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General Introduction

Raman spectroscopy is a highly versatile, non-invasive technique that provides chemical and
structural information on a wide class of materials, including biomolecules. The Raman cross section
is, however, very weak (~10-30 cm-2, to be compared with the typical fluorescence cross section of dyes
~10-15 cm-2), preventing to achieve sensitivities in the range between mM and µM in the biological
field. Plasmonics offers new ways to solve this problem taking advantage of the resonant excitation of
localized surface plasmons in noble metal nanoparticles, acting as nanoantennas for light or “optical
nanoantennas”. Surface- Enhanced Raman Scattering (SERS) and Tip-Enhanced Raman Scattering
(TERS) exploit the enhancement of the local electromagnetic field induced by optical nanoantennas
and nano-tips to largely amplify the Raman scattering of molecules located in the near-field of these
structures, the so called hot-spots. With SERS or TERS, Raman scattering amplifications up to 1081010 can be obtained.
SERS sensors based on nanoparticles of different materials and shapes have been developed for
applications in the detection of pollutants, biomarkers, explosives, food pathogens, etc. Large area,
high reproducibility, chemical stability, even flexibility, combined to high enhancement factors are
key factors that are driving the research efforts in this field.
TERS, in addition to SERS, permits to place and spatially control the position of the hot spot at the
tip apex, allowing for imaging with nanoscale resolution or, under proper conditions, atomic scale
resolution. Several TERS commercial setups are now available, coupling compact Raman
spectrometers with with scanning probe microscopy (SPM) platforms, like atomic force microscopy
(AFM), scanning tunneling microscopy (STM) or Shear-Force Microscopy (ShFM). These techniques
can offer new original approaches in many fields, such as analytical chemistry, biology and
biotechnology, forensic science and cultural heritage.
One of the most appealing application field for SERS and TERS is biomolecular spectroscopy.
Biomolecular sensors have become fundamental in biomedical research and the human health
improvement. One of the crucial applications is in early stage diagnosis of diseases, through the
detection, identification and quantification of some specific proteins, generally called biomarkers, that
are present in very low quantities in body fluids (sub-nanomolar range). Immunoassays, such as
enzyme-linked immunosorbent assay (ELISA), protein arrays, Western blots, immune-histochemistry
and immune-fluorescence are well assessed probes The sensitivity is generally in the µM range,
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although new strategies have been proposed to achieve sub-femtomolar sensitivity. Moreover, these
techniques are “indirect” methods, characterized by long operation times (several hours) and,
especially at ultralow concentrations, can yield a large number of false positive detection events.
Surface- and Tip- Enhanced Raman spectroscopies can tailor molecular sensitivity down to the attomolar range, and to the single-molecule level in some particular configurations. Different concepts of
SERS-based biosensors have been demonstrated so far. Raman dye-labeled sensors exploit SERSactive labels (NPs coated with high Raman cross-section dyes and functionalized with antibodies
against the target molecule) to spot proteins, permitting their indirect detection (the signal of the dye is
monitored) also in-vivo. Direct, label-free SERS sensors, in which the vibrational fingerprint of the
target molecule is used for detection, are, however, desirable. This is due to operational rapidity,
simplicity and richness of information embedded in the vibrational spectrum (e.g. on the functional
state of a protein). Recently much effort has been addressed to SERS detection of biomolecules in
liquid environment, i.e. their natural habitat. New tools for the manipulation of plasmonic
nanoparticles in liquid environments like proteins buffered solutions, or in cells cultures are required
for this task. The use of optical forces exerted by tightly focused laser beams on micro and
nanostructures, is among the most promising emergent strategies for manipulation, control and SERS
detection of molecular and biomolecular compounds in liquid. Optical forces can be used to attract or
push micro and nano-objects from the focus of a lens (typically a microscope objective) in a
contactless way. In particular, the use of the radiation pressure, has no restriction on excitation
wavelength and permits to push nanoparticles along the beam direction, permitting to induce and
control the formation of SERS-active aggregates in liquid. This latter point is yet largely unexplored
among the scientific community.
A crucial point for an efficient biosensor is the selective interaction of its active surface with
biomolecules. In this framework the employment of bioreceptors increases the affinity of the sensor
with the target molecule. Antibodies have been used in many SERS detection schemes for the
functionalization of metal nanoparticles, but usually a Raman-active dye molecule is used as label for
protein detection, due to the large dimensions of antibodies that prevent biomolecules to feel the
plasmonic field enhancement. A very interesting alternative to antibodies is represented by DNA
aptamers, whose nucleobases sequence can be properly designed for the specific binding with target
biomolecules. Aptamers are more efficient and smaller with respect to antibodies, allowing for a direct
characterization of the vibrational fingerprint of the biomolecules selectively linked to DNA strands.
In addition chemical manipulation of aptamers is simpler, enabling the possibility to include a free
thiol group at the end of DNA sequence for increasing the affinity with gold surfaces of SERS
biosensors. Therefore the combination of the high sensibility and specificity within a label free
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approach, make SERS biosensors very appealing tools that can overcome the limitations of the
conventional immunoassays in the way towards early diagnosis of cancer diseases.

The work presented in this PhD Thesis has been carried out with the aim of developing new
materials and strategies to the detection of biomolecules. We started with the development of apolar
SERS detection schemes, in which the polarization of the SERS signal is not influenced by the spatial
orientation of the nanoantennas. The SERS efficiency of new metal nanostructures, namely gold
nanocrescents and nanoparticles grown on flexible substrates, has been tested, together to a proof of
applicability to detect biomolecules. Detection of biomolecules in liquid environment has been carried
out using optical forces (LIQUISOR methodology), providing first proof of quantitative SERS
detection of proteins and selective detection of pathology biomarkers and toxins. Finally, we applied
TERS to detect dye molecules, pigments and biomolecules, providing first proof of TERS-based
discrimination between two conformations of amyloid oligomers, one of which toxic.
The work has been carried out in the framework of these research projects: PON Hippocrates (PON
02-00355-2964193), DELIAS (PON 03PE_00214_2), TECLA (PON 03PE_00214_1) funded by the
MIUR and COST Nanospectroscopy action MP1302 funded by the EU. The research activities have
been carried out at the NanoSoft Lab group of CNR – Istituto per i Processi Chimico-Fisici in
Messina.
The thesis is structured as follows:
In Chapter 1 we provide an introduction on the concepts of Raman scattering, optical properties of
nanoparticles, localized surface plasmon resonances in metallic nanostructures, Surface and Tip
Enhanced Raman Scattering.
The first part of Chapter 2 is focused on the possibility to retrieve important molecular information
by means of polarized surface-enhanced Raman scattering from coupled nanowires. In the second part
we exploit the polarization properties of the excitation field to optimize and make polarizationinsensitive the SERS response of a nanosensor based on the plasmonic properties of asymmetric
nanostructures, i.e. coupled nanowires.
In Chapter 3 we report on the SERS activity and their application as biosensors of novel costeffective plasmonic devices, made by means of gold evaporation on to large (cm2 range)
nanopatterned dielectric substrates and therefore easily scalable in industrial fabrication processes.
In Chapter 4, after a review of the main techniques for in liquid SERS detection, we introduce the
LIQUISOR strategy for the controlled aggregation of plasmonic nanorods exploiting dissipative
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optical forces. We discuss about the formation dynamics of the aggregates and we successfully prove
the methodology as analytical tool for the quantitative detection of Bovine Serum Albumin.
In the first part of Chapter 5 we apply the LIQUISOR strategy for the detection of proteins
(Lysozyme, Hemoglobin, Catalase) in buffer solution at nM, down to pM concentration. We report on
the functionalization of gold nanorods for the selective LIQUISOR detection of Manganase
Superoxide Dismutase, a pathology biomarker, and Ochratoxin A, a toxin that can be present in food.
In Chapter 6 we present Tip Enhanced Raman Spectroscopy on dye molecules tailored to the
demonstration of the possibility to discriminate different molecular species adsorbed on to the same
substrate. In the second part of the Chapter we apply TERS to study amyloid oligomers, for the
discrimination of the different structural conformations assumed by these biomolecules under normal
or toxic configurations.
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Chapter 1
Fundamentals of Surface- and Tip- Enhanced Raman
Spectroscopy

Introduction
Surface- Enhanced Raman Scattering (SERS) and Tip-Enhanced Raman Scattering (TERS) [1,2,3,4]
are phenomena in which Raman scattering amplifications up to 1010–1012 [5,6] can be obtained,
enabling single molecule sensitivity [7,8,9]. This is possible exploiting the optical properties of noble
metal nanoparticles and nano-tips to provide an enhancement of the near-field intensity and hence a
huge amplification of the scattered radiation.
The aim of this chapter is to provide a general overview of the plasmonic processes at the basis of
SERS and TERS effects, explaining the nature of the signal enhancement and how to take advantages
by it for the development of tools for the detection of biomolecules
Raman effect is a two-photon scattering process in which the interaction between the light and
matter provide information on the vibrational transitions [10]. Here we summarize the physical effects
and the information that they provide. In particular, we will treat the inelastic scattering classically and
through a quantum description, describing the basis of Raman effect (paragraph 1.1). Then
(paragraph 1.2) we will discuss the optical properties of noble metal nanoparticles with particular
attention to the localized surface plasmon resonances responsible for the enhancement of the reradiated light observed in SERS measurements. In paragraph 1.3 we will discuss the origin of
enhancement effect of SERS, in particular the electromagnetic effect of SERS will be treated
following the most accredited theory in literature, typically called as |E|4 model. Finally
(paragraph 1.4) we will discuss the nature of the field enhancement in TERS.
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1.1 Raman scattering
When light is scattered by a molecule, most photons are diffused with the same energy of the
incident ones (elastic scattering). However, a small fraction of light (approximately 1 in 107 photons)
is scattered at energies different from, and usually lower than, the incident light energy. The process
leading to this inelastic scattering is referred to as the linear Raman effect. If the incident light beam
has frequency !! , and the scattered radiation has frequency !! the difference Δ! = !! ± !! is
called Raman shift. This quantity has encoded the information on the vibrational properties of matter,
due to the fact that the energy differences can be explained taking into account the vibrational levels as
illustrated in Figure 1. 1.

Figure 1. 1 - Jablonski diagrams of the anti-Stokes (a) and Stokes (b) Raman processes. An incident photon with energy EL
can stimulate two processes: Anti-Stokes scattering starts with the molecule already in the ! = 1 vibrational excited state of
S0 and finishes in ! = 0, and produce a scattered photon with an energy ES larger than the incoming one. On the contrary,
Stokes scattering implies the passage of the molecule from a vibrational state S0 with ! = 0 to the ! = 1 excited state of S1.
This process produces a scattered photon with energy ES smaller than the exciting one (from ref. [2]).

1.1.1 Classical approach
A first and well accurate description of the Raman effect can be obtained by treating both the system
and the electromagnetic fields classically. The classical treatment correctly predicts the appearance of
emission at wavelengths different than the incident one in the scattered radiation, as well as some
aspects of the selection rules [10,11]. When a molecule interacts with an electromagnetic field !, an
electric dipole moment per unit of volume ! will be induced, according to the following relation:
! =!∙!

(1. 1)

where ! is the polarizability tensor of the molecule, which is function of the nuclei positions and
hence is affected by the presence of excited vibrational states. Equation (1. 1) is a first order
approximation of the polarizability, linear in !, associated to the Rayleigh and Raman scattering.
Higher order terms, quadratic or cubic in !, lead to the hyper-Rayleigh and hyper-Raman and to the
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second hyper-Rayleigh and second hyper-Raman scattering, describing all the four-wave-mixing
processes, among which the Coherent Anti-Stokes Raman Scattering (CARS) is one of the most
important [11]. Limiting our description to the linear term in !, the dependence of ! on the nuclei
positions can be accounted for, in case of small vibrations, by expanding each component of the
polarizability-tensor in a Taylor series near the nuclei equilibrium positions as follows [10]:
!!!"
!!!

!
!!" = !!"
+
!

!! +
!

1
2

!,!

! ! !!"
!!! !!!

!! !!
!

(1. 2)

!
where !!"
are the polarizability-tensor elements at the equilibrium positions, and !! the vibration

coordinates. The derivatives of the polarizability elements are calculated at the equilibrium position
and summation is performed all over the possible vibrations. In the following we restrict our attention
to the first two terms of Eq. (1. 2), neglecting all higher order terms. Moreover, we will consider only
one of all the possible normal modes of vibration, i.e. the k-th mode. The polarizability tensor for such
a mode can be expressed as:
!!"

!

= !!"

!

+

!!!"
!!!

!!
!

(1. 3)

or in tensorial form :
!! = !! + !!! !!

(1. 4)

where !!! is a tensor (usually symmetric) whose components are the derivatives of the polarizability
tensor with respect to the k-th mode’s coordinate [10]. Assuming a simple harmonic motion, !! will be
given by:
!! = !!! cos !! !

(1. 5)

where !!! and !! are the amplitude the frequency of the normal mode respectively. Introducing into
Eq. (1. 1), the frequency dependence of ! given by
! = !! cos !! !

(1. 6)

and !! , given by Eq. (1. 4), we obtain that the electric polarization !, related to k-th vibrational
mode, [10]:
1
! = !! !! cos !! ! + !!! !! !!! cos !! + !! ! + cos !! − !! !
2

(1. 7)

As we can see, the induced electric polarization has three components with different frequencies. The
first one !! = !! !! cos !! ! gives rise to the elastic scattering (Rayleigh effect), in which the reradiated light have the same frequency of the incident field. In particular, such radiation does not
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depend on the molecule vibrational states, but only on its polarizability at the equilibrium
configuration !! . The other terms in Eq. (1. 7) describe two oscillating dipoles radiating light at
frequencies !! + !! and !! − !! , corresponding to the anti-Stokes and to the Stokes Raman
scattering respectively. In particular Eq. (1. 7) envisages that the condition for Raman activity is that,
for at least one element of !!! , a plot of that component against the normal coordinate must have a
non-zero gradient at the equilibrium position [10].
The classical theory is unable to explain the intensity difference between the Stokes and anti-Stokes
emission. In order to correctly describe all these aspects a quantum description is needed. In particular,
we can use the semi-classical approach followed by D. Long [6], in which the investigated system is
treated quantum mechanically while the electromagnetic field classically, in a time dependent
perturbation framework.

1.1.2 Quantum approach
In the quantum mechanical treatment the induced electric dipole of the classical theory is replaced by
a transition electric dipole associated with the transition of the molecule from an initial state ! to a
final state ! , induced by an incident electric field at frequency !! . We assume !! and !! as the
perturbed time-dependent wave functions associated to the final and initial states in presence of the
electric field. Denoting by ! the electric dipole operator, the molecule’s transition electric dipole will
be:
!!" = !! ! !!

(1. 8)

The perturbed time-dependent states can be written as a series expansion:
!! = !!! + !!! + ⋯ + !!!
!! = !!! + !!! + ⋯ + !!!

(1. 9)

where !!! and !!! are the unperturbed wave functions (in absence of the electric field), while !!! and
!!! are the n-th order modifications to !!! and !!! as a result of the perturbation. Each correction can
be expressed as a linear combination of the unperturbed states !!! of the system, summing over all the
!
!
states of the system. The coefficients !!"
and !!"
depend on the interaction Hamiltonian and are

function of the electric field !, in particular the coefficients with m = 1 will have a linear dependence
on !, those with m = 2 will be quadratic on !, and so on. Introducing the perturbative expansion Eq.
(1. 9) in Eq. (1. 8) the transition electric dipole results:
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!!" = !!! ! !!! + !!! ! !!! + !!! ! !!! + !!! ! !!! + !!! ! !!! +
+ !!! ! !!! + !!! ! !!! + !!! ! !!! + !!! ! !!! + !!! ! !!! + ⋯

(1. 10)

We now introduce the series expansion of Eq. (1. 10), and consider the dependence of the
!
!
coefficients !!"
and !!"
on the electric field strength !. After collecting all the terms that have same

power dependence on !, we obtain the following expression
!
!
!!" = !!"
+ !!"
+⋯

(1. 11)

!
The first transition moment !!"
= !!! ! !!! is independent of ! as it involves only unperturbed fi

wave functions. It relates to a direct transition between unperturbed initial and final states, not to a
!
light scattering process, so it needs no further consideration for our purposes. Conversely, !!"
=

!!! ! !!! + !!! ! !!! is linear in ! and gives raise to the Rayleigh and Raman scattering. To
!
evaluate !!"
, the relation between the perturbed wave functions and the unperturbed ones has to be

determined. For this purpose, we make the assumption that the perturbation is of the first order and it
is induced by the presence of a monochromatic electromagnetic plane wave, of frequency !! .
Moreover interactions with the system occur through electric dipole only, while magnetic dipole and
higher order electric dipole contributions are neglected. These assumptions lead to an expression of
the polarizability
!
!!"

!"

=

1
!
2 !"

!"

∗ !(!! !!!" )!
!!! ! !!(!! !!!" )! + !!!
!

(1. 12)

as a function of the generalized transition polarizability !!" that is connected to the transition moment
! → ! , whose components are:
!!"

!"

=

1
ℏ

!! !! !! !! !! !!
!! !! !! !! !! !!
+
!!" − !! − !Γ!
!!" + !! + !Γ!

!

(1. 13)

Here !!" = !! − !! , !! and !! are the m-th and the n-th components of the electric dipole moment,
∗
!!!
is the the n-th component of the incident field. Γ! is the width of the k state !! = !! ! !!

!! !!!! !

,

whose lifetime is given by !! = ℏ 2Γ! . Considering a real electric field, we obtain
!
!!"

!"

=

1
!
2 !"

!" !!!

= !!"

! !!(!! !!!" )! + ! !(!! !!!" )!
!" !!! cos (!! − !!" )!

(1. 14)

which can be compared to the induced electric dipole value calculated classically. This term with
describe the emission of Rayleigh scattering, when !! − !!" = 0, and the Raman scattering, as
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when !! − !!" > 0. Much important is the fact that quantum approach provides the selection rules
holding for the Raman scattering. In particular, a generic vibrational transition ! → ! is Raman
active if at least one of the components of the transition polarizability tensor !!"

!"

must not be null.

Finally, an expression for the intensities ratio between anti-Stokes and Stokes intensity !!" !! of
scattered radiation can be obtained from the Fermi golden rule:
!!"
!! − !!
=
!!
!! + !!

!

!
!

!

ℏ!!
!! !

(1. 15)

This relation takes into account also the different intensity ratio between Stokes and anti-stokes
Raman bands, due to the temperature dependence on the occupation state of the energy level, and is
usually applied to estimate the sample’s temperature.

1.1.3 Raman scattering cross section
In order to quantitatively compare the scattered radiation from different molecules, we need to define
a measurable physical variable. The quantity typically used is the cross-section σ [m2]. For a given
linear optical process it relates the signal produced by the process, characterized by its intensity (or
power) P [W], to the incident power density SInc [W m-2] at the molecule position, according to the
relationship:
! = !!!"#

(1. 16)

The cross-section applies to a single molecule, even if in most experiments, many molecules are
involved. It quantifies the efficiency of the different optical mechanisms. Therefore we can compare
for example the fluorescence cross-section against the Raman cross-section. This comparison will
provide an immediate relation between how many photons are involved into one type of process with
respect to another [2]. A rule of thumb for any cross-section is of course that the larger the crosssection, the stronger the interaction, and the more likely the event.
Incident photons involved in absorption or scattering processes, disappear from the incident beam
and their energy is either converted into heat or is re-emitted as photons in a different direction. The
rate at which energy is removed from the incident electromagnetic wave through scattering or
absorption is described by the extinction cross-section !!"# equal, for energy conservation, to the sum
between the absorption cross-section (!!"# ) and the scattering cross-section (!!"#$ ).
Finally, we have to note that processes like spontaneous emission cannot be described in terms of a
cross-section because they do not involve excitation by an incident beam. In fact spontaneous
emission is a stochastic process, which is characterized by a decay rate (probability of decay per unit
time) or lifetime. A definition of the Raman cross-section are rigorously formulated in a review by the
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International Union of Pure and Applied Chemistry (IUPAC) [12], and we highlight only the most
relevant aspects here:
•

Firstly, to fully describe the Raman spectrum (and therefore the Raman active vibrational
modes) of a given molecule, one must in principle define a cross-section for each vibrational
mode.

•

Another important aspect is that the scattering process (intensity and radiation profile)
depends on the orientation of the molecule with respect to the incident field polarization. In
most practical cases, a large number of molecules are measured, and their orientation is
random and averaged in the measured signal. The definition of the Raman cross-section
therefore refers, by convention, to a molecule with a randomly-averaged orientation.

