:

Vmaz [33] "

f([=z]) = "+ [ (4.24)

where V.., K and n three kinetic parameters. In particular V,,,,, represents the maximum
binding rate, K is the concentration at which the signal is equal to half of its maximum
value, and n is the so-called Hill’s coefficient. The best-fit parameter values are reported
in Table 4.2.

Best-fit parameters ‘

Vinaz 7.91073 £ 21074
K (5.0 £ 2)nM
n 3.8+0.3
2 1.2

LOD 1.6 1M

Table 4.2: Best-Fit Parameter Values and LOD obtained by fitting the experimental data
in Fig. 4.15 with the Hill’s curve (4.24).

Fig. 4.16 shows an example of a real-time monitoring of the antigen detection at
several concentration of human IgG, sub-sequentially conveyed on the sensor’s surface
from 0.66nM to 16.7nM. In the figure the vertical black lines separate the minutes of
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Figure 4.15: TMOKE signal AR,, /R, as a function antigen (human IgG) concentration
in pure water (calibration curve). The best fit curve (solid green line) is the Hill’s curve
(4.24). The shaded region represents the LOD level (1.6 nM).

stability and washing in pure water from the detection dynamics. The measurement was
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conducted with a constant flow rate of 15 ul/min. The first concentration that gives a
signal different from zero (i.e. the second level in water is higher than the previous level)
is 3.3nM. From the signal to noise ratio we deduce that it should be possible to detect
a lower concentration and that the system is suffering from the inefficiency of the fluidic
system. As regarding the higher concentrations injected (6.7nM, 16.7nM), the response
signal due to each of them is given by the sum of the one given by the corresponding
dynamic and the ones given by the previous dynamics (Fig. 4.16). Other details on the
experimental procedure are reported in Section 4.4.3 and Section 4.4.4. Examples of the
experimental angular scans of the reflectivity R,,, the AR,, signals and the AR,,/R,,
signals acquired during a biosensing experiment are reported in Fig. 4.17.
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Figure 4.16: Real-time monitoring of human IgG detection. The black vertical line sepa-
rate the washing steps in pure water ((I),(II),(V),(VII),(IX)) from the steps in which the
selected concentrations of the target analyte human IgG (0.66 nM,3.3nM,6.7 nM, 16.7 nM)
are flowing on the sensor chip with a flux rate of 15 ul/min ((II),(IV),(VI),(VIII))

The error on each experimental point of the dose response curve is estimated by prop-
agating the errors of the TMOKE signal AR, y//R,, in the equilibrium states (in water)
before and after the analyte flow. The error of the signal at the equilibrium is estimated
as the standard deviation of the measured values in the time interval of the equilibrium
(few minutes).

The experimental points reported in the dose-response curve (Fig. 4.15) were retrieved by
the experiment in Fig. 4.16, and other two different experiments with two different chips:
one experiment was performed for the blank injection that corresponds to the first point
of the dose-response curve, and one other for the maximum concentration).

The limit of detection (LOD) was estimated as the concentration at which the fitting
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curve gives a signal equal to three times the standard deviation of a blank measurement
30 and the results is LOD =~ 1.6 nM.

The dose-response curve exhibits a signal saturation at concentrations larger than =
16.7nM (2.5 pg/ml), thus showing that the dynamic range of the immunosensor corre-
sponds to a decade of concentrations ~ 1.6 nM — 16 nM.
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Figure  4.17: Biosensing = measurements  performed  with  the  chip

Au9.9nm/Cob5.2nm/Aul5.5nm/TiO,3nm:  (a) angular-scans of the reflectivity,
(b) AR,,(0) signals, (c) MOSPR signals AR,,(f)/R,, measured in pure water (black
lines) (ii) after the biofunctionalization (anti-human IgG and casein solution) (red lines)
(iii) after the detection of the human IgG at 5 ug/ml (blue lines).
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4.6 Conclusions