•

The radiation profile may remain non-isotropic even after orientation averaging (because the
incident field polarization breaks the spherical symmetry). For a rigorous definition of the
differential cross-section, one must therefore specify the direction of observation with respect
to the incident excitation, i.e. the so-called scattering configuration.

•

Finally, the Raman scattering process (and therefore the cross-section) depends on a number
of additional parameters, which must therefore be specified in the definition, in particular, the
energy (or wavelength) of the excitation, and the refractive index of the environment (for
example of the solvent for dissolved molecules in liquids).

Taking into account all these considerations, it is possible to define the absolute differential Raman
cross-section for a given vibrational mode of energy ℏ!! of a given molecule as follows: consider an
incident field that is linearly polarized (always perpendicularly to the incident beam), with a power
density of SInc [W m−2], and an angular frequency !! . We denote by d!! dΩ 180° [W sr−1] the
molecular-orientation-averaged differential Stokes Raman scattered power (at frequency !! = !! −
!! ), observed in back-scattering (detection in the direction from where the incident beam originated).
The absolute differential Raman cross-section d!! dΩ [m2 sr−1] is then by definition derived from the
expression:
d!!
d!!
180° =
180° !!"#
dΩ
dΩ

(1. 17)

d!! dΩ is sometimes also called differential Raman cross-section, or even Raman cross-section. The
term absolute differential Raman cross-section refers by definition to Stokes scattering. It is however
possible to define in the same way the anti-Stokes absolute differential Raman cross-section.
According to this definition, d!! dΩ therefore depends on: (i) a given vibrational mode for a given
molecule; (ii) the excitation wavelength and (iii) the medium in which the molecule is embedded.
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The absolute differential Raman cross-section characterizes the magnitude of Raman scattering for a
given Raman mode, and is therefore, arguably, its most important characteristic. It is nevertheless
possible to extract more information about the Raman mode using a more elaborate detection scheme,
the simplest of which being polarized detection. One can separate the differential scattered power into
the sum of two contributions, each associated with the two possible electric field polarizations of the
scattered radiation: d!!∥ dΩ for the field component polarized parallel to the incident polarization, and
d!!! dΩ for the field component polarized perpendicular to it. Then considering the differential
Raman cross-sections for parallel d!!∥ dΩ or perpendicular d!!! dΩ configurations, the Raman
depolarization ratio ρ! of the selected mode is defined as:
ρ! =

d!!! dΩ
d!!∥ dΩ

=

d!!! dΩ
d!!∥ dΩ

(1. 18)

ρ! contains information about the symmetry of the vibrational mode, and characterizes fully the
radiation profile for an orientation-averaged molecule [2], as we will se in the next chapter.

1.2 Surface plasmon resonances in noble metal nanoparticles
Gold and silver (but also copper or aluminum) are noble metal characterized by a particular optical
response, very different from dielectric materials. Physical properties arising from this nonconventional light-matter interaction are related to the presence of free conduction electrons in the
lattice system of the metal. The free electrons move in a background of fixed positive ions that can be
considered fixed in a first approximation (the ions vibrations, called phonons are here ignored).
The optical effects of metal nanostructures are well known since ancient romans age. A typical
example is the Lycurgus Cup, for its unique feature of changing color depending on the light in which
is viewed. It is a famous 4th century Roman cup made of glass that contain gold and silver
nanostructures. If observed in reflected light it appears green, while if a light is shone into the cup and
transmitted through the glass it appears red (Figure 1. 2a-b). This is due to the different absorption and
scattering wavelength-dependence of noble metal nanoparticles. Modeling the optical behavior of the
Lycurgus Cup is possible considering a thin layer of densely packed nanoparticles (70 nm of diameter)
made of gold-silver alloy Au0.5Ag0.5 [13]. Calculations of diffuse reflectance and transmittance for
different layer thickness (from monolayer to the opaque layer) are showed in (Figure 1. 2c). Diffuse
reflectance presents a maximum intensity peaked at 580 nm, increasing only at higher wavelength for
thicker layers. As regards transmitted light we observe a rapid decrease, so that only for a few layers
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the dense system remain transparent. Therefore the nanoparticles layer in the Lycurgus Cup is
compatible with a monolayer being red the correspondent apparent color in transmittance.

Figure 1. 2 – (a) Lycurgus Cup (400 A.D.), preserved at the British Museum in London. (b) Light absorption by the
embedded gold/silver alloy nanoparticles leads to a red color of the transmitted light, while light scattering at the
nanoparticles yields a green color, as showed in the left panel. (c) Simulated diffuse reflectance and transmittance spectra of
Au0.5Ag0.5 alloy nanoparticles films with diameter 70 nm and variable film thickness d = 70, 140, 350, 700, 1400, 2800,
7000, and 14000 nm, and the opaque system. The arrows indicate the direction of increasing film thickness. The refractive
index of the surrounding is nM = 1.5. (panel (b) from ref[14]- panel (c) from ref [13])

The free electrons cloud can easily move in response to an external electromagnetic field, sustaining
collective oscillations in both surface and volume charge densities, referred to as free-electron plasma
or simply plasmon [2,15,16]. When the metallic particle dimensions are in the nanometer scale, the
oscillating electrons are also subject to a restoring force due to the positive charge of the nuclei
(Figure 1. 3), giving rise to resonances spanning from the UV to IR part of the electromagnetic
spectrum and, in particular in the visible region. These resonances are known as localized surface
plasmon resonances (LSPR), and their excitation produces a huge amplification of the electromagnetic
field amplitude. LSPRs are fully described by the extinction and scattering cross-sections. These two
quantities are intimately related and do depend on the optical properties and of the materials and on
the geometry of the nanostructures. The optical properties of the materials are described by the
dielectric function ! ! [2]. An exact calculation of this quantity in metals needs to take into account
several complications as the mutual interaction between the electrons and the periodic structure of the
ions, the presence of defects in the crystal structure as well as the lattice vibrations, i.e. the phonons.
However, in most applications we can neglect these obstacles and consider interaction of the
electromagnetic fields with free and bound electrons (interband transitions), as in the DrudeSommerfeld model. Geometrical effects are taken into account by solving the Maxwell equations with
proper boundary conditions. For spheres and spheroids this can be carried out exactly in the
framework of the Mie theory [17,18]. Basic formulas permitting to get insight the physics of the
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localized plasmon resonances, however, can be derived using approximated theories, such as the
dipole and the dipole approximations. In the following we will briefly review these concepts.

Figure 1. 3 – Schematic diagram of collective oscillation of electrons with the incident electromagnetic field at a at gold–air
interface (from ref [19])

1.2.1 Dielectric functions of metals
According to the Drude model, the dielectric function of a perfect metal !! , in which electrons are
free to move, depends on the incident field angular frequency !, and is given by [16]:
!"##

!!
where !! =

! ! !!
!!!

! = !! −

!!!
! ! + !"!

(1. 19)

is the plasma frequency, !! the number of free electrons per unit of volume, e and

m the electron charge and effective mass respectively, ! the damping coefficient, with !! taking into
account the residual polarization due to the positive background of the ions cores (usually 1 ≤ !! ≤
10). This description is in general a good approximation for the optical response of metals, especially
in the IR. However relevant deviations from the Drude model are observed in the UV region (Figure 1.
4). This is due to the fact that, as long as incident photons have a sufficient energy, interband
transitions can be excited and bound electrons can be promoted to the conduction, contributing to the
metal optical properties. The dielectric function contribution related to the interband transitions in a
metal can be calculated assuming the response of bound electrons to the total polarizability. This
gives:
!!!"#$% ! = 1 +
where !! =

! ! !!
! ! !!

!!!
!!! − ! ! − !"!!

(1. 20)

is analogous to the plasma frequency for the free electron case with !! the number

of bound electrons per unit of volume, !! the frequency at which interband transition occur, !! and
!! the effective mass and damping coefficients. A simple model of the dielectric function for a metal
nanoparticle can be constructed from a weighted sum of Lorentzians corresponding to the interband
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transitions, described by Eq. (1. 20) and to the intraband transitions, described by Eq. (1. 19). Taking
as examples the cases of gold and silver, we can notice in Figure 1. 4 as the Drude model (solid lines)
is a good approximation of Johnson and Christy [20] experimental data (empty circles) for wavelengths
higher than 700 nm for both the real and imaginary part of the dielectric function. If we consider also
interband transitions we can better describe the experimental data, as it is evident from the dashed
curves in Figure 1. 4 representing the Drude model with the contribution a single interband transition
for gold, with !! = 450 nm.

Figure 1. 4 - (a) Real and (b) Imaginary part of the dielectric function !! of gold (red) and silver (black) as a function of the
wavelength: dots are experimental values taken from ref[20]; solid lines represent the Drude model for the free electrons (Au:
!! = 139 nm; ! = 17900 nm and !! = 9.06 [21] - Ag: !! = 129 nm; ! = 67400 nm and !! = 5.66 [2]), while dashed lines
is the plot of the model taking into account the free electrons contribute and a single interband transition for gold (!! = 450
nm; !! = 2100 nm; !! = 419 nm and !! = 5.96 [4])

1.2.2 Dipole approximation
In order to understand the physical nature of the interaction between electromagnetic fields and
plasmonic nanostructures, we have to solve the Maxwell’s equations in the near field region around
the metal nanoparticle with the appropriate boundary conditions. In the most general approach this is
accomplished applying the full electromagnetic theory [22], however in some special cases it is also
possible, and convenient, employing approximated theories, which can give useful physical insight to
complex problems, despite of the approximated nature of the solution. The parameter used to
determine the range of validity of these approaches is the size parameter x, defined as:
! = !! ! =

2!!!
!
!!

(1. 21)

where !! is the wavenumber of the incident optical field in the medium surrounding the particle, a is
the characteristic dimension of the particle, which in the case of a sphere corresponds to its radius, !!
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is the incident wavelength in vacuum, and !! is the refractive index of the surrounding medium,
which is typically water or air. When ! ≪ 1, holds the dipole approximation (Rayleigh regime), due to
the fact particles in this conditions “see” the incident radiation field as a homogeneous field (Figure 1.
5a). Differently there would be a phase difference between the exciting field on two opposite sides of
the object, which could lead to interference effects not considered by the approximation (Figure 1. 5b)
[2,23 ]. This approximation is practically based on the assumption of an optical response of the
electromagnetic fields that neglects any internal retardation effect [2]. This is a valid hypothesis when
also the relation !! !! ! ≪ 1 is true, where !! is the refractive index of the particle. This condition
needs to be considered with care, especially when dealing with nanostructures made of materials with
high refractive index or when dealing with materials with a complex refractive index, e.g. plasmonic
nanoparticles. However in order to extend the validity of this approximation also to larger particles
without involving the full electromagnetic theory, some corrections, like the radiative or damping
correction, can be applied (see section 1.2.2.3) [2,23]. In this paragraph we will develop the dipole
approximation approach for the calculation of optical forces exerted by visible light onto plasmonic
nanoparticles.

Figure 1. 5 - Illustration of the effect of the particle size with respect to the incident wavelength on the homogeneity of the
electric field polarization. (Adapted from ref[23])

When an electric field is applied to a small (! ≪ 1) neutral object placed in a dielectric medium, the
negative electron clouds of particle’s atoms will be displaced according to the electric field
polarization, leading to a separation of the centers of mass of the negative charge distributions with
respect to the position of the positive nuclei. As a result, within the dipole approximation, we can
model our scatterer as a dipole moment induced by an external field, retrieving the properties of the
scattered field exploiting the radiation properties of an electric dipole in an oscillating electric field
(dipole approximation).
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1.2.2.1 Polarizability of a sphere
The easiest geometry providing a clue of a LSPR is a sphere immersed in a homogeneous, isotropic
electric field. The relationship between the induced dipole moment ! and the incident electric field !! ,
if this latter is not too big, is linear and is given by [2,24]:
! = !!"# !!

(1. 22)

where !!"# is the linear atomic polarizability. For a homogeneous, isotropic, non-magnetic sphere the
internal field is easily related to the external one as [2]:
!!"# =

3!!
!
!! + 2!! !

(1. 23)

where !! and !! are the relative permittivity of the sphere and the medium, respectively. The final
polarization ! of the sphere turns out to be:
! = !! !! − !! !!"# = 3!! !!

!! − !!
!
!! + 2!! !

(1. 24)

!

Integrating over the volume of the sphere (! = !! ! ), the electric polarization of the sphere is
!

2

equivalent to a dipole !!" = !!" !! [ ] where !!" denotes the Clausius-Mossotti relation, which is
given by:
!!" = 4!!! !! ! !

!! − !!
!! + 2!!

(1. 25)

The field generated outside the sphere is the sum of the incident field !! and the electric field due to
a dipole !!" = !!" !! placed at the center of the sphere. In the approximation ! ≪ 1, we can use this
solution for the calculation of the far-field properties of the radiated field of a sphere immersed in a
time varying electric field described by !! ! = !! ! !!"# , where ! is the angular frequency of the
electric field. As long as the amplitude of the electric field is not too large, the induced dipole moment
!! ! is proportional to the incident field and can be described with the same temporal dependence
! !!"# . As a result we have that !! ! = ! ! !! ! !!"# , where the complex polarizability ! depends on
the frequency !. In this framework an equivalent frequency-dependent formula for Eq. (1. 25) can be
obtained, referred to as Lorentz-Lorenz relation:
!!" ! = 4!!! !! ! !

!! ! − !! !
!! ! + 2!! !

(1. 26)

Considering for !! ! the complex expression given by Eq. (1. 19), we can observe that the induced
dipole will have the maximum amplitude when Re !! !

= −2!! ! , which defines the so-called
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Fröhlich's resonance condition. At resonance the magnitude of !!" ! , and hence of !!" , gets a
boost, being only be limited by the imaginary part of !! ! that, for the metals will be small in visible
and IR region. This resonance is the dipolar localized surface plasmon (LSPR) of a sphere. A very
important point to note here is that this resonance is induced by geometrical aspects. In fact the
denominator of Eq. (1. 26) is purely a consequence of the specific boundary conditions for this
particular geometry (a sphere) [18]. We will see in section 1.2.2.5 how the resonance condition is
affected changing the geometry of the system.
1.2.2.2 Extinction, scattering and absorption cross-sections of a small sphere
The LSPR properties of a metal nanoparticle are encoded in the extinction and scattering spectra,
which, in turn are proportional to the extinction, !!"# , and scattering, !!"#$ , cross sections. When an
electric dipole !! of polarizability ! ! in a dielectric medium with refractive index !! =

!! ,

interacts with an electromagnetic wave !! , it both scatters and absorbs energy from the incident field.
The rate at which energy is removed from the electromagnetic wave through scattering and absorption
processes is described by the extinction cross-section !!"# = !!"#$ + !!"# , where !!"# is the
absorption cross-section. The extinguished (!!"# ) and the scattered (!!"#$ ) power are given
respectively by [2]:
!!"# =

!
!
Im !! ∙ !!∗ = Im ! !
2
2

!!"#$ =

!! ! ! !! ! !! ! ! ! !
=
12!!! ! !
12!!! ! !

!!

!

(1. 27)

and
!

!!

!

(1. 28)

where the incident electric field is evaluated at the dipole origin. Considering that the incident power
density is given by !! = !! !! ! !!

!

2, we calculate the extinction and scattering cross-sections for a

sphere as [2]:
!!"# =

!!"#
Im ! !
= !!
!!
!! !!

(1. 29)

and
!!"# =

!!"#$
! ! !
!
= !!
!!
6! !! !! !

(1. 30)

where !! = !! !/! is the wave vector in the embedding medium. Finally the absorption cross section
can be retrieved by:
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!!"# = !!"# − !!"#$ = !!

Im ! !
!! !!

!
− !!

! ! !
6! !! !! !

(1. 31)

In the case of small spheres of radius a, we can use the Clausius-Mossotti expression !!" ! , given
by Eq. (1. 26). Defining the extinction yield !!"# = !!"# !!"#$ , where !!"#$ = !! ! is the
geometrical cross-section (the nanoparticle area intercepted by the incident beam), we have [23]:
!!"# = 4!! ! Im

!! ! − !! !
!! ! + 2!! !

(1. 32)

and
!!"#$ =

8
! !
3 !

!

!! ! − !! !
!! ! + 2!! !

!

(1. 33)

The optical absorption of the sphere, calculated directly from the electrostatic solution, leads to the
following absorption yield [2]
!!"# = 4!! ! Im

!! ! − !! !
!! ! + 2!! !

(1. 34)

Comparing Eq. (1. 32) and Eq. (1. 34), we note !!"# = !!"# and therefore energy conservation
condition !!"# = !!"!" + !!"# is not fulfilled. This is due to the approximated nature of this solution,
which is valid only when !! ! = ! ≪ 1. Energy conservation is recovered for small dielectric
particles, where the scattering, scaling as the square of the volume, is negligible with respect to the
absorption, scaling as the volume, yielding to !!"# ≈ !!"# . In order to extend the validity of the
dipolar approximation to larger particles without breaking the energy conservation principle, we have
to apply some corrections to the polarizability described in Eq. (1. 26).
1.2.2.3 Radiative reaction correction
The radiative reaction correction or damping correction [2] introduces some modifications to the
Clausius-Mossotti relation. These modifications arise from the fact that the polarization response of a
particle to an external oscillating field depends both from its interaction both with the external field,
and also from its own scattered field, introducing a phase difference in the electric field inside the
particle (Figure 1. 5b), that gets more relevant as the size parameter increases [23].
Considering a homogeneous and isotropic small sphere of radius a and relative dielectric permittivity
!! immersed in a homogeneous and isotropic dielectric medium with permittivity !! , we assume that
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the incident field !! , the dipole scattered field !! and the polarization ! of the sphere are uniform
throughout its volume, which is valid when ! ≪ 1. Applying the constitutive relations, ! is given by:
! = !! !! − !! !! + !!

(1. 35)

The dipole scattered field !! is evaluated considering an oscillating dipole moment !! placed at the
center of sphere, and it is given by:
!! =

1
−1 + !! !
3!! !!

!

+

2!
! !
3 !

!

!

(1. 36)

Substituting Eq. (1. 36) into Eq. (1. 35) and taking into account that the dipole moment of the sphere
is ! = !!, we obtain the effective polarizability of the small sphere, i.e. the proportionality constant
between ! and !! :
!!"# =

1−

!! − !!
!! + 2!!

!!"
!! !

!

+

2!
! !
3 !

!

(1. 37)

where !!" is the polarizability defined in the static limit by the Clausius-Mossotti relation described
in Eq. (1. 26). Eq. (1. 37) highlights the presence of an imaginary component of the polarizability,
even for a sphere with a purely real dielectric constant, which is lacking from a simple application of
the Clausius-Mossotti relation. This imaginary component of the dipole oscillation arises from the
interaction of the dipole with its own scattered field at its own location. Eq. (1. 37) is further
simplified by neglecting the term in !! !

!!"# ≈ !!"

!

in the denominator, leading to:

!
!!
1−!
!
6!!! !! !"

!!

≈ !!" + !

!
!!
!
6!!! !! !"

!

(1. 38)

Using this relation for the calculation of the extinction cross-section from Eq. (1. 29), we will obtain:

!!"# = !!

!
Im !!"#
Im !!"
!!
= !!
+
!! !!
!! !!
6! !! !!

!

!!"

!

(1. 39)

We can clearly notice that now !!"# is the sum of !!"# and !!"#$ , and thus the energy conservation
for a small sphere within the dipole approximation is recovered.
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1.2.2.4 Materials for plasmonic nanoparticles
For a nanospheroid immersed in a medium featuring real dielectric constant !! , the extinction
spectrum can be calculated as follows [25]:

! ! =

! !
24! ! !! ! !!
!"# 10

Re !! !

Im !! !
+ !!! ! + Im !! !

!

(1. 40)

where a is the size of the particle and ! is a factor that takes into account the different possible
geometries and assumes a value of 2 for spherical particles, but can increase for particle with higher
aspect ratio [26]. This relation gives insight on the necessary conditions for the occurrence of the
LSPR. In fact, considering the case of a sphere (better analyzed in § 1.2.2.1), when the real part of the
dielectric function of the metal nanosphere matches the value of −2!! and Im !! !

≈ 0, the

extinction cross-section experiences a strong enhancement. These conditions are verified for different
metals in the visible regime and therefore plasmonic nanosystems can act like antennas at optical
frequencies [2]. Optical absorption strongly affects plasmon resonances conditions, introducing
dissipations as Im !! !

increases. The influence of this effect is taken into account by the quality

factor Q, given by [2]:
!=

! !! ! !"
2 ! !! !

!

(1. 41)

where ! ! = Re !! and ! !! = Im !! . The more high is Q (low ! !! ), the more intense is the LSPR. As
a matter of fact Q characterizes the strength (and width) of the resonance [2]. From these
considerations, one can consider that a metal is good for plasmonics in the optical range, if:
•

Re !! is negative in the visible range of interest. For LSPR applications, one in fact needs (as
a rule of thumb) −20 ≤ Re !! ≤ −1.

•

Im !! is small (or equivalently Q is large) in the visible. Typically, Q must be larger than ∼2,
preferably larger than ∼10.
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Figure 1. 6 - Overview of the optical properties of a selection of metals in the (extended) visible range. (a) Real parts of ε are
plotted against wavelength. (b) Predicted approximate quality factor Q of localized surface plasmon resonances for a
metal/air nano-particle, as defined in Eq. (1. 28). The shaded area is the area of interest to many plasmonics applications.
(Adapted from ref[2])

In Figure 1. 6a are showed the optical properties of several metals. The ones suitable for plasmonics
are indicated in the shaded area in Figure 1. 6b. However some practical considerations add to the
theoretical ones, taking in to account the availability, ease of fabrication and manipulation, toxicity,
etc., of the materials used. Among these metals, silver is the most promising one, covering a large
range of applicability, while aluminum can be suitable for applications only in the UV region [27].
Lithium also exhibits suitable properties across the whole visible range, as silver, but has not been
used much. In fact lithium reacts easily in water and does not occur freely in nature due to its chemical
reactivity. Gold and copper are also suitable, but only for wavelengths higher than ∼600 nm. At such
wavelengths, the optical absorption of gold in fact becomes comparable to that of silver (see Figure 1.
4b). Finally, due to its compatibility with biological materials, gold is preferred in a wide range of bioplasmonics applications [28].
1.2.2.5 Size and shape effects on plasmon resonances
We discussed in the previous section that as the size parameter get bigger electric field inside the
nanoparticle induces a non homogeneous polarization response of the material. However we can take
into account these effects introducing a corrected polarizability described by Eq. (1. 37) for a spherical
particle. Considering these corrections, the LSPR condition for a sphere of radius a is achieved when
the real part of the dielectric function satisfies the relation:
Re !! !

=−

2 + !! !
1 − !! !

!
!

!!

(1. 42)

As a consequence, increasing the radius a of the sphere, the term !! ! increases too and finally the
resonance condition occur for a lower value of Re !! ! . According to Figure 1. 4a, this induces a
redshift of the LSPR wavelength position. In the same way, the surrounding medium effect on the
LSPR position can also be shown. When the permittivity of the surrounding medium !! increases,
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Re !! !

decreases for a fixed radius a of the sphere resulting in a redshift of the LSPR position. The

interaction with the surrounding medium thus creates a damping and an energy loss of the LSP. This
approximations is valid in the visible range for nanospheres diameters lower than 150 nm since the
relation !! !

!

< 1 is verified [23].

For larger spheres, calculations based on the Mie theory [23] and experimental observations [29] both
show the formation of new resonances in the small wavelengths range that correspond to higher order
resonances. In particular, for a given resonance of order l, the electrostatic response can be expressed
as a sum of spherical harmonics and characterized by a multipolar polarizability !! proportional to:
!! ∝ ! !!!!

!! − !!
!!
!+1
!! +
!!
!

(1. 43)

The dipolar case corresponds to ! = 1, while the quadrupolar order is given for ! = 2, with a
!! ∝ ! ! , highlighting a rapidly increasing contribute of multipolar modes as the sphere diameter get
bigger [23].
So far we discussed about optical properties of spherical small nanoparticles. However they are
obviously not as perfectly spherical but most commonly ellipsoidal shapes. Analytical solutions can be
found for these shapes in the dipole approximation [23], highlighting the effect of particle shape on its
polarizability and thus on its optical response. We can now describe the general case of an ellipsoid
defined, in Cartesian coordinates, by the three semi-axis a, b and c (where for simplicity a ≥ b ≥ c)
related by

!!
!!

+

!!
!!

+

!!
!!

= 1. This general approach permits one to consider simultaneously the case,

just discussed, of a sphere of radius a (for a = b = c) but also the case of oblate (a = b ≥ c) and prolate
(a ≥ b = c) spheroids, with aspect ratio r = a/c ≠ 1. Due to the different interaction of the incident
electric field with each principal axis of the spheroid, the particle will show a different polarizability
!! (with j = a, b or c corresponding to the three semi-axis of the ellipsoid) for each axis. Thus in the
most general case the polarization response of the ellipsoid, considering an incident field !! =
!!" !! + !!" !! + !!" !! , will be described by:
! = !! !!" !! + !! !!" !! + !! !!" !!

(1. 44)

The solution of the scattering problem gives the expression for the polarizability !! along the
principal axis:
!! = !! !! !!

!!
+ !!
!! ! − !!

!!

(1. 45)

!

where !! = !"#$ is the volume of the ellipsoid and !! is the geometrical factor or depolarization
!

factor defined for each axis of the ellipsoid with the following properties:
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0 ≤ !! ≤ !! ≤ !! ≤ 1
!! + !! + !! = 1

(1. 46)

Eq. (1. 45) represents the Clausius-Mossotti relation as modified for ellipsoids. In fact for the sphere
we have !! = !! = !! = 1/3, recovering the Clausius-Mossotti relation for the sphere given by
Eq. (1. 26). The LSP resonant condition is then reached when the denominator of relation Eq. (1. 45)
is equal to zero. This implies that:
Re !! !

= 1−

1
!
!! !

(1. 47)

When !! > 1 3 the nanoparticle is flatter than a sphere, like a pumpkin, and the corresponding
resonance condition is blue shifted with respect to the case of a sphere. On the other hand when
!! < 1 3, the nanoparticle is sharper than a sphere, like a rugby ball, and the corresponding resonance
condition is red shifted with respect to the case of a sphere [23]. Thus considering spheroids we have
two resonance conditions for the same system, related to the long and short axis (Figure 1. 7) [30]. This
offers a further advantage, allowing one to exploit the plasmon resonances parallel to the different
antenna axis and tuned at different wavelengths, simply changing the direction of polarization of the
incident field [31].

Figure 1. 7 – Example of calculation of local electric field distribution for (a) a silver particle with elongated shape (nanorise
of 500 nm length and 60 nm width). (b) The electric field in the case of dipolar resonance (excitation wavelength tuned at
1717.5 nm) is high localized close to the tip of the nanorice. (c) Rotating the excitation of 90°, it’s possible to excite the
dipolar order along the short axis using an UV excitation wavelength (381.5 nm). (Adapted from ref[30])

Finally, taking into account the radiative correction at the first order, Eq. (1. 47) is replaced by the
following relation [23]:
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Re !! !

=−

3!! − 3 + !! !
3!! − !! ! !

!

!!

(1. 48)

In summary optical properties of metal nanoparticles, e.g. polarizability, cross sections, can by tuned
by simply changing their size or shape (Figure 1. 8), in particular with prolate spheroids like nanorods,
LSPR position depend on its aspect ratio r.

Figure 1. 8 - (a) LSPR of gold nanospheres of increasing diameter (from ref [32]). (b) Calculated extinction spectra of
elongated gold ellipsoids as a function of the aspect ratio R (reproduced from ref [26])

1.2.3 Local field enhancement intensity and distribution
When an electromagnetic field resonantly interacts with localized surface plasmons of metal
nanoparticles, local field intensity can be amplified by orders of magnitude in specific zones named
hot spots [2,28]. We saw in the previous paragraph that such a big enhancement arises from the
superposition of the incident external field with the induced nanoparticle’s dipole. If the incident
wavelength satisfies the resonance condition, a molecule in the hot spot will experience an incident
intensity boosted by a local field intensity enhancement factor (LFIEF). Thus we can define this
parameter as an a-dimensional wavelength-dependent quantity expressing the change in local intensity
at a specific point, i.e. the hot spot, produced by the presence of objects, which perturb the electric
field of the light, i.e. the metal nanoparticle. It is given by [2,28]:
LIFEF !, ! =

!!"# !, !
!! !, !

!
!

(1. 49)

where !!"# !, ! and !! !, ! are the local and the incident electric field, respectively. As we describe
in section 1.2.2.5, the order of magnitude of the LFIEF is related to the size and shape effects that
influence the plasma oscillation properties [2,30,33]. For nanoparticles with spherical or cylindrical
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symmetry, hot spots are located on two diametrically opposed regions and oriented according the
external field polarization [2]. Approaching one nanoparticle to another, forming a dimer along the
direction of polarization of the incident light, the fields produced by their respective induced dipoles
start to interact (Figure 1. 9a). The coupling interaction changes the spatial configuration of the fields
and red-shifts the energy of the resonances, inducing also the appearance of multipolar plasmonic
modes [34], as showed in Figure 1. 9b-d for two Ag cylinders of 50 nm of radius. At the same time we
can also notice that as the gap is reduced, intensity in the middle of the two particles is increasing
(Figure 1. 9f), reaching LFIEF values of about three orders of magnitude higher with respect to the
individual nanocylinder case [2].

Figure 1. 9 - Gap effects: (a) the local field intensity enhancement factor (LFIEF) at the center of a dimer formed by two
identical (50 nm radius) Ag cylinders separated by a distance d and with the electric field pointing along the axis joining the
two cylinders. The LFIEF as a function of λ (in the dipole approximation) is plotted for different separations of (b) 20 nm, (c)
10nm, and (d) 1nm. The peak labeled with an arrow is the interacting coupled (dipolar) plasmon resonance between the two
cylinders, which red shifts and increases the LFIEF at the center as the cylinders get closer (note the different vertical scales
in (b)–(d)). The additional resonances contributing to the LFIEF at shorter wavelengths (clearly visible in (d)) are higherorder multipolar resonances. (e) Calculation of the spatial distribution of the LFIEF between two Ag cylinder (50 nm radius)
at 471 nm. The LFIEF is plotted in a logarithmic (false-colour) intensity scale with red being the most intense and blue being
the weakest. In (f) we show the angular variation of the LFIEF on the surface of the cylinder as a function of Θ, which is the
angle between the point of the cylinder surface where it is calculated the LFIEF and the dimer axis. (Adapted from ref[28])

Another interesting aspect of the dimer case is related to the strong spatial localization of the
resonance that has been studied in full detail in literature with realistic geometries and sophisticated
calculation methods (Mie theory, for example) [2,35]. In Figure 1. 9e is reported, as example, a
calculation of the spatial distribution of the LFIEF between two Ag cylinder of 50 nm of radius,
separated by a gap of 1 nm. The coupled plasmon resonance excited by an incident electromagnetic
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field polarized along the interstitial direction (the vertical axes in the picture) gives rise to the
formation of a highly localized hot spot. In fact Figure 1. 9f shows how the LFIEF on the surface
decays to half of the maximum value moving of an arc correspondent to an angle θ ≈ 2.6°. The field
enhancement provided by the cavity hot-spot is enough to allow for single-molecule spectroscopy, as
long as it is located precisely inside the confined hot-spot [33,35].

1.3 Surface Enhanced Raman Spectroscopy
When a molecule is in close proximity to the surface of a plasmonic system, all optical processes that
depend directly on the intensity of the incident field, like infrared (IR) absorption, fluorescence and
Raman scattering will be affected by the presence of an enhanced local field in the highly localized hot
spots described in the previous section. In particular we expect that cross-sections will experience an
amplification proportional to the LFIEF. However it is not a simple amplification process, in fact the
new hybrid system molecule-plasmonic nanostructure deserves a detailed analysis, giving rise to new
optical process, such as surface enhanced IR absorption (SEIRA) [36,37] or fluorescence (SEF) [38,39] or
the aforementioned surface enhanced Raman scattering (SERS) [2,7,40], which we consider in this
section. The signal gain observed in SERS with respect to a standard Raman experiment is typically
quantified with the so called SERS Enhancement Factor (EF). The EF can be differently defined
according to the different experimental purposes [5]. This EF should be quantified practically, under
appropriate conditions, as the ratio between the signal in presence of SERS enhancement and the light
scattered intensities acquired under non-SERS condition for the same sample. The origin of the SERS
EF in literature is associated to two main multiplicative terms that contribute in a different way to the
total value [5,41,42,43,44]. The smallest is the chemical enhancement factor. It is responsible of one or two
order of magnitude of enhancement and is related to the modifications of the Raman polarizability
tensor of the molecule, which can be attributed to photo-induced charge-transfer mechanisms between
the analyte and the metal [1,45,46,47,48,49]. However Standard SERS EFs are in the wide range of ∼103–
1010, and hence we can affirm that the main contribute is primarily electromagnetic in nature and
produced by surface plasmon resonances in metals [1,7,41,43,44,50,51]. We will not consider the chemical
enhancement effect in the following, focusing the attention on the electromagnetic amplification.
Summarizing we can say the best performances for SERS experiments will be obtained with an
accurate selection of:
•

the wavelength and the incident polarization of the excitation field;

•

the SERS-active substrates, in particular for geometry (size and shape) and the resulting
optical properties (LSPR) with respect to the incident beam direction and polarization;
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•

the properties of the analytes, considering their Raman polarizability tensor and the intrinsic
Raman cross-sections. Equal attention needs the concentration of the analyte and how it links
to the SERS substrate (surface coverage, distance and orientation).

Since many of these aspects can affect the enhancement (or, sometimes, are unknown), usually the
EF is calculated, where it’s possible, comparing the SERS intensities with the signals obtained in the
identical configuration but in a non-SERS active condition.

1.3.1 Electromagnetic SERS enhancement in the E4 model
The electromagnetic contribution of the SERS can be separated in two gain factors, one for the
incident radiation (i.e. enhancement of the local excitation field) and one for the re-emitted Raman
radiation (i.e. amplification of the scattered intensity) [43]. It can be described considering a Raman
active molecule, located in close proximity (or adsorbed) to a noble metal nanostructure. The
incoming laser beam, characterized by an electric field !! !! and a frequency !! tuned to the
plasmon resonance frequency, will excite the LSP of the nanostructure, giving rise in the hot spot
region to a local field !!"# !! given by:
!!"# !! = Γ!"# !! ×!! !!

(1. 50)

where Γ!"# !! is in general a tensor, but for systems with an isotropic plasmonic response (e.g. a
nanosphere) it is simple a scalar multiplicative factor. At this point, the enhanced local field will
induce the molecule to scatter the Raman radiation at frequency !! , characterized by the electric field
!!"#"$ !! = !! ×!!"# !! , with !! the polarizability tensor of the vibration considered [10]. In the
E4 mode, the Raman field also benefits from the plasmonic amplification, the so-called re-radiation
enhancement [52], so that the enhanced re-radiated field writes as:
!!"# !! = Γ!"# !! ×!!"#"$ !!

(1. 51)

where Γ!"# !! is also in general a tensor, but turns to a scalar factor when we consider an isotropic
nanoparticle. Hence, the total intensity benefits from both excitation and re-radiation enhancement that
yields a total SERS enhancement factor:
!"!"#! =

!!"#!
!!"#"$

= Γ!"# !!

!

× Γ!"# !!

!

!!"# !!
=
!! !!

!

!!"# !!
×
!!"#"$ !!

!

(1. 52)

Since in the typical experiments the frequency differences between the excitation and the Raman
light are small compared to the typical frequency ranges where the LFIEF shows substantial changes
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(typically the plasmon resonance full width), we have Γ !! ≈ Γ !! and than can consider valid the
following relation:
!"!"#! = Γ!"# !!

!

× Γ!"# !!

!

~ Γ!"# !!

!

!!"# !!
=
!! !!

!

Eq. (1. 53) is the simplest way to describe the SERS EF and is usually known as !

(1. 53)
!

approximation,

which is summarized stating that the SERS EF scales with the fourth power of the local field
enahncement. It provides a very useful model for the actual experimental SERS enhancements, but it
is well defined in the single molecule case. However in many experimental situations, we measure the
SERS contribute from different molecules that, due to the high locality nature of the hot spots, can
experience very different EFs (Figure 1. 9f). In such cases, a surface-averaged SERS EF is a more
appropriate measure of the overall SERS substrate performance [2,5]. Furthermore, this approximated
approach neglects some aspects of the problem that in same cases can be very important, such as the
influence of the polarization state of both the incoming and the scattered fields, the frequency
dependence of the remission amplification factor or the Raman tensor contribute, that mediates the
emission process. All these issues are usually known as aspects “beyond the ! ! model”, and are
object of several papers in literature [52,53,54,55,56,57,58]. The influence of field polarization on the SERS
EFs will be better considered in the next chapter of this thesis.

1.4 Tip enhanced Raman scattering
In Tip Enhanced Raman scattering (TERS) [59,60,61,62] the local near-field enhancement is induced by
means of a nano sized metallic tip [63,64,65]. The field enhancement has the same plasmonic origin than
the one observed in SERS. In fact, TERS exploits the LSP resonances at the tip apex and the lightning
rod effect [66,67,68]. This approach enables simultaneous spectral and sub-diffraction spatial resolution
imaging [ 69 ,70 ,71 ,72 ] by exploiting the scanning probe microscopy techniques, like atomic force
microscopy (AFM), scanning tunneling microscopy (STM) or Shear-Force Microscopy (ShFM) [59, 64].
Field enhancement provided by a metallic nano-tip is extremely sensitive to the tip shape [22,73] and to
the polarization of the excitation field [4]. As shown in Figure 1. 10b, when the incident field is
polarized along the tip axis, the intensity near the tip end is strongly increased over the illuminating
intensity, whereas there is no enhancement under the tip for incident polarization perpendicular with
respect to the tip axis (Figure 1. 10a). This result suggests that it is crucial to have a large component
of the excitation field along the axial direction in order to obtain a high field enhancement. Due to the
interaction with the optical field free electrons move according the incident polarization inducing
charges accumulation on the surface of the metal. When the incident polarization is perpendicular to
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the tip axis (Figure 1. 10c), diametrically opposed points on the tip surface have opposite charges. As
a consequence, the apex of the tip remains uncharged. On the other hand, when the incident
polarization is parallel to the tip axis (Figure 1. 10d), the induced surface charge density has the
highest amplitude at the end of the tip. In both cases the oscillating electrons forms standing waves
(surface plasmons) responsible for the huge amplification of the local electromagnetic field as already
discussed in section 1.2.