Nowadays, label-free optical biosensors are widely employed for the real-time monitor-
ing and detection of biological and chemical species with high sensitivity and selectivity.
Among the label-free optical biosensors, SPR sensors devices, based on the excitation of
SPP at a metal/dielectric interface , have turned into basic tools for biomarkers detection
and for assessing the kinetics of the molecular interactions [18], finding application in a
wide variety of fields from environmental monitoring to medical diagnostic ([194],[195]).
Innovative solutions to improved the SPR performances in low concentrations detection
are continuously proposed ([196]). Generally the aim is to improve the sensitivity while
keeping the SPR advantages for biosensing applications. In this regard, magneto-optic
surface-plasmon-resonance (MOSPR) biosensor based on simultaneous excitation of SPP
and magneto-optic effects have been proposed [17] as SPR modulation configuration.
Compared to the conventional SPR sensor, the MOSPR need a magnetoplasmonic trans-
ducer instead of the thin gold chip typically employed in SPR systems and a low field
electromagnet. The simplest magnetoplasmonic structures that one can conceive are
multilayered structures made of noble and ferromagnetic metals layers [197] such as a
thin ferromagnetic layer sandwiched between two gold layers. Other more complicated
nanostructures have been conceived, but their fabrication certainly complicate the whole
realization of the sensing device ([166, 198]).

In the last decade few works proved MOSPR biosensor based on multilayered nanos-
tructures of noble metals and ferromagnetic film can increase by a three time factor the
limit of detection of the SPR [169] or four times the signal to noise ratio [174].

Here we applied for the first time the PIT [12] to a MOSPR (and SPR) sensing platform.
This technique allows to immobilize antibodies as bioreceptors easily and quickly (in few
minutes). Since the excitation of SPPs is confined to the chip/sample interface, the prox-
imity of the recognized analytes to the metal surface could play an important role into the
MOSPR sensitivity. In this regard the PIT (Photochemical Immobilization Technique,
[12], Section 1.1.2) can positively affects the sensitivity of the device. In fact, with this
technique PIT the antibodies are immobilized directly on the metals surface and with one
Fab exposed to the solution, thus giving rise to an antibodies thin layer of about 5 nm on
the sensing surface [12].

We investigated the performance of MOSPR biosensor based on the a trilayer nanostruc-
ture Au/Co/Au as sensing platform. The thicknesses of the layers were chosen according
to an experimental optimization of the MOSPR sensing signal. The performances of the
MOSPR biosensor were tested in water against human IgG. The real-time monitoring
of the antigen detection shows high stability in water. The specificity of the response
to the analytes has been proved by specificity tests. The dose-response curve reveals a
low LOD of about 1.6nM and a dynamic range of about one decade of concentrations
(1.6nM — 16nM). We are confident that an optimization of the fluidic system would
allow to easily improve the LOD. Moreover this result has been achieved employing and
easy and versatile functionalization technique and therefore it can be easily extended to
other analytes. A future perspective would be also applying this MOSPR biosensor in
combination with core@shell magnetic nanoparticles already employed as amplification
tool in the biosensor described in Chapter 1 [1, 5].
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Appendix

4.A Fluidic chamber

The microfluidic chambers consist of a double-sided adhesive polymer layer (ARseal 8939,
Adhesive Research, Ireland), designed with AutoCAD software and cut with a cutting
plotter (Silhouette portrait 2, Silhouette, Spain) (Fig. 4.18. The microfluidic chamber
is sealed with a transparent poly(methyl methacrylate) layer (ME303016, Goodfellow,
Spain) cut with the inlet and outlet ports that are connected to mini Luer connectors
and tubings (microfluidic ChipShop, Germany). During the experiments (both the func-
tionalization and the detection of antigens) the volume of solution in contact with the
magnetoplasmonic substrate was approximately 10 ul. The output channel is connected
with a syringe-pump (the syringe used is 3ml) used for injecting the liquids.