Figure 1. 10 – The near-field of a gold tip (5 nm tip radius) in water illuminated by two different polarized monochromatic
waves at λ = 810 nm. In (a) the field is polarized perpendicular to the tip axis while in (b) is polarized along the tip axis. The
figures show contours of E2 (with a factor of 2 difference between successive lines). (c) Induced surface charge density
corresponding to (a) (left) and (b) (right). In (a) the surface-charge wave has a node at the end of the tip, whereas in (b) there
is a large accumulation of surface charge on the foremost part, which is responsible for the field enhancement. (From ref[4])

However non zero near-field enhancement was also observed for incident polarization orthogonal to
the tip axis [74,75]. This is due to the depolarization of the field scattered from a nano-object, and in
fact, despite theoretical conclusions, non-negligible signal enhancement for TERS was observed also
in this configuration [75, 76,77 ]. An interesting configuration in TERS is the so-called gap-mode
configuration [62,65,76], where the tip is close contact with a metallic surface. This allow for a further
amplification of the near-field intensity due to the presence of a cavity mode between the tip apex and
image dipole in the metallic surface induced the modification of the surface charge distribution [64].
Calculations of near-field enhancement distribution for a side illuminated gold tip at different
distances from a gold film, highlight a markedly higher field enhancement when the gap is 8 nm with
respect to when the tip is far away from the surface [65] (Figure 1. 11a-c). In fact experimental
measurements on carbon nanotubes shows an exponential dependence from the tip to sample distance
in this configuration, as reported in Figure 1. 11e.
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Figure 1. 11 – (d) Schematic of the tip-sample geometry: the Au tip is modeled as a conical taper terminated by a hemisphere
of radius R as its point and elevated a distance d above a Au substrate. (a-c) Field enhancement for different values of the tipsubstrate separation d of (a) d = 8 nm, (b) d = 20 nm and (c) d =
(no substrate). In each case, R = 10 nm, θ = 30°, and
λexc = 633 nm. The dashed line and arrow indicate the location of the substrate and tip apex, respectively. (e) Optical field
enhancement versus tip-sample distance derived from the tip-enhanced Raman scattering experiment. Inset: Corresponding
Raman spectra for SWNTs on a gold surface with tip at d ≈ 5 nm (’Tip in’) versus tip-sample distance exceeding the nearfield interaction length scale (’Tip out’). (Adapted from ref[65])

The enhancement factor in TERS consists of two parts. The first one is the contrast between the
near-field and far-field signals and is derived from the measured values with the tip at few nanometers
(INF) or far away (IFF) from the sample surface. The second aspect is related to dimensions of the
regions from which the recorded signal is coming. For the far field signal IFF, the scattering source is
determined by the sample area intercepted by laser focus (!!"#$% ), while the additional signal
(!!" − !!! ) will be produced by a much smaller area that usually is approximated as the sample area
beneath the tip (!!"# ), which is of the order of the squared tip radius [61,64]. Therefore we can calculate
the enhancement factor for TERS intensity as:
!"!"#$ =

!!" − !!! !!"#$%
×
!!!
!!"#

(1. 54)

Typical enhancement factors for TERS range from two to five orders of magnitude [61]. In chapter 6
we will see how combining TERS with an STM system can be an interesting technique for the
identification of different molecular species adsorbed on flat surfaces with a resolution of few
nanometers.
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Chapter 2

Polarized Surface Enhanced Raman Scattering

The polarization of the electromagnetic fields plays a crucial role in anisotropic nanoantennas. It is
well known that the enhanced local field is polarization sensitive, since the only component of the
incident field exciting the LSPR and yielding the local field amplification, is the one parallel to the
nanoantenna axis [1,2,3,4]. On the other hand, in near-field coupled nanoantennas the re-radiation effect
yields a selective enhancement of the Raman dipole component parallel to the nanocavity axis at the
single molecule level, linearizing the polarization of the Raman field [5,6,7,8,9]. Therefore a strong
modification of the polarization of the SERS field is induced. In fact its components will be altered
with respect to what would have been measured in normal Raman spectroscopy, in absence of the
nanoantennas. In addition, such an alteration is dependent on the orientation of the antenna.
Several issues, such as the polarization state of SERS from individual nanorods with spectrally
distinct LSPR [10], the possibility to use SERS to probe (2) the Raman polarizability tensor of
individual molecules, (3) the spatial arrangement of molecules on a substrate [11,12,13,14,15] or (4) the
possibility to probe the chirality of molecules using SERS [16,17,18,19], are still unclear and remain the
subject of active research.

In the first section of this chapter we will discuss how the SERS depolarization ratio is modified by
the re-radiation properties of the nanoantennas on which the molecules are deposited. In the second
section we will treat the case of asymmetric plasmonic gold nanostructures excited with circularly
polarized light, discussing how the interaction of plasmonic nanostructures with circularly polarized
(chiral) light and the properties of the SERS radiation, as well as about the advantages of employing
this experimental configuration in spectroscopic and sensing applications. The works in ref [11,22,24] are
based on this chapter.
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2.1 On the SERS depolarization ratio
When molecules are near-field coupled with optical nanoantennas their scattering properties are
strongly affected by the radiation properties of the nanoantenna itself. In Surface Enhanced Raman
Scattering the scattering cross section is greatly enhanced. As well, the Raman field scattering
direction and polarization are modified by the nanoantenna radiation modes. A measurable quantity
that will be strongly affected from these modes is the depolarization ratio [20]. Defined in Raman
spectroscopy, for linearly polarized excitation, as the ratio between the intensity (!! ) of the Raman
field polarized orthogonal to the laser field and the intensity (!|| ) of the Raman field polarized parallel
to it, the depolarization ratio provides information on the Raman polarizability tensor (!) of the
vibration considered and is therefore a very useful tool to probe !. Since the early times [21], it was
soon recognized that in SERS the relation between the depolarization ratio and the components of the
Raman polarizability tensor was not straightforward. One striking example is given in ref.[9], where
the polarized SERS intensity is found to be maximum in the direction orthogonal to the excitation
field, whereas in Raman spectroscopy the polarized signal is always maximum in the direction parallel
to the excitation field. Such a discrepancy, caused by nanoantenna re-radiation properties, suggests
that a precise knowledge of the SERS depolarization ratio is needed to understand how to retrieve the
molecular information out of the signals measured experimentally [22].
The following sections discuss how the polarization of the SERS field is modified by the interaction
with optical nanoantennas in a model beyond the ! ! approximation, focusing on how it is possible to
recover information on the Raman polarizability tensor of the probed molecules exploiting SERS
depolarization ratio on the basis of a phenomenological model describing the polarization properties of
the SERS field.

2.1.1 Raman depolarization ratio
In the classical treatment of the Raman effect, when a molecule interacts with an electromagnetic
field !!"# , an electric dipole moment !!"# is induced (see §1.1.1):
!!"# !! = ! ∙ !!"# !!

(2. 1)

where ! is the molecular Raman polarizability, which is a rank-2 symmetric tensor (see Appendix A),
while !! and !! are the wavelength of incident laser and of scattered radiation, respectively. In
experiments the measured quantity is the intensity of the Raman dipolar field I, time-averaged power
per unit solid angle. The intensity radiated by an oscillating electric dipole passing along a polarizer
oriented along !!"# is given by:
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! = ! ! ! !!"# ∙ !!"#

!

(2. 2)

where k = 1 32 ! ! !! ! ! is a constant related a constant related to the vacuum dielectric constant, !! ,
and speed of light, c. In the most general case of molecules randomly oriented the Raman dipoles will
be oriented differently with respect to the excitation field, i.e. the Raman field radiated by randomly
oriented molecules is unpolarized. Therefore the intensity of the orientation-averaged Raman signal
polarized along !!"# will be given by:
(!)

! = ! ! ! ! !!"# ∙ !!"#

!
!,!,!

(2. 3)

where ! is the number of molecules probed and ϕ, !, ! are the Euler angles associated to the 3D
spatial rotation of the molecule in the reference frame considered [20]. In these experimental
conditions, I is expected to be different from zero for any !!"# , and in particular when !!"# is
orthogonal to the excitation field polarization vector !!"# . Considering the backscattering detection
configuration [20] the intensity of I! and I|| , which are, respectively, the scattered fields polarized
orthogonally (!!"# ∙ !!"# = 0) and parallel (!!"# ∙ !!"# = 1) to the laser field polarization, will be given
by [22]:
I! = ! ! ! !

!!"

I|| = ! ! ! !

!!!

!

!

!!!

(2. 4)

!!!

(2. 5)

where we consider different from 0 only the x component of the incident electric field (!!"# =
!! !!"# ) and the quantities

!!"

!
!,!,!

(with !, ! = !, !, ! ) are the orientation averaged components

of the Raman polarizability tensor linked to the rotation invariants a! , γ! and δ! [20] as described in
Appendix A. For linearly excitations, we therefore define the Raman depolarization ratio as:
!=

!!
!||

(2. 6)

which in the backscattering detection geometry, taking into account relations (1.29 – 1.34), is:
!=

!!"
!!!

!
!

=

3 !!
45 ! ! + 4! !

(2. 7)

Remarkably Eq. (2. 7) shows that the depolarization ratio is bound between 0 ≤ ρ ≤ 3 4 and
consequently that we have always I! < I|| .
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Together with the Raman depolarization ratio, another quantity easily measurable experimentally
and bringing information on the polarizability tensor is the degree of Raman polarization [6]. This
latter, in analogy to the visibility parameter, is defined as
!=

!|| − !!
!|| + !!

=

45 ! ! + ! !
45 ! ! + 7! !

(2. 8)

Note that ! is always greater than zero and bound between 1 7 ≤ σ ≤ 1.

2.1.2 Polarized SERS Intensity
SERS differs from normal Raman spectroscopy because of the presence of a third element, the
nanoantenna, that enters into play in the coupling between the electromagnetic field and the molecular
vibration. According to the ! ! model, if both the excitation and Raman photon energies are within the
plasmonic resonance of the nanoantenna, the antenna enhances both the local excitation and the reradiated fields. We can model SERS as a three step phenomenon [5,9,11]:
1. enhancement of the excitation field at wavelength !! and generation of the hot spots
!"!
!!"#
!! = !!"# !! ∙ !!"# !!

(2. 9)

2. generation of a molecular Raman dipolar field at wavelength
!"!
!!"# !! = !! ∙ !!"#
!!

(2. 10)

3. amplification of the SERS field at wavelength !! for molecules located at the hot spots
!"!
!!"#
!! = !!"# !! ⋅ !!"# !!

(2. 11)

where we have introduced the excitation field enhancement tensor !!"# λ! and the re-radiation
enhancement tensor !!"# λ! to describe the amplification of the excitation and the Raman field,
which are in principle wavelength-dependent. Using tensors helps us to account for the different
amplification of the three components of the electromagnetic fields. For nanoantenna dimers, in the
base !! , !! , !! where !! is the dimer axis and !! the laser field propagation direction, we can write
the field enhancement tensor as:
!
!!"# !! = 0
0

0
1
0

0
0
1

(2. 12)

and the re-radiation enhancement tensor as:
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!!"# !! =

! 1+!
0
0

0
1
0

0
0
1

(2. 13)

in which we assume that the excitation and the re-radiated field components along the nanocavity axis
!! are amplified by the factors !!"# = ! and !!"# = ! 1 + ! , and that the components along the other
two axes are left unperturbed. We use the factor 1 + ! to distinguish the excitation field
enhancement factor from the re-radiation one. The two are in principle different because of the
wavelength dependence of the SERS amplification [23].
The SERS intensity for many randomly oriented molecules as a function of the angle !, between the
laser field and the nanocavity, and the angle !, between the polarization analyzer and the laser field
(see illustration in Figure 2. 1), is [9,22]:
!!"#! !, ! ∝ ! ! 1 + !

!

+ !! 1 + !
+ !!
+

!!"

!!!

!

!!!
!

!

!!!
!

!"# ! ! !"# ! ! − ! +
1 2 !"# 2! !"# 2 ! − !

! !"# ! !"# ! − ! + !"# !

!

+

+

(2. 14)

!"#! ! !"#! ! − !

The intensity is a sum of four terms, each one bringing information on the enhancement factors
(excitation and re-radiation), the Raman polarizability tensor (orientation averaged components) and
the excitation-detection polarization dependence (!, ! dependence). Notably the expression in Eq. (2.
14) gives terms beyond the ! ! approximation. For high field enhancement factors, i.e. ! ! ≫ ! ! ≫ 1
we can approximate Eq. (2. 14) as
!!"#! !, ! ∝ ! ! 1 + !
The first term ! ! 1 + !

!

!

!!!

!

!"# ! ! !"# ! ! − !

(2. 15)

!
!
= !!"#
× !!"#
tells us that the SERS intensity is the product of the square

of the excitation field enhancement and the square of the re-radiation field enhancement, identical to
the one derived from the ! ! model. Equation (2. 15) also tells us that SERS measurements, evaluated
in the light of the ! ! approximation only provide information on the orientation averaged diagonal
components of the Raman polarizability tensor, and therefore this information cannot be used to
retrieve the molecular depolarization factor.
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Figure 2. 1 - Schematics of a dimer nanoantenna excited with a planar wave propagating along !!"# direction and polarized
according to !!"# , forming an angle ! with the nanocavity axis !! . The component of the backscattered radiation analyzed is
∥
the one polarized along !!"# , whose direction forms an angle ! with !!"# . Notably when ! is equal to 0 we detect !!"#!
!
while when ! is ! 2 we detect !!"#! . (from ref[11])

In addition to the most intense term in ! ! , Eq. (2. 14) shows that the SERS intensity has two terms
proportional to ! ! , clearly beyond the ! ! approximation. These terms bring a weaker contribution to
the SERS signal, of the order of 1 Γ ! with respect to the most intense one, but are very important
since they bring information on both the diagonal and non diagonal components of the Raman
polarizability tensor. The last element in Eq. (2. 14) brings an even smaller contribution, of the order
of 1 Γ ! with respect to the first term. However, the ability to probe experimentally this term is
important since it is related to the Raman signal measured in absence of any enhancement and,
therefore, can be used as a reference to precisely evaluate the SERS enhancement.
We can now write the complete expressions of the unpolarized SERS intensity:
!"#$%

!!"#! ! ∝ ! ! 1 + !
+! !

!

!!"

!!!
!

!

!"# ! ! +

1 + ! 2 + ! !"#! ! +

!!!

!

!"#! !

(2. 16)

For the polarized SERS intensity when the excitation is polarized parallel and orthogonal to the
nanoantenna (nanocavity) axis we, respectively, have
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!"#

!!"#! 0, ! ∝ ! ! 1 + !

!

!

!!!

!"#

!!"#! ! 2 , ! ∝ ! ! 1 + !

!

!"# ! ! + ! !

!!"

!

!"#! ! +

!!"
!!!

!

!"#! !

(2. 17)

!

!"# ! !

(2. 18)

for the parallel- polarized SERS intensity we have
||

!!"#! !, 0 ∝ ! ! 1 + !
+ !!

!!"

!

!

!!!

!

!"# ! ! +

! ! + 2 !!!

!

1+!

!"#! ! !"# ! ! +

!!!

!

!"#! !

(2. 19)

and for cross- polarized SERS intensity we find
!
!!"#!
!, ! 2 ∝ ! ! 1 + ! − 1

+! !

!!"

!

!

!!!

!

1 + ! !"#! !

!"#! ! !"# ! ! +
!

(2. 20)

Some observations can be drawn. First of all, we note from Eq. (2. 18) that when the excitation
polarization is orthogonal to the nanocavity axis we observe a 90° polarization rotation. The maximum
SERS intensity is observed for ! = ! 2, i.e. with the analyzer set orthogonal to the laser field
polarization, and parallel the nanoantenna (nanocavity) axis (Figure 2. 1). This phenomenon is also
experimentally verified [9] and, again, is a demonstration of how the SERS radiation follows the
nanoantenna radiation properties and not the molecular radiation properties (Raman is always
maximum in the parallel direction to the excitation field, as shown in § 0). Such an alteration of the
polarization properties of the Raman radiation makes non trivial the recovery of the molecular Raman
polarizability tensor component based on polarized SERS measurements. An important final remark
concerns the physical origin of the terms beyond the ! ! model. The calculations tell us that these are
strongly related to the form of the field enhancement tensors (Eqs.(2. 12), (2. 13)), and in particular to
the assumptions made on the behavior of the field component orthogonal to the nanoantenna
(nanocavity) axis at the hot spot. As soon as we assume that these are different from zero, i.e. Γ!! ≠ 0,
we find terms beyond the ! ! approximation. Conversely, only the ! ! terms are found if we assume
that the nanoantenna has the capability to zero the amplitude of the electromagnetic field component
orthogonal to its resonance axis, i.e. Γ!! = 0. Here we have assumed that these components are left
unperturbed by the nanoantenna (i.e. Γ!! = 1).
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2.1.3 SERS depolarization ratio in nanoantenna dimers
The Raman depolarization ratio measured on a set of randomly oriented molecules is a parameter
related only to the intrinsic molecular Raman polarizability tensor. For this reason in the following we
will call ! the “molecular depolarization ratio” and indicate it with !!"# .
In analogy with Eq. (2. 6), we can define and measure the SERS depolarization ratio as the ratio
between the cross- and the parallel- polarized SERS intensities, i.e.

!!"#! ! =

!
!!"#!
!, ! = ! 2
||

!!"#! !, ! = 0

(2. 21)

Notably !!"#! does depend on both the Raman polarizability and on !, the excitation polarization
angle. Values of !!"#! ~5, i.e. !!"#! ≫ 3 4, have been observed on molecules adsorbed on near-field
coupled nanowires [9] as a consequence of the SERS field polarization modification induced by the
nanocavities. An explicit model of such coupling is thus needed to relate !!"#! to ρ!"# .
Analogous considerations can be drawn for the SERS degree of depolarization, which can be
defined as:
||

!!"#! ! =

!
!!"#! !, 0 − !!"#!
!, ! 2
||

!
!!"#! !, 0 + !!"#!
!, ! 2

(2. 22)

σ!"#! has been observed to assume values lower than zero in dimers and trimers, [5,6,7,8] whereas only
positive values, greater or equal to 1/7 are expected in normal Raman scattering (see § 0).
For a nanoantenna dimer the SERS intensities can be easily calculated in the ! ! approximation (i.e.
considering only Eq. (2. 15)), giving for the SERS depolarization ratio the following expression:
!!"#! ! = !"#! !

(2. 23)

Notably the SERS depolarization ratio only depends on the coupling between the light and the
nanoantenna and does not bring any information on the Raman polarizability tensor. This proves that
SERS experiments with strongly enhancing dimers cannot be used to probe the Raman polarizability
tensor of molecules lying in the nanocavity, unless we are able to access the signal contribution given
by the terms beyond the ! ! approximation, being the only that bring information on the non-diagonal
components of the Raman tensor [9]. Equation (2. 23) explains also why the SERS depolarization
ratio, differently from the molecular depolarization ratio, can be higher than 3 4, showing that it even
diverges for ! → π 2. A non divergent expression of !!"#! θ is obtained when considering the
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terms beyond the ! ! approximation. In the specific case when the excitation and the re-radiation
enhancement factors are equal, ε = 0, without loosing any physical insight, we find

!!"#! ! =

! ! !!"# + ! ! − 1 ! !"#! ! !"# ! !
! ! !"# ! ! + !"#! ! !

(2. 24)

This expression explicitly shows how !!"#! θ is linked to !!"# through the light-nanoantenna
coupling parameters ! and ! in a non straightforward way. Figure 2. 2a compares the plots of
!!"#! θ calculated in the ! ! approximation (blue line) and when including the terms beyond the ! !
approximation (red line). No divergences occur in the latter case, the maximum of !!"#! θ being
limited to !!"# Γ ! . As well, the minimum is found to be different from zero, assuming the value
!!"# Γ ! . Indeed the two models tend to coincide for Γ ! ≫ 1 , the regime in which the ! !
approximation holds.
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Figure 2. 2 – (a) Plot of the SERS depolarization ratio in the ! ! approximation (blue line) and including for the terms beyond
the ! ! approximation (red line) for a vibrational mode featuring a depolarization ratio of 0.5. (b) Angular dependence of the
SERS depolarization ratios calculated for a nanoantenna featuring a SERS enhancement Γ ! ~100 on which are deposited
molecules with different molecular depolarization ratios: !!"# = 0.47 (red line), !!"# = 0.3 (yellow line) and !!"# = 0 (blue
line). The additional local minimum observed in the SERS depolarization ratios for θ = (n + 1 2)π (b, yellow and blue
lines) is found to occur only when the molecular depolarization ratio and the SERS signal enhancement fall within the shaded
area in (c), otherwise an absolute maximum is expected for θ = (n + 1 2)π. (d) Plot of the SERS degree of polarization in
the ! ! approximation (blue line) and beyond the ! ! approximation (red line) ) for a vibrational mode featuring !!"# = 0 The
nanoantenna is assumed to provide SERS enhancement Γ ! ~100.
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!!"# can be retrieved by multiplying the SERS depolarization ratios measured at ! = 0, ! 2, i.e.
!!"# =

!!"#! 0 ∙ !!"#! ! 2

(2. 25)

allowing one to extract the molecular information from the SERS measurements. Remarkably, Eq. (2.
25) holds also if the excitation and the re-radiation enhancement factors are not equal.
A closer look to !!"#! ! shows that there are two possible analytical trends as a function of ρ!"# .
For molecular depolarization ratios ρ!"# ≥ 1 2, !!"#! ! behaves as plotted in Figure 2. 2a (red line)
with maxima of intensity ρ!"# Γ ! at angles ! = ! + 1 2 ! (n is an integer), and minima of
intensity !!"# Γ ! for ! = ! ! . On the contrary, for !!"# < 1 2 two different regimes appear,
depending on the specific value of !!"# and !. This is highlighted in Figure 2. 2b where we compare
the angular behavior of !!"#! ! for a nanoantenna featuring a SERS enhancement Γ ! ~10! for three
different values of the molecular depolarization ratio, namely !!"# = 0.47 (red line), !!"# = 0.3
(yellow line) and !!"# = 0 (blue line). While in the first case we still expect absolute maxima
occurring at ! = ! + 1 2 ! separated by minima at ! = ! ! , for lower and lower molecular
depolarization ratios local minima start to be observed at ! = ! + 1 2 !, decreasing to zero when
!!"# = 0. It can be demonstrated that the local minima are expected only when the condition
0 ≤ !!"# ≤ ! ! − 1 2! !

(2. 26)

is verified, corresponding to the couples of parameters !!"# , ! ! evidenced by the shaded area in
Figure 2. 2c. Note that even if the SERS depolarization ratio has a local minimum in ! = ! +
1 2 !, !!"#! ! is still a limited quantity and the relation given by Eq. (2. 25) to retrieve the
molecular depolarization ratio still holds.
The SERS degree of depolarization !!"#! has been used in refs[5,6,7] as a physical quantity to prove
the linear polarization induced by nanoantenna dimers to the SERS scattering of molecules in the
cavities. In the ! ! approximation
!!"#! ! = !"# 2!

(2. 27)

which is varies between -1 and 1 and, as for the SERS depolarization ratio, does not bring any
information on the molecular Raman polarizability tensor. The discrepancy to what expected in
normal Raman spectroscopy (!!"#! > 0) is, again explained by the polarization changes induced by
the nanoantenna radiation properties. Equation (2. 27) has been experimentally verified [5,7] in nanospheres dimers or clusters with a single hotspot. Nevertheless, it is often observed that the minimum
!!"#! ! = ! 2 measured is higher than -1 without any clear explanation [6,7,8]. Notably, if we
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include the terms beyond the ! ! approximation, assuming for simplicity equal enhancement factors
(! = 0), we find that the SERS degree of polarization becomes
!!"#! ! = !"# 2! − 1 ! ! ∙ !!"# 2 + !!"# − 2 !"#! !

(2. 28)

On one hand, we retrieve the information on the molecular depolarization ratio, as expected. On the
other hand, we observe that when the terms beyond the ! ! approximation are taken into account in the
calculation of !!"#! ! (Figure 2. 2d, red line), the minimum gets higher than -1 and the curve is
slightly shifted with respect to the cos 2! trend expected in the ! ! approximation (blue line),
explaining the experimental results.

2.1.4 SERS depolarization ratio in randomly distributed near-field coupled
nanoparticles
Randomly distributed nanoparticles grown or cast on solid substrates represent one of the most easy
to fabricate a reproducible, yet highly efficient, class of SERS-active substrates. When densely packed
with average distances of few nanometers, spherical nanoparticles behave as an ensemble of randomly
oriented nanocavities. Such systems can be easy modeled averaging the polarized SERS response over
all the possible nanocavities orientations or, equivalently, averaging the response of a single dimer
over all the possible incident polarizations in the plane. The SERS depolarization ratio can be
therefore calculated as
!!

!!"#! =

!

!
!!"#!
!, ! 2 !"

!!
!

||

!!"#! !, 0 !"

(2. 29)

Assuming equal excitation and re-radiation enhancements, we get
!!"#! ~ 1 3 + 3!!"# − 1 1 ! !

(2. 30)

where we have neglected the terms in 1 ! ! . To the first order, the SERS depolarization ratio turns out
to be 1 3, constant for every molecule, as experimentally verified [9,15]. Again, information on !!"# is
brought by the terms beyond ! ! approximation, and can be obtained with such nanostructures,
provided the SERS substrate is homogeneous enough and provides an enhancement factor such that
the experimental error is below 1 ! ! . SERS enhancement factors ! ! > 10! are typical for such
nanostructures, requiring an experimental accuracy of ~ 0.1% to measure molecular depolarization
ratios of 0.5.
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2.1.5 Conclusions
The SERS depolarization ratio is an intriguing physical quantity that can provide information on the
Raman polarizability tensor and on the molecular orientation at the single molecule level. The field
enhancement mechanisms and the influence of the nanoantenna radiation properties, in fact, play a
crucial role in puzzling the polarization of the SERS fields so that any model developed for normal
Raman spectroscopy has to be revisited in the light of the molecule-to-nanoantenna strong coupling.
On the other hand, the synthesis of new nanoantenna structures, featuring high symmetry and higher
field enhancement, looks extremely promising to accomplish the tasks cited above. An intense
experimental effort is, however, required to study the re-radiation properties of such antennas and
ascertain to what extent these structures can be considered apolar. Within this context, a further insight
will be presented in the next section where we will explore the SERS polarization response of
asymmetric nanostructures under circularly polarized light. In conclusion, polarization-sensitive SERS
offers an exciting challenge both from the theoretical and the experimental point of view aimed at both
a better understanding the basic mechanisms of SERS and at allowing one to carry out molecular
analysis of few or even single molecules.
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2.2 Chiral light for SERS analysis of randomly oriented molecules
adsorbed on near-field coupled gold nanowires
In this section we investigate Surface Enhanced Raman Scattering (SERS) from an ensemble of
randomly oriented molecules adsorbed on an array of near-field coupled gold nanowires excited with
circularly polarized light (the most elementary chiral configuration). We perform a series of
polarization-sensitive experiments to point out the exact angular radiation pattern of both unpolarized
and polarized SERS, comparing the results with SERS observed under linearly polarized excitation of
the same sample. The apolar optical response of the system under circularly polarized excitation
makes this configuration suitable for many applications and robust against misalignments of the
nanoantennas substrate. Furthermore the striking nanocavity LSPR dominance, reflected in the clear
change of photons polarization from circular to linear and parallel to the nanocavity axis, confirm the
selective enhancement of the Raman dipole component parallel to the nanocavity, modelled with the
theory introduced in the previous section.
In addition to this excitation configuration we use another approach that, in principle, can induce the
interaction of chiral light with molecules in plasmonic nanocavities. In fact, theoretical models predict
that chiral fields can occur next to symmetric nanostructures excited with linearly polarized light. In
particular, enhanced chiral fields are expected in the gaps between dimers of nanospheres or nanorods
when illumination is polarized off the dimer axis (±45°). Here we use SERS to probe the occurrence
of enhanced chiral fields in the gaps between nanowires coupled in a side-by-side arrangement. We
carry out a polarization analysis of the SERS signal from randomly oriented molecules on nanowires
excited with a field linearly polarized off-axis at 45° and compare the results with conventional
Resonant Raman Scattering (RRS) under circularly polarized excitation. We observe that the SERS
radiation from the nanowires displays a strong degree of linear polarization along the gap axis,
whereas no preferential polarization direction is observed in the RRS of randomly distributed
molecules on flat surfaces (as expected). Also in this configuration in fact, SERS results are well fitted
by the model for fields enhancement described in § 0 [24].

2.2.1 Introduction
As we saw in the previous section polarization of both the excitation and the re-radiated fields, play a
crucial role in the whole amplification process due to the high axial symmetry of the hot-spots, where
field amplification occurs [5,9,12,25,26,27]. Therefore controlling the geometry of optical nanoantennas, as
well as their excitation configuration, offers new strategies for a fine polarization control of the light at
the nanoscale [5,28,29,30,31,32]. The prominent anisotropy of nanocavities hot spots is responsible for the
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selective enhancement of only the field components parallel to the nanoantenna axis [2,9]. As a result
the maximum SERS enhancement is expected for exciting beams linearly polarized along the hot-spot
direction, when there is an optimal energy delivery from the incident beam to the plasmonic mode
[12,15]. For this reason circularly polarized light, whose power density is equally split along two
perpendicular directions [20], is probably not the best choice if we want to fully take advantage of
anisotropic plasmonic systems. However the symmetry of circularly polarized light can be very
appealing for the development of detection strategies with plasmonic apolar response for high
sensitive sensing applications [33]. In fact field amplification efficiency of asymmetric nanoantennas is
dramatically quenched if the polarization of the exciting field do not perfectly match the hot spot axis
[15,34,35]. Therefore from a practical point of view it is better to deal with plasmonic systems with no
polarization dependence, such as plasmonic nanostructures featuring a Cn, with n ≥ 3, symmetry point
group, which can also ensure a stronger near-field enhancement with respect to individual nanospheres
or nanocylinders [33].
Another important point to take into account for circularly polarized excitation of nanocavities is that
the different amplification of the local optical fields along the two orthogonal directions hinders or can
foster (depending on the exact geometry) the preservation of the circular polarization state for the
enhanced field [15] preventing the possibility to probe the optical activity (OA) of chiral molecules,
which are objects that cannot be superimposed to their mirror image. Most biomolecules and amino
acids are chiral and their functional activity depends on their handedness [ 36 ]. In fact optical
discrimination of the different enantiomers, mirror-symmetric versions of the same molecular species,
is based on the different response to left and right circularly polarized light (LCP and RCP,
respectively). Circular dichroism (CD) and Raman optical activity (ROA) are among the most widely
used spectroscopic techniques for chiral materials analysis [20,37]. CD and ROA describe, respectively,
the differential absorption and Raman scattering of molecules interacting with LCP and RCP light
[20,37]. CD and ROA are very weak effects. The fractional difference in absorption/Raman scattering,
described by the dissymmetry factor
!=

!!"# − !!"#
!!"# + !!"#

(2. 31)

where is !!"#(!"#) is the CD or ROA signal measured for LCP (RCP) light excitation, is typically
comprised between 10-6 and 10-3 [36,38 ]. Experimental techniques capable to enhance the weak
dissymmetry signals are, therefore, very desirable for sensors with enhanced enantioselectivity [39,40]
and for new protocols allowing for efficient synthesis of different enantiomers in which the light
provides the chiral handedness [36]. The intrinsic weakness of ! can be resolved by utilizing surface
plasmon enhancement [ 41 ] provided by optical nanoantennas. Nanostructures with geometrically
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induced chirality and plasmonic properties have attracted much interest due to their ability to generate
broadband circular polarization fields as well as superchiral fields [40,42,43] and represent a promising
platform for plasmon-induced CD [44,45, 46,47,48,49,50,51] and Surface Enhanced Raman Optical Activity
(SEROA) [18,52,53].
In the latest years, however, the possibility to obtain chiral fields and/or enhanced CD using
symmetric non-chiral structures illuminated with linearly polarized light has been suggested [54,55,
56,57,58,59

]. This latter route is indeed advantageous from the fabrication point of view (nanoparticles

dimers can be readily fabricated by top-down lithography and bottom-up chemical synthesis), and
intriguing from the physical point of view, since it is not intuitive a-priori how non-chiral entities can
combine to provide chiral fields and/or amplification of the optical activity. Zhang and Govorov [57]
found that the insertion of a chiral molecule in the gap of a non-chiral dimer of nanospheres induces a
chiral response of the plasmon resonance of the molecule-dimer assembly in the visible range.
However some limitations are due to the fact the superchiral fields induced by linear polarized
excitation produces zones on the same plasmonic nanostructure of different chirality [56], so in order to
detect CD effects from molecules, it is necessary engineering novel approaches that force molecules to
stay only in hot spots with the same chirality [56,60]. In ref [55] the authors reported that the chiral
response in a dimer nanocavity is uniform inside the hot spot excited at 45 degree but it can be
switched between opposite values when the incident polarization is rotated by 90 degrees.
Nevertheless to our knowledge the emission pattern of molecules interacting with these superchiral
fields generated following this strategy was not yet discussed. It is well known that the far field
properties of plasmon-enhanced fluorescence follow the radiation pattern of the nanoantenna rather
than the molecular one [30,31] and the same was also demonstrated for SERS [5,9,61]. Accordingly we
should expect the same in this case, recovering the superchiral polarization properties of the
nanocavity mode also in the far-field emission of the molecule.
In the following of this chapter we will focus on the SERS radiation emitted by randomly distributed
molecules adsorbed on the surface of an array of gold nanowires, near field coupled side-by-side,
acting like an extended dimer nanocavity [9]. We will, first, show how the employment of circularly
polarized light can be used to produce apolar SERS response from plasmonic nanocavity modes with
fair intensity level with respect to the one achievable exploiting a linearly polarized excitation. In the
following, we will investigate the polarization of the scattered SERS photons developing
phenomenological model “beyond E4” discussed in § 0 for the case of illumination with circularly
polarized light [9,11]. Finally, an investigation of the state of polarization inside nanocavities will be
provided, by analyzing the SERS radiation polarization under linearly polarized excitation at an angle
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of 45 degree with the nanocavity axis, expected to give superchiral fields at the nanocavity
conditions [55].

2.2.2 Materials and methods
Sample. The sample used for our SERS experiments is an array of self-organized gold nanowires
(NWs), grown by ion beam sputtering (IBS) on a glass substrate [62,63]. The length of the gold NWs is
in the micron range, while the average periodicity in the short axis direction n! is Λ = (130±10) nm.
The NWs are near-field coupled side-to-side along the n! direction (Figure 2. 3a). The nanocavity
dimensions span between few and few tens of nm [64]. Using linearly polarized light, extinction
measurements confirm a striking anisotropic plasmonic behaviour [65]. As shown in Figure 2. 3b
(black line), a broad localized surface plasmon resonance (LSPR) is observed in the visible range only
if the exciting beam is polarized along the NWs short axis (coincident with the wire-to-wire
nanocavity axis n! ). On the contrary, if the excitation light is parallel polarized to the NWs long axis
n! the extinction peak is shifted in the Near Infrared (NIR) and there is no evidence of LSPRs in the
visible range (Figure 2. 3b - blue line). Using the He-Ne line at 632.8 nm as excitation wavelength
(red line in Figure 2. 3), the optical anisotropy of the sample was also observed for SERS intensity, as
reported in some previous works [9,64].

Figure 2. 3 - (a) AFM topography of the gold nanowire sample (3×3 µm2). The laser irradiated area (ca. 600 nm diameter) is
indicated by the red spot (from ref[9]). (b) Extinction spectra with incident polarization parallel to nanocavity axis n! (black
line) and parallel to nanowire long axis n! (blue line). The red line represents the spectral position of the laser excitation line
for SERS experiments, while the red box indicates the spectral wavelengths range of the Raman photons.

Probe molecule. Methylene Blue (MB) was used as Raman active probe molecule for our
experiments. MB (C16H18ClN3S) has a non-chiral structure and, in aqueous solution, at concentrations
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of 10-4 M, it appears in monomer or dimer form, with absorption maxima at 670 nm and 620 nm,
respectively (Figure 2. 4) [66]. Laser excitation at 633 nm yields to Resonant Raman Scattering (RRS)
effects and Surface Enhanced Resonant Raman Scattering (SERRS), both providing a 102 further boost
to the scattered Raman radiation.
MB molecules are bound on the surface of the gold NWs array by immerging the sample in a
deionized watery solution at 3x10-4 M concentration for 1 h. Subsequently the sample is rinsed with
deionized water in order to remove the MB molecules not directly adsorbed on the NWs surface [67].
MB molecules are known to absorb on gold forming patches few nm large, composed by one or few
layers. SERS analysis in this work is referred to the C-N-C skeleton bending mode at 446 cm-1 or to
the C-C ring stretching mode of MB molecules at 1624 cm-1. We assume the signal intensity I, as the
peak intensity after subtraction of the continuum background [68].

Figure 2. 4 - Absorption spectrum of MB aqueous solution at 10-4 M. The red vertical line indicates the spectral position of
the laser excitation for RRS and SERRS. (from ref[9])

Polarization sensitive surface enhanced Raman spectroscopy. Polarization sensitive Raman
spectroscopy has been carried out with a Horiba Jobin-Yvon HR800 micro-spectrometer coupled to a
linearly polarized HeNe laser emitting at 633nm. A silicon Peltier cooled CCD camera (Synapse
Horiba Jobin-Yvon) was used for light detection (Figure 2. 5). The excitation power is set between 6
and 60 µW. Light is focused on a spot of ~1.5 µm diameter via a 50X long working distance
microscope objective (NA 0.5). The same objective is used to collect the backscattered radiation.
Typical integration times range from 10 to 90 sec. A quarter-wave plate (Thorlabs - WPQ05M-633) is
properly mounted within the laser optical path in order to achieve circularly polarized light (black
inset in Figure 2. 5). A polarization analyzer (Thorlabs – LPVIS100) is mounted on a rotating mount
and placed in front of the monochromator slits for the analysis of the SERS photons (green inset in
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Figure 2. 5). Spectral analysis is accomplished with a 600 l/mm grating, featuring a 10% difference in
the polarization response to the two Transverse Electric and Transverse Magnetic components. A
polarization scrambler is used to compensate for such effect.

Figure 2. 5 - 3D representation of the setup for polarization-sensitive SERS investigations, employing a Jobin-Yvon HR800
spectrometer working in backscattering configuration. The laser beam changes its polarization state from linear to circular
passing through a quarter-wave plate (black inset). Hence it is focalized on the sample via a 50X long working distance
objective. In the bottom-left part of the figure, the red arrows identify the sample principal axis: the nanowire long axis n! ,
and the nanocavity axis n! , which forms an angle ! with the lab reference frame versor n! ! (black arrows). Variations of !
are achieved rotating the sample underneath the laser beam. Scattered radiation is collected with the same objective. In order
to acquire polarized SERS, a polarization analyzer is inserted before the spectrometer entrance hole. Its optical axis e!"#
forms an angle ! with respect to the nanocavity direction n! and an angle Φ with the lab reference frame axis n! ! (red arch
in green inset).

2.2.3 Results and discussion
As highlighted in the red line and box of Figure 2. 3b, both the excitation wavelength (633 nm) and
the MB Raman vibrational modes are resonant with the NWs and take advantage of the plasmonic
enhancement. Indeed, only the electric field component parallel to the the nanocavity axis !! , will be
enhanced by the NWs, as proved by the cos ! ! response of the unpolarized SERS intensity, under
linearly polarized excitation, when rotating the angle ! between by the excitation field e!"# and the
nanocavity axis n! [2,9,12]. Under circularly polarized excitation, the incident field rotates by 360
degrees in a period while the wave is propagating. Therefore the energy carried by the laser beam is
equally split in the all the directions of the electric field components. As a result, the nanocavity
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plasmon mode, will always be driven by a constant laser field, regardless the orientation of the NWs in
the sample plane. If we call ! as the angle between the sample’s nanocavity axis n! and the laboratory
reference frame axis n! ! , (Figure 2. 5) the experiments confirm the invariance of the unpolarized
SERS intensity with respect to any rotation the sample (Figure 2. 6a).

Figure 2. 6 – (a) Polar plot of the unpolarized SERS intensity (black symbols) as a function of the angle ! (! = 0 correspond
to n! ∥ n! ! , where n! ! is the axis of the lab frame). SERS intensity remains almost the same for each angle as highlighted by
the red line, which is a constant line. (b) Sketch of the coupled gold NWs illustrating its orientation as the angle changes: n!
is the nanocavity axis unity vector and n! is the long axis unity vector. (c) Polar plot of the polarized SERS intensity (black
dots) as a function of the angle ! formed by the optical axis of the analyzer e!"# and the nanocavity axis n! (see green inset
in Figure 2. 5). SERS photons are linearly polarized along the nanocavity direction even if the excitation is circularly
polarized. Experimental data are fitted quite well by a law proportional to cos ! ! (red line).

Here the variation of ! is obtained rotating the sample underneath the laser beam. Therefore
circularly polarized light on high efficient plasmonic nanostructures is probably the simplest and
fastest way to obtain an optical response which is independent from the sample orientation in
anisotropic nanoantenna samples. An analysis of the polarization state of the SERS photons scattered
under circularly polarized excitation can be useful for retrieving some interesting information about
the field in the nanocavity. We call ! the angle between optical axis of the analyzer e!"# and the
nanocavity direction n! (green inset in Figure 2. 5). Experimental data show that the SERS radiation
scattered by the NWs is maximum when the polarizer is set parallel to nanocavity direction (Figure 2.
6c, black symbols). The intensity ratio (parallel-to-orthogonal) is ca. 40. We find, moreover, that the
polarized SERS intensity is well fitted by a cos ! ! law (red line in Figure 2. 6c). These data are
explained by a physical picture in which the SERS radiation has a strong degree of linear polarization,
and suggest that only the component of the Raman field that is parallel to the nanocavity axis is
amplified by the SERS re-radiation process. Hence, the final effect is a change of the polarization state
from a circular one of the laser beam to a linear one of the SERS radiation. Analyzing the polarization
state of SERS we can retrieve the orientation of the nanowires long axis, which is orthogonal to the
SERS polarization direction (Figure 2. 6b and c).
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Indeed when circularly polarized laser excitation is used, only the field component parallel to the
nanocavity axis benefits of the plasmonic enhancement, while the one parallel to the long axis is
almost left unperturbed. Assuming that the dominant part of the whole scattered radiation is the one
undergoing the local field enhancement, for circularly polarized excitation we should expect a SERS
intensity that is one half of the one obtained exciting the sample with a laser beam linearly polarized
parallel to the nanocavity axis. The experimental value of the ratio Icirc/Ilin = 0.73 ± 0.20 is
unexpectedly higher than 0.5, i.e. circularly polarized light induces a SERS signal slightly more
intense than expected.
We tried to understand our experimental findings by developing the phenomenological model
proposed in ref. [9] to the case of circularly polarized light. The whole SERS electromagnetic
enhancement process is assumed as a three-step mechanism in which first of all, the excitation field is
enhanced by the plasmonic nanowires. Hereafter the enhanced field interacts with the adsorbed
molecules stimulating the Raman dipole emission. Finally, there will be a further boost of the scattered
intensity due to the re-radiation enhancement of the Raman scattering. Due to the anisotropic nature of
the nanowires LSPR, which allows the amplification of only the local field component parallel to the
nanocavity direction n! , the enhancement factors of both incident and re-radiated fields can be
described by the field enhancement tensors Γ!"# !! and Γ!"# !! given respectively by Eqs. (2. 12)
and (2. 13). Assuming our nanowires covered by N randomly oriented molecules, the SERS intensity
will be given by the general formula:
!!"#! = !!! ! !!"# ∙ Γ!"# !! ∙ ! !, !, ! ∙ Γ!"# !! ∙ !!"#

!