1
*J Male mini luer

1
I

Female mini luer

PSA adhesive o-ring

COP/PMMA cover

U Microfluidic chamber
Double side adhesive
Magnetoplasmonic

device

Figure 4.18: Schematic representation of the microfluidic device. PSA refers to pres-
sure sensitive adhesive, COP refer to cyclic olefin polymer and and PMMA refer to
poly(methylmethacrylate). Adapted from [199].
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4.B Protocols

4.B.1 Surface biofunctionalization
Immobilization of Antibodies

Gold surface functionalization with anti-human IgG produced in goat was realized through
the PIT (Section 1.1.2). The aqueous solution containing anti-human IgG (25 pug/ml
concentration) was UV-irradiated for 30s (6 W at 254 nm) and conveyed onto the surface
of the substrate. The flux velocity used is 15 ul/s. The procedure consist in injecting 200 pl
of antibodies solution immediately after the UV-irradiation and repeat the procedure
three-times. It is convenient to split the volume solution so to exploit the maximum
activation of the antibodies after the UV irradiation that lasts 5min (Section 1.1.2, [12]).

Blocking

The blocking procedure was performed with a 1% casein solution in PBS for blocking
(Blocker Casein in PBS, 37528, Thermofisher). The solution was conveyed onto the
magnetoplasmonic device’s surface for 40 min. The suggested time for most applications
is between 30min and 2 hours (data sheet of the blocker solution used). The efficiency of
the blocking was proven by the absence of non-specific signal, as we saw Section 4.5.1.

4.B.2 Fabrication of Au/Co/Au trilayers

The plasmonic material chosen for the experiments was a trilayer of gold-cobalt-gold
(Au/Co/Au) deposited on glass with an intermediate adhesive layer TiOy. The top gold
layer can prevent the oxidation of Co and also offer a proper surface for the biofunctional-
ization with the PIT (Section 1.1.2). The metal layers were deposited 170 um thick glass
substrates. Before the deposition the BK7 substrate were cleaned in an ultrasonic bath
using acetone and isopropanol as solvents, 5 min each, and rinsed with water.

Deposition of metal layers

All layers were deposited in the vacuum chamber of an evaporator (Oerlikon-UNIVEX
350/EPVDT75 Kurt J. Lesker Company at CIC nanoGUNE centre) at room tempera-
ture with a pressure of 107" mbar. Gold and cobalt layers were deposited with thermal
and electron-beam evaporation, respectively. Under these pressure conditions all the con-
stituents layers are polycrystalline and the Co layer has in-plane magnetization. The thick-
ness of the metal layers were calibrated using X-Ray Reflectivity measurements (X'Pert
PRO PANalytical X-ray diffractometer, at CIC nanoGUNE centre). The deposition rate
for was 0.8 A /s and 0.2 A /s for gold and cobalt layers, respectively.

Deposition of the adhesive layer

Gold and silver are commonly used as the plasmonic metal nanostructures. Since they
are both noble metals, an adhesion layer is normally needed to ensure the stability of
the metal layer on the substrate. As a common solution is adding thin layers of metals
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as and chromium (Cr), titanium (Ti). However, high losses induced by these adhesion
metals can add a significant damping effects affecting the performance of the plasmonic
nanostructure, broadening the SPR resonance [177] and worsening the sensitivity of the
MOSPR signal [17]. To avoid damping effects caused by the adhesion layer, it is possible
to use oxides such as TiO,, and CryO3 [190, 191, 177]. In this work we adopted TiO5 with
3nm of thickness. The thickness is the minimum at which we obtained a good adhesion
(visible with a typical scotch-tape test). After cleaning the glass substrate, as explained
above, the deposition of the TiOy layer was performed with a magnetron sputtering
system (ATC series AJA Sputtering System, at CIC nanoGUNE centre) in a clean room
environment. The thickness was calibrated with X-Ray Reflectivity measurements (XPert
PRO PANalytical X-ray diffractometer, at CIC nanoGUNE centre). Then, the samples
were inserted into the vacuum-chamber of the evaporator used for metal depositions.
A plasma cleaning is performed inside the chamber with Argon gas before the metal
deposition.
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Final remarks