(2. 32)

!,!,!

where !!"# is the unit vector parallel to the analyzer optical axis and !!"# =

!
!

1, !, 0 is the Jones

vector modeling the incident circularly polarized field !!"# = !! !!"# . Finally !, !, ! are the Euler
angles of the molecule and ! !, !, ! represents a generic form for the Raman tensor given by:
!!" !, !, ! =

!,! !!"

!, !, ! !!" !, !, ! !!"

(2. 33)

where !!" are the element of the Raman tensor in the molecule reference frame and !!" !, !, ! are the
elements of the rotation matrix
cos !
! !, !, ! = − sin !
0

sin !
cos !
0

0
0
1

1
0
0

0
cos !
− sin !

0
sin !
cos !

cos !
− sin !
0

sin !
cos !
0

0
0
1

(2. 34)

associated with the Euler angles in the reference frame in which the Raman polarizability tensor of the
fixed molecule is α!" . Recalling that Φ is the angle between n! ! and !!"# (green inset in Figure 2. 5),
the general expression for SERS intensity comes out to be:
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!!"#! !, Φ ∝
+
+

1 ! !
! Γ 1+!
2 !!

!

cos ! ! − Φ +

1 ! !
! Γ 2 + ! 2 + ! 1 + cos 2 ! − Φ
4 !"
!
!

(2. 35)

+

!!!! sin! ! − Φ

!
where !!!! and !!"
are the orientation averaged diagonal and off-diagonal elements of the Raman

polarizability tensor [20]. As expected the angular dependence of this general expression is due only to
the difference ! − Φ = ! (green inset Figure 2. 5), namely the angle formed by !!"# and the
nanocavity axis n! . Hence the final equation is the following:
1 ! !
! Γ 1 + ! ! cos ! ! +
2 !!
1 ! !
+ !!"
Γ 2 + ! 2 + ! 1 + cos 2!
4

!!"#! ! ∝

+

!
!

+

(2. 36)

!!!! sin! !

The first of these three terms is the most relevant. It depends on Γ ! 1 + ! ! , i.e. the SERS
enhancement factor, and is proportional to the squared cosine of the polarization angle (!!"#! ∝
cos ! ! ). It is what expected from the E4 approximation and qualitatively well describes our
experimental results (Figure 2. 6b) [2,9]. The other two terms are beyond the E4 approximation and
characterized by a smaller amplitude. Using equation (2. 36) for fitting the experimental data showed
in Figure 2. 6c., we retrieve values of 2.89 ± 0.02, 0.27 ± 0.04 and 0.54 ± 0.03 respectively for, Γ, !
!
and !!"# = !!"

!!!! , the molecular depolarization ratio [20] (see § 0). These results are consistent

with the values obtained exciting the sample with linearly polarized line, namely 2.4 ± 0.2, 0.2 ± 0.1
and 0.55 ± 0.15, respectively [9], highlighting the validity of the model regardless the experimental
excitation conditions and the possibility to retrieve information about the non-diagonal components of
the Raman polarizability tensor.
Furthermore according to the model the unpolarized SERS radiation under circularly polarized
excitation can be described as:
I!"#! = !!"#! ! = 0 + !!"#! ! = ! 2 ∝

1
!!!! Γ ! 1 + !
2

!

!
+ !!"
Γ! 1 + 1 + !

!

+ !!!!

(2. 37)

while the unpolarized SERS radiation scattered exciting the sample with linearly polarized light
parallel to the nanocavity axis (!!"# ∥ n! ), is described by[9]:
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I!"# ∝ !!!! Γ ! 1 + !

!

!
+ !!"
Γ!

(2. 38)

Finally the ratio Icirc/Ilin can be expressed as:
I!"#! !!"# Γ ! 2 + 2! + ! ! + Γ ! 1 + !
=
I!"#
2Γ ! !!"# + Γ ! 1 + ! !

!

+1

=

1
!!"# Γ ! 1 + ! ! + 1
+ !
2 2Γ !!"# + Γ ! 1 + ! !

(2. 39)

If we take into account only the terms within the |E|4 approximation (first terms in Eqs. (2. 37) and
(2. 38)), the ratio is 0.5 (first part of the sum in eq. (2. 39)), as expected at a first glance. However if
all the other terms “beyond |E|4” are not negligible, we have a further contribution described by the
second part of the sum in Eq. (2. 39). This result explains, at least in a qualitatively way, the additional
SERS intensity observed. Replacing Γ, ! and !!"# in Eq. (2. 39) with the values retrieved by fitting
the experimental data, we obtain Icirc/Ilin ≈ 0.54 ± 0.09. Nevertheless the experimental value for Icirc/Ilin
is surprisingly 0.73 ± 0.20. This is an appealing result for practical reason because we loose only a
30% of the SERS signal in optimal condition, nevertheless further investigations have to be done to
better understand the nature of this excess of intensity.
2.2. 3.1 Comparison with linear excitation at 45 degrees from the nanocavity axis
In this paragraph we will investigate the polarization of the SERS photons scattered from the sample
under an excitation configuration with a field linearly polarized at an angle of 45° with respect to the
nanocavity axis, suggested for the formation of superchiral fields inside the nanocavity [55,56,57]. The
idea here is to probe if, under excitation at 45°, our NWs are capable to generate enhanced field
circularly polarized (chirality = +/-1). Due to symmetry considerations, the Raman field scattered by
randomly oriented molecules excited with a circularly polarized field can not have any preferential
direction, i.e. !!"#"$ ! must be independent from !. This is easily verified by evaluating Eq. (2. 36)
for Γ = 1, ! = 0, i.e. when the substrate does not provide any amplification. An enhanced circularly
polarized field at the nanocavity should therefore produce a polarization-independent SERS signal,
until we do not start considering the effect of re-radiation. Re-radiation, selectively enhances the field
component along the nanocavity axis, leading to a SERS field that is expected to be polarized along
the nanocavity axis, independently from the fact that the field in the nanocavity is linearly or circularly
polarized.
Figure 2. 7a illustrates the geometry of our experiments: we set the linearly polarization orientation
at 45 degrees (red arrow) and we analyzed the SERS intensity in the direction e!"# (blue arrow),
which forms an angle ! with e!"# . In order to avoid any difference in SERS intensity due to sample
inhomogeneity all measurements were acquired from the same spot.
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Figure 2. 7 – (a) Excitation-detection geometry superimposed to an AFM image of the NW (image side is 3 µm- adapted
from ref[9]). Excitation polarization e!"# is fixed at 45 degrees (red arrow) from the nanocavity axis n! , while the optical
axis of the analyzer e!"# (blue arrow) forms an angle ! with e!"# . (b) Angular dependence of SERS intensity as a function
of ! while e!"# is fixed at 45 degrees from the nanocavity axis n! (black dots). Data are well fitted by Eq. (2. 14) with
! = !/4 (red line), showing the polarization state of SERS is markedly linear along the nanocavity direction n! . In the inset
is highlighted that our model, taking into account beyond ! ! terms, predict a shift of about 5 degrees in the minimum of
SERS intensity with respect to the ! ! approximation, which is indeed observed in our measurements.

The polarized SERS intensity as a function of ! is plotted in Figure 2. 7b, showing an angular
dependence proportional to cos ! ! + ! 4 . In fact, experimental data are well fitted by Eq. (2. 14)
setting ! = −!/4, as highlighted by red line in Figure 2. 7b, where we also considered an exponential
decay taking into account some photo-bleaching events of molecules. This behavior suggests scattered
photons are linearly polarized along the direction which forms an angle ! ~ 140° with e!"# , i.e.
almost exactly parallel to the nanocavity axis, which form an angle of 135° with e!"# . This slight
discrepancy could attributed to the beyond E4 terms, which is in fact predicted by our model and
ignored by a pure E4 approximated model (see inset in Figure 2. 7b).
In summary this experiment shows that even if a strong chiral field is predicted inside the nanocavity
excited under linearly polarized excitation at 45 degrees from its axis [55], the chiral properties of the
enhanced fields are not observed for SERS photons scattered from molecules inside the nanocavity,
due to the strong re-radiation effect that linearizes the polarization of the SERS field.
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Appendix to Chapter 2

A.1 Raman tensor and rotational invariants
In classical description of Raman scattering (see § 1.1.1 in Chapter 1) we introduced a molecular
polarizability tensor in order to relate the induced dipole to the scattered signal by the molecule. In
particular we highlighted in Eq. (1.7) that !!! (hereinafter !! ) is responsible for the radiation of the
Raman dipole !! . Thus we can write that:
!! !! = !! ∙ ! !!

(A. 1)

This means that for a specific vibrational mode k, the induced dipole !! oscillates at the radiated
frequency !! , while the incident field ! oscillates at frequency !! . In the Cartesian reference frame
this can be made explicit as a matrix of rank 3, and thus Eq. (A. 1) can be rewritten as:

!!
!!
!!

!

!!!
= !!"
!!"

!!"
!!!
!!"

!!"
!!"
!!!

!

!!
!!
!!

(A. 2)

The presence of non diagonal components in the matrix of Eq. (A. 2) shows that the orientation of
the Raman dipole is in general non coincident with the excitation field vector. In addition, the
expression of the Raman polarizability tensor depends on the orientation of the molecule and on the
symmetry group to which belongs the specific molecular vibration considered. As a result, in the most
general case the Raman dipoles of molecules with different orientation will be differently oriented.
Only for those symmetric vibrational modes in which !! is a multiple of the identity, the Raman
dipole and the electric field vector will coincide for any molecular orientation. This has important
consequences on the polarization of the Raman field. Assuming linearly polarized excitation, the
Raman scattering of randomly oriented molecules will be generally unpolarized. For many molecules
with a defined orientation, the polarization of the Raman field will be generally rotated with respect to
the incident one. Only for total symmetric modes the polarization of the Raman field will coincide
with that of the excitation field. However it is possible to find a new coordinates system (x’, y’, z’),
called principal axes (attached to the molecule) where !! is diagonal:

63

!!!
!!!
!!!

!

!!!!!
0
=
0

0

0
0

!!!!!
0

!!!!!

!

!!!
!!!
!!!

(A. 3)

Molecular polarizability tensors are defined in the coordinate frame attached to the molecule (fixed
with respect to the equilibrium molecular structure). In a light-scattering experiment we measure
intensities of scattering relative to the laboratory reference frame, in which the induced dipole
therefore depend by the intrinsic polarizability of the molecule but also on the orientation of the
molecule. Furthermore if we consider an ensemble of randomly oriented molecules we must average
over all orientations of the molecule.
Under rotation the elements of the Raman polarizability tensor do change. However we can define the
isotropic averages of quadratic products of polarizability tensor components in terms of rotational
invariants that are independent from the choice of the frame [69]. Instead of the Placzek relations G [20]
we will use the ! ! , ! ! , ! ! invariants that are, respectively:
•

the square of the mean polarizability, related to the isotropic part of the matrix
!! =

•

=

1
! + !!! + !!!
9 !!

!

(A. 4)

the antisymmetric anisotropy (! ! = 0 for symmetric Raman tensors)
!! =

•

!

1
!" !!
3

3
4

!!" − !!"

!

+ !!" − !!"

!

+ !!" − !!"

!

(A. 5)

the anisotropy factor
!! =

1
2

!!! − !!!

+

3
4

!!" + !!"

!

!

+ !!! − !!!
+ !!" + !!"

!

!

+ !!! − !!!
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!

+
(A. 6)

Calculation of the orientation-averaged components of the tensor gives us the following relations:

64

!!!
!!"

!

!

!!" !!"

!

!!!

=

!!"

=

!!! !!!
!!! !!"

=

=

!

=
=

!

!!!
!!"

!

= !! +
=

!!" !!"

=

!!" !!"

!!! !!!

=

!!! !!!

4 !
!
45

(A. 7)

1 ! 1 !
! + !
15
9
=

(A. 8)

1 ! 1 !
! − !
15
9

= !! −

=

!!! !!"

=

!!! !!"

=

=

!!! !!"

=

!!! !!"

=0

2 !
!
45

!!! !!"

(A. 9)
(A. 10)

=
(A. 11)

The equivalence among the orientation averaged diagonal terms of the Raman tensor, described in
Eq. (A. 7), is an obvious consequence of the fact that for randomly oriented molecules there is no
preferential direction and the x, y, z laboratory directions are all equivalent. The same holds for the
relations in Eqs. (A. 8) - (A. 11). A further relation among the orientation averaged mixed products of
the Raman comes from Eqs. (A. 7) - (A. 10):
!!" !!"

+

!!! !!!

=

!!!

!

−

!!"

!
!!!

(A. 12)
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Chapter 3
Novel plasmonic substrates for SERS biosensing

The wide interest in biosensing applications has recently driven the development of nanofabrication
techniques, which enable the synthesis of nanostructured substrates, characterised by highly
reproducible SERS activity. In this contest good results have been achieved by exploiting plasmonic
nanostructures prepared by top-down lithographic approaches which enable the synthesis of highly
ordered arrays of metal nanoclusters, designed with very precise geometries [1,2]. However, the
nanopatterned areas are limited in a range of 100 µm2 thus opening an issue in terms of cost for
applications. In this scenario, a growing scientific and technological interest is devoted to novel
approaches which enable the functionalization over large areas (cm2 range) of substrates with high
SERS activity and reproducibility [3, 4,5]. In this case ensembles of plasmonic nanoclusters are grown
by self-assembly of metal colloids [6], or, alternatively by thermal or sputtering deposition of metals
either over flat [ 7,8 ] or onto prep-patterned substrates such as block copolymers [ 9 ], dielectric
microspheres [10,11,12] or nanostructured glasses [13]. Plasmonic functionalities are thus easily achieved
over large areas on self-organised substrates while efforts are in particular oriented at the fabrication
of arrays of nanoclusters with controlled shape and/or interparticle-coupling, in order to tune the
spectral response, thus maximising the near-field amplification responsible for the SERS activity.
In this chapter I will focus on SERS experiments carried out on two novel plasmonic substrates: a
two-dimensional array of Au nanoclusters shaped as half-moon nanocrescents produced by glancing
angle metal deposition on self-assembled monolayers of closed-packed polystyrene nanospheres [14,15]
and an array of anisotropic gold nanostructures grown by thermal deposition at grazing incidence on
nanostructured polydimethylsiloxane (PDMS) templates. After having characterized the SERS
efficiency of the plasmonic substrates with common dye molecules we tested the samples for
characterization of biosystems.
Results presented in this chapter are based on refs[15,16], and were fruit of the collaboration with the
group of Prof. Buatier de Mongeot at the University of Genoa and with the group of Dr. Peluso at the
Institute of Biosciences and Bioresources of the Italian National Research Council in Naples.

70

3.1 SERS Amplification from Self-Organized Arrays of Plasmonic
Nanocrescents
3.1.1 Materials and methods
Au nanocrescents fabrication
Self-assembled monolayers of polystyrene nanospheres are prepared on microscope glass substrates
over large areas. The preparation method exploits the self-assembly of nanospheres at the air−water
interface. At the interface, the spheres disperse and then assemble into close-packed hexagonal arrays.
Finally, the as-prepared arrays, floating on the water surface, can be efficiently transferred onto a plain
microscope glass-slide, covering large areas in the range of 1 cm2. The as-prepared self-assembled
monolayers (diameter of the spheres (D) = 300 nm) are subsequently decorated by Au thermal
evaporation from an alumina crucible at the glancing angle θ = 80° with respect to the surface normal.
In this way, two-dimensional arrays of disconnected metal nanostructures are confined on the
polymeric template, as shown in the SEM image of Figure 3. 1a (backscattered electron signal). The
metal dose is defined as the thickness d of a metal film deposited on a reference flat glass substrate
during the same experimental run. Under these conditions the nominal dose d reads as 10 nm.

Figure 3. 1 – (a) SEM image of two-dimensional arrays of Au nanocrescents (nominal dose d=10 nm) confined at the
glancing deposition angle θ=80° on a nanospheres monolayer (spheres diameter D=300 nm). (b,c) Sketch of Au
nanocrescents which are respectively shown in top and side view. (from ref[15])

The strong shadowing effect induced by the nanopatterned template under grazing angle evaporation
conditions promote metal nucleation on the irradiated portion of the spheres, leading to half-moon
shapes, called hereby nanocrescents [14]. Figure 3. 1a highlights the anisotropy of the nanocrescents
(brighter regions) which are laterally disconnected and characterised by a trapezoidal in plane
projection. As shown by the top-view sketch of Figure 3. 1b, the nanocrescents are characterised by a
short and a long axis, respectively oriented parallel and perpendicular to the Au beam projection onto
the surface.
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A statistical dimensional analysis performed on the SEM images, permits to estimate the mean value
of the short and long axis of the crescents, which respectively are s = (109 ± 30) nm and l = (147 ± 30)
nm. At the same time the crescent thickness t, sketched in Figure 3. 1c and defined as the maximum
local Au dose deposited on the illuminated part of the sphere, is about 36 nm. The morphological
anisotropy of the nanoclusters is thus defined in terms of their aspect-ratio, respectively evaluated
along the short axis, rs = s/t ≈ 3, and the long axis, rl = l/t ≈ 4 [15].
Surface enhanced Raman spectroscopy setup
The SERS efficiency of the nanocrescent array has been investigated by probing the Raman signal of
MB molecules. MB is deposited onto the substrate by drop casting of an MB solution (concentration
10−4 M) followed by air-drying. As we have seen in the precedent chapter MB features an electronic
resonance at 670 nm [17]. Excitation at 633 nm leads to a preresonant amplification of the Raman
scattering, providing a boost of ∼ 2 orders of magnitude to the signal with respect to what is measured,
e.g., at 785 nm. Surface-enhanced Raman scattering (SERS) of MB is excited at 633 nm with a HeNe
Laser (typical power in the range of 0.8−60

W with an integration time of 10−30s). Light is focused

on a spot of typical diameter of approximately 600 nm with an Olympus 100× microscope objective
(NA 0.9), which serves at the same time to collect the total SERS signal in backscattering
configuration. A silicon CCD camera (Synapse Horiba Jobin-Yvon), coupled with a Horiba JobinYvon HR800 micro-spectrometer, is used for light detection.
SERS measurements in the near IR (NIR) at 785nm are performed using an XploRA PLUS (Horiba

Horiba Jobin-Yvon) spectrometer. The SERS signal is collected via the same illumination objective
(100×), in backscattering and detected through a Peltier-cooled silicon CCD (Sincerity, Horiba Jobin
Yvon). Spectra are typically acquired with pump power and integration time in the same ranges above
indicated.

3.1.2 Results and discussion
The optical transmittance at normal incidence of the nanocrescent array is shown in Figure 3. 2a: the
spectra were measured for linear polarisation of the incident light, respectively oriented parallel (i.e.
TM-pol, black line) and perpendicular (i.e. TE-pol, red line) to the Au beam projection on the surface,
as shown in the sketch of Figure 3. 1a. The optical transmittance is characterised by a pronounced
dichroism (especially in the VIS-NIR spectral region), as expected from the structural arrangement of
such arrays of subwavelength nanoclusters. In the NUV-VIS region, up to about 500 nm, the
dichroism is weak and both TE and TM spectra are dominated by the peak at 385 nm, due to the Bragg
forward diffractive mode excited into the close-packed nanosphere arrays [14,15,18] and by the Au
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interband transition around 500 nm. At higher wavelengths, for TM-polarisation, we observe a broad
extinction minimum peaked around 700 nm (black arrow), which is due to the excitation of a
Localised Surface Plasmon (LSP) resonance along the short axis of the crescents. For TE-polarisation
a similar optical feature, due to the excitation of the LSP resonance polarised along the nanocrescents
long axis, is red-shifted around 1030 nm (red arrow). In this way, by simply rotating the polarisation
of the incident light, we are able to tune the spectral position of Localised Plasmon resonances into the
VIS and NIR spectrum. A weak additional spectral feature can be clearly observed for TE polarisation
around 600 nm (blue arrows); this mode is also present for TM polarisation but is embedded into the
short axis LSP resonance peak. The assignment of such High Energy mode will be discussed in the
following [14].