In the last few decades, outstanding progresses in nanotechnology allowed the development
of a wide variety of nanostructures with novel interesting properties whose applications
are increasingly spreading in more and more fields (to cite a few, integrated circuitry [200],
photovoltaics [201], ultrasensitive molecule detection [11], optoelectronics [202]). Emerg-
ing nanomaterials have also given the opportunity to design novel classes of biosensors,
addressing challenging quests in biosensors devising.

This thesis explores the potentiality of three types of magnetic and plasmonic nano-
materials in biosensing applications with three different approaches: (i) core@shell MNPs
consisting of a magnetite core coated with gold (Fe304@AuNPs) were adopted in a ME
biosensor (ii) a two-dimensional plasmonic nanostructure consisting of branch pattern of
AuNPs immobilized on a glass slice was adopted in a PEF based biosensor (iii) and a
magnetoplasmonic trilayer of gold and cobalt (Au/Co/Au) was adopted in a MOSPR
biosensor. The potential applications in biosensing of these nanomaterials is explored
in combination with the Photochemical Immobilization Technique (PIT), a novel func-
tionalization method that allows a rapid, effective and well-oriented immobilization of
antibodies on noble metals surfaces (Section 1.1.2; [12]). Remarkably, for all the above
mentioned magnetic and plasmonic nanomaterials the PIT was tested and implemented
in an immunosensing scheme for the first time.

The core@shell magnetic nanoparticles (Fe;O,QAuNPs) were adopted as innovative
signal amplification method in a ME sensor [1]. As a proof of concept the performances of
the device were tested against human IgG in water achieving a LOD of 0.66 nM. The re-
sults obtained with MNPs have been compared with those obtained with AuNPs, showing
that the magnetic character of the former plays a crucial role for improving the sensing
performances. We showed with a simple theoretical model that the advantages of the
magnetic nanoparticles relies on their coupling with the local magnetic field, which leads
to an increase of the local density of MNPs in proximity of the surface of the ME trans-
ducers. For futuristic scopes, MNPs could be employed both for extracting the target
molecule from complex matrices and for carrying out the detection coupled with a ME
transducer. Moreover, after this application, we successfully employed MNPs decorated
with gold and functionalized with PIT in a magnetoresistive biosensor not reported in
this thesis [5]. It worth noticing that the idea of taking advantage of the magnetic in-
teraction between magnetite nanoparticles and ME ribbons has already been employed
in the past to detect bacteria [93]. In that case, Fe3O, nanoparticles were modified by
using chitosan, a linear polysaccharide, so that their surface was charged positively. In
this way, in specific conditions, the nanoparticles bind to negatively charged bacteria as
Escherichia coli and therefore, thanks to magnetic attraction, they also bind to the sur-
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face of the ME sensor giving rise to a signal enhancement. This approach has several
drawbacks. Firstly, the chitosan coating and the Escherichia coli binding process are ex-
pensive and time consuming (several hours); and furthermore, the whole procedure must
be carried out under controlled conditions, this preventing the application to complex
matrices. Secondly, since the adhesion between bacteria and nanoparticles results from
the electrostatic interaction between bacteria and the chitosan, it is expected that the
specificity will be greatly compromised when other gram-negative bacteria are present in
the sample. In our work, we functionalized the gold surface of Fe30,@QAuNPs with the
antibodies targeting antigen, in this way a high specificity for the nanoparticle-antigen
interaction is achieved (Section 2.4.3).