Figure 3. 2 - (a) Extinction optical spectra of the Au nanocrescent arrays shown in Figure 3. 1a, measured for two
polarization of the incident light, respectively oriented parallel, i.e. TM (black line), and perpendicular, TE (red line), to the
Au beam projection onto the surface (sketch in Figure 3. 1a). (b) SERS spectra of MB molecules cast over the plasmonic
arrays of image (a), excited with a TM- and a TE-polarized laser (black and red lines, respectively) peaked at 633 nm. Both
the SERS intensity was normalized with respect to the Raman emission of MB molecules lying on a flat Au film, used as
reference (blue line). (from ref [15])

The tailored plasmonic response of Au nanocrescents gives the possibility to exploit such arrays as
optical nanoantennas for Surface Enhanced Raman Scattering, which usually employ laser sources
peaked in the visible or NIR spectral range. In particular, as demonstrated by optical spectra in Figure
3. 2a, for TM polarisation the LSP resonance is optimally matched to a conventional 633 nm pump
laser. For different laser excitations, the spectral matching with the LSP can be easily achieved by
using the suitable sphere diameter.
The SERS spectra of Methylene Blue (MB) molecules deposited onto Au nanocrescents arrays are
reported in Figure 3. 2e for both TM (black line) and TE (red line) polarisation. The Raman scattering
of MB molecules lying on a flat compact Au film is also reported as a reference signal (blue line). In
the reference spectrum we normalized to 1 the intensity of the 446 cm-1 peak. In the two SERS spectra
the signals are normalized to the reference, so to have an immediate clue of the SERS amplification
provided by the sample. All the SERS data are the results of a statistical sampling of 5 measurements
acquired on different spots within an area of 500 µm × 500 µm. We considered for our analysis the
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average value of the Raman peaks at 446 cm-1 (C-N-C skeleton bending mode) and at 1624 cm-1 of
MB molecules (C-C ring stretching mode), after background subtraction [19]. A polarization scrambler
is placed in front of the spectrometer hole in order to average out any signal dependence on the
polarization state of the SERS photons when the sample is rotated under the microscope.
In order to evaluate the amplification provided by the samples and compare their efficiencies, we
define the SERS Gain [20] as the ratio between the SERS intensity of some reference peak of MB, and
the respective resonant Raman scattering intensity measured on the reference gold flat film:
! !"#! = !!"#! !!"#

(3. 1)

! !"#! provides, at a glance, quantitative information on the signal gain that one has to expect from a
specific SERS sensor with a specific geometry with respect to a reference Raman experiment (in our
case, Raman spectroscopy of MB on a flat gold film). Under the assumption that all the experimental
parameters, such as objectives, laser wavelength, spectrometer etc. are the same, G has the advantage
of being free from any overestimation error made when calculating the probed molecules in the SERS
enhancement factor, however it does not provide direct information on the amplification at the single
molecule/nanostructure level.
Here we have measured SERS gains in the range of 2×103. This value is quite remarkable
considering that our nanocrescents behave as individual nanostructures (near-field coupling effects
show up for gaps < 25nm, whereas here the crescent-to-crescent distance is ~ 100nm) [21]. The gain
well compares with near-field coupled nanostructures fabricated with different techniques such as
nanorods dimers made by Electron Beam Lithography (3.5×103) [21] or near-field coupled Au
nanospheres made by Electron Beam Evaporation (3.5×103) [22]. Therefore nanocrescents prove to be
very competitive among plasmonic systems.
We notice that the SERS gain is higher for TM polarization by a factor of approximately 2 with
respect to TE polarization. We attribute this anisotropic SERS response to an electro- magnetic effect
boosted by the localized plasmon excitation along the nanocrescent’s short axis. In this way, SERS
measurements show that Au nanocrescent arrays behave as plasmonic nanoantennas sensitive to the
polarization of the pump laser. We attribute the small dichroic ratio and the large SERS gain in TE
polarization (in the range of 103) to two main reasons: (1) the presence and plasmonic nature of the
high energy (HE) mode at 600 nm, contributing in both TM and TE polarization excitation, and (2) the
intrinsic roughness of the polycrystalline nanocrescents (Figure 3. 1a), which is responsible for an
isotropic distribution of hot-spots at their surface.
To investigate the plasmonic nature of the HE mode, we monitored the growth of the Au
nanocrescent arrays by measuring the extinction optical spectra and the SERS emission from MB
molecules corresponding to deposition of different metal doses d. In analogy to the nucleation
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behaviour of an ultra-thin Au film in the early stages of growth [7], we can expect that the metal atoms
deposited on each nanosphere initially nucleate forming isolated symmetric clusters, while only at
higher metal doses the clusters coalesce into a compact nanocrescent.
In Figure 3. 3a-b we plot the optical extinction spectra of Au nanocrescents arrays grown at θ=80°
when the Au dose increases from 2nm to 20 nm. The two panels refer to polarisation of the incident
light oriented respectively perpendicular (i.e. TE-pol) and parallel (i.e. TM-pol) to the Au beam
projection on the surface (the yellow arrow in Figure 3. 1a). At the lowest metal coverage of 2 nm
(blue lines in Figure 3. 3a-b) we detect an isotropic optical response characterised by the excitation of
a High Energy (HE) mode around 600 nm for both TE- and TM-polarisation of the incident light. The
optical anisotropy gradually increases at higher Au doses: the HE mode around 600 nm remains pretty
much the same for both polarisations while, for TM-polarisation, an additional deep and broad
extinction minimum, peaked around 700 nm, appears. The latter is attributed to the excitation of the
LSP resonance polarised along the nanocrescent short axis, which coexists with the weak HE mode.
The intensity of the short axis LSP extinction increases at higher coverages, when isolated clusters
coalesce forming connected crescents. At the same time a spectral blue-shift is observed, which is
induced by a reduction of the nanocrescents aspect ratio along their short axis, rs.
For TE-polarisation the long axis LSP resonance of the connected crescents can be detected in the
NIR range, around 1100 nm, in full agreement with the findings in ref [14]. A clear assignment of the
HE mode is not trivial. The data reported in Figure 3. 3a-b indicate a possible assignment to LSP
resonances, sustained by disconnected nanoclusters, which are formed during the early stages of
nucleation. At lower metal coverages only the disconnected clusters decorate the illuminated portion
of the nanosphere, while at higher coverages the isolated clusters coexist with connected
nanocrescents.
According to the previous observations it is possible to understand the high SERS amplification in
TE polarisation (Figure 3. 2b - Au thickness d=10 nm), since the pump laser at 633 nm can efficiently
excite the LSP resonances of isolated clusters (HE mode), which are spectrally overlapping. To obtain
a more complete picture of the optical response of our samples, we probed the SERS of the
nanocrescent arrays (d = 10 nm) by exciting at 785 nm. For the TM polarization, we find that the
SERS gain is 3 times smaller than that found at 633 nm. This is in agreement with the expectations
because the excitation at 785 nm is on the tail of the TM resonance (see Figure 3. 2a), and the
446 cm−1 Raman mode located at 813 nm is even further shifted outside of the TM resonance. In
addition, from Figure 3. 2a, we see that, although at 633 nm we have a pronounced difference between
the transmission for TM and TE polarizations, at 785 nm the transmission values are similar for TE
and TM polarizations. We therefore do not expect any remarkable SERS dichroic response when
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switching the polarization between the two states, as confirmed experimentally (the ratio between the
SERS gains is in fact 1.0 ± 0.1).

Figure 3. 3 – (a-b) Optical extinction spectra of Au nanocrescent arrays respectively measured for light polarization
perpendicular (TE-pol) and parallel (TM-pol) to the Au projection on the surface. Metal was deposited at θ = 80° for different
Au dose d, increasing from 2 nm (blue), 5 nm (green), 7nm (violet), 10 nm (red), 20 nm (black) from top to bottom. (c-d)
SEM images respectively of Au nanocrescents arrays and a zoom on a single sphere. A gold dose d=10 nm was deposited at
θ=80° onto nanospheres of 300nm of diameter. The images highlight the confinement of a chain of disconnected nanoclusters
strongly coupled to each connected polycrystalline crescent. (from ref [15])

SEM characterisation of the nanocrescent arrays confirms the hypothesis of the HE mode origin
studying their morphological evolution as a function of increasing metal dose. The SEM image of
Figure 3. 3c, acquired after deposition of d = 10 nm at θ = 80°, and the zoomed-in sphere of Figure 3.
3d, clearly show the presence of disconnected nanoclusters with characteristic size is in the range of
about 15 nm. The clusters decorate the border between the illuminated and the shadowed part of the
sphere, forming disconnected chains which decorate the edge of the connected half-moon crescent.
The mean number of nanoclusters, n, confined in the near vicinity of a connected crescent, has been
estimated as a function of the Au dose d through a statistical analysis performed on a set of SEM
images acquired on different samples. The results point out the number of these nanoclusters decreases
for increasing Au dose and their presence persists also at higher gold coverage due to the fact
shadowing effects prevents further metal deposition and coalescence of the clusters located at the edge
[15,23].
In order to independently assess the role of the HE mode in SERS amplification, we performed a set
of SERS measurements as a function of increasing Au dose (same conditions as in Figure 3. 1a-b). In
all experiments the samples were excited at 633 nm, resonant with the HE mode. The measured SERS
Gain is reported in Figure 3. 4a-b as a function of the metal dose d, respectively for the MB Raman
peak at 446 cm-1 and at 1624 cm-1; in both cases we plot the measurements performed for TM (black
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squares) and TE (red dots) polarization of the excitation laser. For both polarizations, we can observe
that the SERS gain monotonically increases as a function of the Au dose deposited on the spheres,
reaching more than 3 orders of magnitude. SERS gains in the range of 50−100 are observed already
for the lowest coverages and exceed 103 at the highest doses.

Figure 3. 4 - SERS Gain of arrays of Au nanocrescents with respect to a reference flat Au film. SERS measurements
performed for TM (black squares) and TE (red dots) polarization of the excitation laser are reported for the MB Raman peak
(a) at 446 cm-1 and (b) at 1624 cm-1 as a function of the Au dose deposited onto the nanosphere monolayers. (c) Anisotropy
ratio r of the SERS emission.

As evidenced by the plot shown in Figure 3. 4c, the anisotropy ratio of the SERS gain, ! =
!"#!
!"#!
!!"
!!"
, reaches a maximum around 2 for Au doses in the range of 10 nm. In analogy to the far

field optical behaviour, at the lowest dose of 2 nm the SERS gain is independent from laser
polarisation orientation (r = 1) while it shows a gradual increase in TM-polarisation at higher coverage.
This picture is consistent with the initial formation of symmetrical Au nanoclusters, which respond
equivalently to TM and TE polarized light (HE mode), followed at higher doses by coalescence into a
connected anisotropic nanocrescent decorated by a chain of nanoclusters (HE mode + LSP short axis
mode for TM polarisation).
In summary, the optical and SERS spectra and the SEM observations at low metal doses (d < 4nm)
independently support the hypothesis that a random network of isotropic and non-percolated Au
nanoclusters is confined on the illuminated portion of the dielectric spheres. Such nanocluster arrays
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sustain an LSP resonance (HE mode), which is resonantly excited by the laser at 633 nm for both TE
and TM polarisation. At the same time the correspondingly SERS anisotropy ratio r reads one. By
increasing the Au dose the clusters coalesce into a connected anisotropic crescent, which supports
polarisation dependent LSP resonances in the VIS and NIR range respectively. In this way the rise of
the SERS anisotropy ratio r in the dose range between 4 and 10 nm (Figure 3. 4c), can be attributed to
the gradual increase of the absorption and scattering cross section of the connected nanocrescents,
whose short axis LSP is resonant with the pump laser frequency. Field localization (hot spots for
SERS amplification) is expected in correspondence to the well-defined sharp edges of the
nanocrescents and in the vicinity of the nanoclusters [24,25]. For Au doses above 10 nm (i.e. local
thickness t exceeding 37 nm) a saturation and even a slight decrease of the anisotropy ratio r is
observed. The latter can be attributed to roughening of the polycrystalline nanocrescents due to
intracluster diffusion and grooving effect corresponding to the grain boundaries that can change the
near-field distribution of the electromagnetic field. As an example, Sow et al. [26] demonstrated that
removing surface roughness in polarization-sensitive gold nanostripes can lead to a more pronounced
anisotropy in the SERS gain even if the overall SERS intensity will be lower because of reduction of
the hot-spot sites available.
It is worth to notice that a polarisation independent SERS amplification induced by the plasmonic
HE mode is still effective in the high coverage regime since the isolated nanoclusters coexist with
connected crescents as confirmed by the SEM analysis [15].
These results derived for the specific case of nanocrescents supported on nanosphere arrays are also
expected to hold true under more general conditions, e.g., when plasmonic nano- antennas are
deposited by physical deposition on tilted templates. In all of these cases, the vertical growth of the
antennas induces a shadowing effect that self-limits the coalescence of the primitive nanoclusters
located on the trailing edge of the nanoantenna opposite the deposition source.
In light of prospective developments aimed at plasmon-enhanced spectroscopic applications in IR,
we also find evidence of excellent tunability of the nanocrescent plasmonic platform. For light
polarization parallel to the “long axis”, the LSP resonance of the nanocrescents can in fact be easily
shifted to the NIR spectral range. An additional benefit of experiments performed with IR pump lasers
resonant with the long axis LSP mode would be to spectrally decouple the response from the
contributions of symmetric nanoclusters, whose dipolar resonance is peaked in the 550−600 nm range.

3.1.3 Quantitative SERS detection with Au nanocrescents
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In this paragraph we want to prove that nanocrescents are also suitable for quantitative SERS sensing
applications. The absolute SERS signal of MB has been monitored at increasing concentrations. The
results are shown in Figure 3. 5. The analysis is carried out on the nanocrescents with a metal
thickness of d = 20 nm, showing the highest SERS gain.
We use a circularly polarized beam laser beam to average possible orientation changes of the
crescents, according to the considerations done in the previous chapter about the importance of having
an apolar SERS response for asymmetric plasmonic nanostructures when the optimal excitation
configurations are uncertain. Laser power and integration time are set to avoid sample degradation. At
633nm a useful dynamic range from 10 nM to 10 µM, is found, with the onset of signal saturation
around 0.1 mM (Figure 3. 5a). The detection limit of MB is in the range of 1 nM (see inset in Figure 3.
5a). The same trend is shown in Figure 3. 5b for excitation wavelength tuned at 785 nm. In this case
the detection limit was 10 nM and we observe that the absolute SERS signali from MB is about two
orders of magnitude lower respect to the excitation at 633 nm due to the off-resonance conditions with
respect to the molecular electronic transitions.

Figure 3. 5 – (a) Calibration curve at 633 nm. The absolute intensity of the 446 cm−1 peak is reported as a function of the MB
concentration. Measurements are carried out on crescents with 20 nm of Au dose using 12.60 µW laser power on the sample
and integration times from 240 s (at 1 nM) to 0.1s (0.1 mM). The inset shows the spectrum of MB at a concentration of
10−9 M. Characteristic Raman bands of polystyrene are highlighted in the red box. (b) Calibration curve at 785 nm.
Measurements are carried on the same sample using 0.45 mW laser power on the sample and integration times from 180 s
(at 10 nM) to 3s (0.1 mM)

The features of the calibration curves showed in Figure 3. 5 are very similar to those of other
calibration curves reported in the literature for other kinds of substrates, such as colloids [27] or
oriented nanorods [28] employed for the detection of dyes at low concentration. In all cases, the
intensity grows as a function of concentration (c), showing a power law regime at low c, whereas it
saturates for high values when molecules saturate all the hot spots of the substrate.

i

Note that here we are considering the absolute SERS signal and not the SERS gain, which is conversely a
relative value.
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3.1.4 Detection of hemoglobin with Au nanocrescents
The efficiency of Au nanocrescents as biosensor has been proved with the detection of haemoglobin
(Hgb). Hgb is a tetramer composed of 2 pairs of polypeptide chains called globins, with a total
molecular weight Mw = 64.5 kDa. Each subunit chain is bound to one heme group, in which iron is
coordinated to 4 pyrrole nitrogens of protoporphyrin IX and to a imidazole nitrogen of a histidine
residue from the globin side of the porphyrin. The sixth iron coordination position is available for
binding with other small molecules such as O2, CO or CO2, with the consequent deformation of the
protein [ 29 , 30 ]. Due to this characteristic, Hgb is of fundamental importance for the oxygen
transportation in most of living organisms, but also for its contribution in regulating the blood pressure
by

distributing

nitric

oxide

within

the

bloodstream

[
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hemoglobinopathies, such as the sickle-cell disease or Thalassemia [ ], present differences in amino
acids sequences of hemoglobin chains, leading to different conformation structures distinguishable
with Raman spectroscopy [33,34]. Therefore SERS can be exploited for the characterization of low
quantities of proteins, down to the single molecule [35] and implemented in new techniques for
biomedical diagnostics.
Normal Raman spectroscopy of Hgb mainly shows the vibrational fingerprint of the heme group,
which is resonantly excited in the optical region [33,34,36]. Figure 3. 6c shows the Raman spectrum of
Hgb diluted in water at the concentration of 0.1 mM, where some of the typical modes of Hgb are
visible such as the pyrrole ring symmetric deformation and breathing at 665 and 755 cm-1 respectively,
as well as the C=C stretching modes of the vinyl groups and pyrrole rings of the protoporphyrins at
1544, 1577 and 1610 cm-1 [36]. Hgb has been pipetted on to the nanocrescents (Au dose d = 20 nm)
and SERS measurements done after the solvent has evaporated. Excitation wavelength is tuned at
638 nm, while laser power and integration time are 0.3 mW and 30 s. SERS spectra of Hgb at different
concentrations (100 pM to10 µM) are shown in Figure 3. 6a. The spectral range from 1400 to
1700 cm-1 (yellow box in Figure 3. 6) presents strong vibrational bands that can be related to the
protein. The signal from bare nanocrescents in the same excitation conditions is almost flat in all the
range except for the polystyrene bands at 1000 and 1030 cm-1 (black line in Figure 3. 6a). In addition
to the vibrational bands at 1544, 1577 and 1610 cm-1, two other bands of Hgb are present at 1620 and
1630 cm-1 also attributed at the heme group and in particular to different configurations of the vinyl
group [36,37], clearly visible in the pink and blue traces of Figure 3. 6a. Other features at 1550 cm-1 and
1235 cm-1 are due to Amide II and III bands related to the vibrational modes of the peptide bond in
aminoacid chains of the protein.
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Figure 3. 6 – (a) SERS spectra from Hgb adsorbed on Au nanocrescents (Au dose d =20 nm) at various protein concentration
(from 10 µM to 0.1 nM) acquired with: λexc = 638 nm, P = 0.3 mW and T = 30 s. Black line is the reference spectrum from
bare nanocrescents in the same experimental conditions. Data are offset for clarity. (b) SERS of Hgb 0.1 nM on
nanocrescents acquired with P = 17 µW and T = 30 s, highlighting a high correspondence with (c) the normal Raman
spectrum in water of Hgb 0.1 mM (λexc = 638 nm, P = 18 mW and T = 60 s).

It was also possible to find very efficient areas in which a clear fingerprint of protein can be acquired
with lower power (17 µW) at very low concentrations as reported in Figure 3. 6b, where the spectrum
displays an high correspondence with the normal Raman spectrum also at lower wavelengths (the
presence of pyrrole ring breathing mode at 755 cm-1 is highlight by the green box in Figure 3. 6b).