The second nanomaterial investigated is a novel double-resonant plasmonic substrate

suitable as nanostructure in PEF-based biosensing. The substrate consists of an assembly
of AuNPs hexagonally arranged along branch patterns together with sprinkled AuNPs.
As a case-study, the substrate was implemented in detecting a malaria biomarker PfLDH
in human whole blood achieving a LOD down to 260 fM. The PfLDH was simultaneously
detected by two fluorophores coupled with the double-resonance of the nanostructure as
proof of concept for simultaneous multiplexed analysis. The measured average values of
the fluorescence enhancement FE were 160 with one fluorophore (5-FAM dye) and 4500
with the other (Cy5 dye). We proved that these results are consistent with those sim-
ulated by considering branch patterns of rough AuNPs and that the roughness of the
AuNPS is crucial. As futuristic scopes, multi-resonant devices may be also conceived by
combining different metal nanoparticles so to active additional plasmonic modes. More-
over, sharp nanoparticles may further augment the electromagnetic field by at least one
order of magnitude as compared to smooth nanoparticles as simulations revealed [2]. The
potential biosensing applications of the proposed approach are far-reaching, for not only
multi-analyte detection but also biomarker panel identification with double signal redun-
dancy.
Finally, it worth comparing these results with those in the literature, focusing on other
recently reported platform-based biosensors conceived for multiplexed analysis. It is re-
markable to note that in many applications, the multiplexing scheme was realized by per-
forming parallel measurements on one platform containing different chips, each of them
devoted to one analyte of interest. However, although such an approach constitutes a
smart strategy to achieve multiplexed analysis without sophisticate multi-response chips,
it may require complex microfluidic systems or an increase of specimen amount and costs
[133, 134]. On the contrary, chips exhibiting multi-responsivity only need one specimen
to carry out multiplexed analysis thereby reducing materials and costs [203, 204].

Eventually, a magnetoplasmonic multilayered nanostructure of gold and cobalt thin
films (Au/Co/Au) was adopted as transducer in a MOSPR biosensor. In the last decade
few works proved MOSPR biosensor based on multilayered nanostructures of noble metals
and ferromagnetic films can increase by a three time factor the LOD of the SPR [169]
or four times the signal to noise ratio [174]. This type of nanostructure is the simplest
magnetoplasmonic platform that can be conceived. Other more complicated nanostruc-
tures can be considered, but their fabrication certainly complicate the whole realization
of the sensing device ([166, 198]). In this work we applied for the first time the PIT [12]
to a MOSPR (and SPR) sensing platform. Since the excitation of SPPs is confined to the
chip/sample interface, the proximity of the recognized analytes to the metal surface could
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play an important role into the MOSPR sensitivity. In this regard the PIT can positively
affects the sensitivity of the device since antibodies are immobilized directly on the metals
surface giving rise to an antibodies thin layer of about 5nm on the chip’s surface [12].
With this in mind, we investigated the performance of MOSPR biosensor based on the
a trilayer nanostructure Au/Co/Au/TiO; as sensing platform. The thicknesses of the
metallic layers were chosen according to an experimental optimization of the MOSPR
sensing signal (Section 4.4.2). As a proof of concept we tested the performances of the
MOSPR biosensor in water against human-IgG. We achieved a LOD of 1.6 nM. This LOD
is four times lower than the best LOD reported for MOSPR biosensor based on the same
type of platform (i.e. based on a multilayers of ferromagnetic and noble metal thin films
[169]). The preliminary results were obtained with a non-optimized fluidics system which
negatively affected the LOD. In particular, the fluidics affected the amount of antibodies
per surface area attached during the functionalization. Thus, with a further optimization
the results can be easily improved. Moreover the immunosensing application has been
performed employing an easy and versatile functionalization technique. Therefore, if IgG
are used as bioreceptors the results can be easily extended to a wide variety of analytes.
This will also facilitate a general comparison between the performance of MOSPR sensors
and SPR sensors (implemented with the same experimental setup) in real applications
against interesting analytes.
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