3.2

SERS from anisotropic gold nanostructures grown on rippled PDMS
flexible templates

PDMS has attracted the attention of scientists from different research areas due to its large number of
appealing properties, i.e. biocompatibility, transparency, flexibility, non-toxicity, hydrophobicity, high
oxygen permeability, and low cost. The high versatility of this material is reflected in the huge variety
of applications in which it is employed, such as tunable optofluidic devices [38], encapsulation of
photovoltaic modules [ 39 ], microfluidic devices for pharmacy, biology and tissue engineering
[40,41,42,43,44], analytical chemistry [45], stretchable electronics [46], mechanical strain sensors [47].
The PDMS chemical and physical properties depend, like for other materials, on the surface
morphology. Indeed, in view of technological applications, one of the biggest successes of scientific
research in the last decades has been the ability to modify the macroscopic properties of samples by
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controlling structural and morphological changes at the nanoscale level. The applied methods become
particularly attractive when they are able to induce such changes on large areas (cm2) by employing
low-cost processes, easily scalable at the industrial level.
Due to their morphology, these substrates appear as good templates for the growth of noble metal
nanostructures, thus enabling to exploit their peculiar optical and plasmonic properties in the visible
and near-infrared (NIR) spectral range for sensing applications. Indeed, while in the last decades most
of plasmonic devices have been assembled on rigid substrates, the research efforts have recently
turned towards flexible polymer surfaces [48,49]. In fact this property provides an additional degree of
freedom since the plasmon resonance can be tuned by stretching the PDMS template [50]. Lamberti and
coworkers e.g. showed that metal-elastomer nanostructures can be successfully employed to increase
SERS signal by matching the plasmon resonance with the Raman excitation line of the analyte [51].
In this last section we employ these flexible substrates for Surface enhanced Raman spectroscopy of
biosystems, namely mitochondria, which were provided by the group of Dr. Gianfranco Peluso at the
Institute of Biosciences and Bioresources of the Italian National Research Council in Naples. In
particular we use Au nanoclusters confined via glancing angle deposition on to PDMS samples with a
nanostructured rippled surface to obtain anisotropic structures, which exhibit different plasmon
excitation wavelength depending on the incident light polarization direction. The plasmonic substrates
used hereafter were fabricated by the group of Prof. Francesco Buatier de Mongeot at the University
of Genoa.

3.2.1 Fabrication of the samples
Nanostructured PDMS samples are fabricated by soft lithography as illustrated in Figure 3. 7. Master
sample is prepared by Ion Beam Sputtering (IBS) on flat glass substrates (Figure 3. 7a) until a welldefined rippled undulation is formed after ion fluencies in the range of 1018 ions/cm2s [52]. The
irradiation is performed at an incidence angle q = 35° with respect to the surface normal in a vacuum
chamber with a base pressure of 1x10-6 mbar by means of a defocused Ar+ ion beam (5 N purity),
generated from a gridded multi-aperture ion source (TECTRA), at the energy of 800 eV. The
competition between ion induced erosion and thermal atom diffusion determines a self-organization of
the surface, which ends with the formation of a regular undulated pattern (Figure 3. 7b) of lateral
period in the order of hundreds of nm. The ripple wavelength depends, among other parameters
(incident angle, ion energy, substrate temperature), on the irradiation dose, which in our experiments
was 2.8x1019 ions/cm2. Such templates are employed as master in a molding process to fabricate
PDMS replicas. A 10:1 weight ratio mixture of pre-polymer and curing agent (Sylgard 184, Dow
Corning) is prepared and left 20 min at room temperature (RT) for degassing. Afterwards, the solution
is casted on the master surface, confined by a circular viton ring (Figure 3. 7c). After further 20 min of
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degassing at RT, a flat glass is positioned on top of the PDMS film (Figure 3. 7d), in order to obtain a
PDMS replica with two parallel surfaces. In this way, it is possible to avoid artifacts due to refraction
in the optical measurements.

Figure 3. 7 - Sketch of sample preparation steps: a) IBS on glass substrate at high temperature (400 °C). b) Resulting
nanopatterned glass surface, to be used as master. c) Casting of PDMS solution onto the master. d) PDMS solidification at
RT for 12 h. e) Annealing at 70 °C for 2 h. f) Removing of the master.

The sample is left 12 hours at RT followed by a final annealing at 70°C for 2 h in order to complete
the polymer reticulation process. After that, the master is removed and a PDMS replica is obtained on
a flat glass substrate. It’s worth to underline that the experimental settings ensure the scalability of the
entire process, from the preparation of the master to the fabrication of the PDMS replica.
Gold nanostructures are grown by thermal evaporation on the PDMS surface in the same vacuum
chamber used for master fabrication. A calibrated quartz microbalance is used to monitor in-situ the
gold flux during deposition. The deposition is done at grazing angle (70° with respect to the surface
normal) in order to confine anisotropic metal nanostructures by exploiting the shadowing effect of the
substrate ripples.
Figure 3. 8a shows the SEM image of the sample after the Au deposition on the PDMS replica. In
this case, the shadowing effect of substrate ripples prevents a continuous growth in the direction
parallel to the Au flux, whereas it favors the growth of elongated structures on the illuminated ripple
facets (i.e. perpendicularly to the Au flux). However, for the Au dose deposited (12 nm), the structures
are disconnected along this direction too (as we will see from the optical measurements). The
observed growth behavior suggests, as expected, a low wettability of the PDMS surface: the Au atoms
tend to agglomerate on Au clusters rather than cover the naked polymer surface, because of the low
surface energy of the polymer, which determines a poor adhesion between the PDMS surface and the
metal [53]. For this reason, though the deposited amount of Au is well beyond the percolation threshold
on glass substrates of 7 nm, the nanoclusters on PDMS do not coalesce, and instead turn into a densely
packed array of plasmonic nanoparticles separated by nanoscale gaps. Therefore even higher Au dose
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(32 nm) have been deposited at grazing incidence (70°) an on a rippled PDMS replica and their optical
properties compared with the previous sample.

Figure 3. 8 – (a) SEM image of 12 nm of Au deposited at 70° on the rippled PDMS replica surface. The yellow arrow
indicates the Au flux direction. Red arrows indicate the polarization directions TE and TM used in the optical measurements.
(b) Extinction optical spectra with polarized light in TE (continuous line) and TM (dot line) directions, taken on 7 nm (blue),
12 nm (red)) and 32 nm (green) of Au deposited at 70° on a PDMS replica.

The optical response of the samples has been investigated by extinction spectroscopy (Figure 3. 8b),
changing the polarization of the incidence light from transverse magnetic (TM - electric field
perpendicular to the ripple axis) to transverse electric (TE - electric field parallel to the ripple axis). A
comparison among the spectra acquired as a function of increasing Au dose (7 nm, 12 nm and 32 nm
respectively) proves that the optical dichroism decreases, the LSPR blue shifts and the profile becomes
broader. For the highest dose (32 nm), the optical response is almost independent of light polarization
suggesting that the shadowing effect due to the substrate nanostructuration determines the cluster
anisotropy only in the early stage of growth. At later stages, once the Au clusters become closely
packed, the cluster aspect ratio becomes similar in both longitudinal and parallel direction and
consequently the optical dichroism tends to disappear (green curves in Figure 3. 8b). However,
grazing deposition and substrate ripples still affects the cluster disconnection. For normal deposition
on flat PDMS, instead, 30 nm Au form a compact film.

3.2.2 SERS amplification of Au/PDMS samples
In order to test the potentialities of the 32 nm Au/PDMS sample as a substrate featuring plasmonic
enhancement of SERS, we have compared the signal of MB molecules supported on the Au/PDMS
sample with that of the reference Au film on glass. MB molecules at a concentration of 10-4 M were
adsorbed on the surface by drop casting. SERS experiments were carried out after evaporation of the
solvent (water) at 638 nm and 785nm with the Horiba XploRA PLUS spectrometer described in the
previously in § 3.1.1, focusing and collecting light through a 100X microscope objective. The
acquired SERS spectra are shown in Figure 3. 9a. MB has intense Raman-active vibrations in the
400 ÷ 1630 cm-1 range. The SERS analysis in this work refers to the C-N-C skeleton bending mode at
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446 cm-1 and to the C-C ring stretching mode at 1624 cm-1 [19]. At 638nm the Au/PDMS sample
provides a signal amplification (SERS gain) of ca. 450 for the peak at 446 cm-1 and ca. 1500 for the
peak at 1624 cm-1, with respect to the Raman signal collected from a reference sample (flat gold film,

Figure 3. 9b) on which MB at the same concentration was absorbed. Here we also take advantage of
the definition of SERS gain G given by Eq. (3. 1) in section 3.1.2. !!"#! indicates that the PDMS
sample is provides a signal ca. 3 orders of magnitude higher than the one measured on a flat gold film
but does not take into account the number of probed molecules in each experiment. At 785nm we have
a remarkable higher SERS gain, ramping up to ca. 8500 on the 446 cm-1 peak and 3500 at 1624 cm-1
(Figure 3. 9c). Changing the excitation polarization from TE (parallel to the ripples) to TM
(orthogonal to them) we observe, for both excitation wavelengths, a slight dichroism
!"
!!
!!"#!
!!"#!
= 1.2 ± 0.3 at both 446 cm-1 and 1624 cm-1 which is compatible with the slightly larger

plasmonic absorption observed in Figure 3. 8b (green solid line). From the SERS point of view, the
sample behaves as a quasi-isotropic ensemble of nanoparticles [22] with some small anisotropic
contribution due to some charge confinement along the ripples axis. The higher amplification
observed at 785nm with respect to 638nm is not compatible with the extinction properties of the
sample, stronger at 638 than at 785nm. It can be attributed to a red-shifted enhancement, commonly
observed in SERS from individual or aggregated nanoparticles, and whose physical nature is still
debated [54,55,56].

Figure 3. 9 - (a) SERS spectra of methylene blue adsorbed on 32 nm Au / PDMS replica for both TM (blue line) and TE
polarization (red line) and (b) Raman signal acquired on the reference Au film. The SERS intensities in (a) and (c) are
normalized to the respective Raman signals measured on the reference gold film (b, d). For convenience this latter signals
have been normalized to 1. For SERS the laser power on the sample was 17 µW at 638nm and 8.7 µW at 785nm, integration
times were 1s at 638nm, 20s at 785nm. For Raman scattering the laser power was 270 µW at 638nm and 4.98 mW at 785nm,
integration times were 10s at 638 nm and 120s at 785 nm.

We have thus shown that the “gold-phobicity”, characteristic of PDMS substrates, can be exploited
in order to achieve remarkable SERS activity in the visible spectrum, with amplification factor in the
range of 102 ÷ 103. At the same time, the presence of strongly coupled anisotropic nanoclusters,
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confined on a rippled template, provides the possibility to tailor the SERS activity by simply
polarizing the excitation laser parallel or perpendicular to the ripples long axis.

3.2.3 SERS spectroscopy of mitochondria
Mitochondria are double membrane-bound organelle found in all eukaryotic organisms. They are
important for energy production, intracellular signalization and initiation of apoptosis and other
cellular pathologies [57,58,59,60]. The internal mitochondrial membrane contains complexes I–V (Figure
3. 10) of the electron transport chain (ETC), which are responsible for the electron transfer from
NADH (in complex I) or succinate (in complex II) along the chain of electron carriers to oxygen (in
the complex IV). Cytochrome c is the only mobile electron carrier, diffusing in the inter-membrane
space and carrying electrons from the complex III to the complex IV. The electron transport in ETC
provides conditions for ATP (Adenosine tri-phosphate) synthesis in the complex V (or ATP-synthase).
Other Cytochrome molecules can be found in the inner membrane and are characterized by different
heme groups (a and b). Surface enhanced Raman spectroscopy has been used for the in-situ
characterization of living mithocondria, exploiting the electromagnetic enhancement of silver-silica
beads [37]. The analysis has pointed out the possibility to investigate the activity of the mitochondrial
electron transport chain by monitoring the SERS intensity of cytochrome c (Cyt c), which is close
enough to the external membrane to benefit of the field enhancement due to plasmonic excitation
(Figure 3. 10). Moreover the label-free approach provides also useful information on the redox state
and conformation of the proteins in their natural cell environment [37,61,62].

Figure 3. 10 - A scheme of the outer and inner mitochondrial membranes (OMM and IMM, respectively) with the complexes
I–V of the electron transport chain (ETC). The cytochromes of a-, b- and c-types are shown by the letters ‘‘a’’, ‘‘b’’ and ‘‘c’’
in the corresponding complexes. Cytochrome c is shown as cyan balls diffused in the intermembrane space (IMS) and
interacting with complexes III and IV. The black numbers with arrows in both the figures indicate the approximate
thicknesses of the erythrocytic plasma membrane, the outer mitochondrial membrane and intermembrane space (the data are
taken from [58]). The distance between the outer and the inner membranes of the mitochondria varies around 10 nm
depending on many factors, including a matrix volume, activity of the ATP synthesis and IMS amount of ADP, the number
of contact sites between the outer and inner mitochondrial membranes [57,58]. Ag@SiO2 nanoparticle, responsible for the
SERS enhancement are represented by the yellow spheres in the bottom part of the figure. (from ref[37])
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A wide range of different materials would be hypothetically suitable for transmembrane SERS
studies of these important biological objects but their real applications require some additional features
like high chemical stability and biocompatibility. In addition, the materials should not have their own
Raman peaks enhanced by nanoparticles, which would potentially disrupt the final spectral data.
Here we wanted to prove the suitability of the rippled Au/PDMS samples for the SERS spectroscopy
and analysis of mitochondria. First investigations started with normal Raman spectroscopy on
mitochondria casted on a gold flat film. As shown in (Figure 3. 11), Raman spectroscopy with NIR
excitation (785nm) highlights the presence of the typical vibrational modes of protein structures, such
as the amide bands due to the normal modes of the peptide bond. In particular the predominance of the
contribution at 1300 cm-1 in the amide III band, suggests that the secondary protein composition in the
biosystem is mainly to α-helices rather than β-sheets [63]. It is worth noting that cytochrome has
indeed a high percentage of α-helix structures [63]. Other vibrational modes can be attributed to the
aromatic aminoacidic residues, such as the Phenylalanine (Phe) ring breathing mode at 1004 cm-1 or
the Tyr Fermi doublet at 830 – 855 cm-1 [61,63,64].

Figure 3. 11 – Raman spectrum of mitochondria sample casted on gold flat film. Many vibrational bands can be attributed to
the normal modes of amino acids and peptide bonds. Experimental conditions: λexc = 785 nm, P = 4.7 mW and T = 120s.

SERS measurements were carried out on the 32 nm Au/PDMS sample, where mitochondria were
fixed. SERS spectra from the biological sample were highly reproducible overall the sample surface
using low power (270 µW), confirming the good homogeneity and efficiency of the plasmonic
properties of the Au ripples. Typical SERS spectrum observed is reported in Figure 3. 12 after
background subtraction. Most vibrational bands attributed to the normal modes of the heme group
were detected, such as Pyrrole ring deformation at 667 cm-1 and ring breathing at 750 cm-1, as well as
the C-C stretching modes at 1554 and 1604 cm-1 [36,61,62]. More likely we are detecting the
cytochromes located between the inner and outer membrane of mitochondria in the near-field of the
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Au nanostructures (Figure 3. 10). In fact the structure of cytochrome c is very similar to hemoglobin in
regard to the heme group, the active site of this protein [37].
The presented spectrum is very similar to the SERS of cytochrome c reported for excitation
wavelength at 638 nm, in a pre-resonant condition with respect to the absorption of the heme group
[61], rather than to the ones reported for a completely resonant condition [62,65], even if also some
spectral features relative to cytochromes b (with heme group b) in the complex II-III (Figure 3. 10)
can be present [36]. Tuning the excitation wavelength to 785 nm (completely off-resonance with the
heme groups), no SERS signal was detected due also to fact we have to set the laser power in µW
range to avoid photoinduced damages of the plasmonic substrate. This is basically due to the fact that
at 638nm the cytochrome c benefits of the resonance Raman effect in addition to SERS.

Figure 3. 12 – SERS spectrum from mitochondria casted on 32 nm Au/PDMS sample. Most of the vibrational modes can be
attributed to the heme group of the cytochromes [37,61]. Experimental conditions: λexc = 638 nm, P = 270 µW and T = 10s.

3.2.4 Conclusions
In summary we have proved Au/PDMS plasmonic samples as efficient tools for surface enhanced
Raman spectroscopy achieving highly sensitive detection of dye molecules over large areas with
amplification factors of almost 104. Moreover it was shown the possibility to employ these substrates
for the characterization of biological systems, namely the membrane of mitochondria, managing to
have information on its probable composition. However the technique has to be assessed with further
spectroscopic investigations on these biological system, but we believe that the methodology can be
useful for discriminating tumoral from sane mitochondria by monitoring the SERS signal from
molecules inside its membrane, like citochromes, responsible for the biological activity of the
organelle.
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Chapter 4
In-liquid SERS detection of biomolecules with gold
nanorods aggregated by optical forces

Label-free SERS detection of proteins in liquid environment has the advantage of keeping proteins in
their natural habitat. Inducing SERS-active aggregates in a solution containing biomolecules,
however, is still a challenge [1]. In this thesis we have developed methodologies for quantitative
SERS detection of biomolecules in liquid exploiting optical forces to aggregate gold nanorods in a
fast, chemical-free and contactless way.
In the first part of this chapter we will review the principal techniques for aggregation of plasmonic
nanoparticles in liquid environment for SERS analysis.
In the second part we will focus on the aggregation of plasmonic gold nanorods by means of optical
forces, the so-called LIQUISOR concept, tailoring previous work done in our labs [2] to study the
aggregation morphology and dynamics, to decrease the LOD of this technique and demonstrate the
feasibility of quantitative detection applied to Bovine Serum Albumin (BSA), a model protein.
This chapter is propaedeutic to chapter 5, in which we tailor the LIQUISOR methodology to detect
other proteins, and show first results on the possibility to add molecular selectivity to the high
sensitivity of the LIQUISOR methodology.
Results included in this chapter are based on refs [2,3].

4.1 Introduction
4.1.1 SERS signal amplification induced by nanoparticles aggregates
Gold or silver colloidal solutions are the most suitable plasmonic systems for in-liquid SERS
detection, representing a three-dimensional plasmonic matrix closely interacting with the analytes in
its native form when they are mixed together [4]. Individual nanoparticles do not provide enough
amplification to much improve the SERS limit of detection of biomolecules, whereas nanoparticles
aggregates can be extremely effective to accomplish such task. When the gap between two or more
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nanoparticles in close proximity is lower than 10 nm, SERS enhancement factor (EF) becomes orders
of magnitude greater with respect to the one relative to individual plasmonic nanostructures. This is
due to rise of new gap plasmon resonances, which are the result of the plasmonic interaction of the
LSPRs of the individual nanoparticles [5,6]. The highest field enhancement is located in the interstices
of the nanostructures, the so-called hot spots [5]. For this reason controlled aggregation of plasmonic
colloids, with analytes located in hot-spots and not free in the solution or only at the edges of the
aggregates, is a crucial point for the fabrication of a ultra-low sensitive SERS sensor working in liquid
environment.
Liu et al. [7] investigated the aggregation dynamics, by monitoring the structural and plasmonic
properties of a silver colloidal solution from the wet state to the dry state. They exploited the waterevaporation process in a micro-droplet of Ag sol to foster nanoparticle gathering and reach molecular
sensitivity in the attomolar range. In Figure 4. 1 is sketched the aggregation process on a hydrophobic
surface capable to confine the droplet and avoid coffee ring effects. Three different regimes were
found: the wet state in which nanoparticles are free in the droplet, the transition state in which NPs are
closely packed but the solvent is still in the system and the dried state in which NPs are in contact.

Figure 4. 1 - Sketches representing (a) a droplet of Ag sols on a hydrophobic surface, (b) the adhesive-force-constructed
closely packed particles in 3D space formed in the water-evaporation process, and (c) the aggregation and deposition of
particles on the dried substrate (from ref[7]).

The LSPR peak position and full width half maximum (FWHM) are indicative of the aggregation
degree of the colloidal solution8, so they were monitored as a function of time while the solvent is
evaporating from the sol. After a slow initial alteration, peak maximum position rapidly red-shifts and
gets broader at about 500s (Figure 4. 2), namely the time necessary for about 93% decrease of the
droplet height, which induces the close-packed arrangement of the nanoparticles (transition state). As
shown in Figure 4. 2c at the same time also SERS intensity of rodhamine 6G (R6G) starts also to
rapidly increase reaching a maximum value before an abrupt collapse of almost two orders of
magnitude at about 650s, corresponding to the beginning of the dried state. The transition from a
regime to another is regulated by the solvent evaporation from the sol.
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Figure 4. 2 - Time-evolution of UV−Vis LSPR maximum peak position (a) and FWHM (b) plotted as functions of time
during the evaporation process of a 1 µL Ag droplet. (c) Time- dependent SERS intensity of the 610 cm-1 peak of R6G 50 aM
mixed with Ag sol in a 1 µL droplet (adapted from ref[54]).

As the droplet shrinks the particle interdistance decrease and at same time ionic strength increase
reducing the energetic barrier of DLVO potential responsible for colloidal stabilization [5,9]. DLVO
potential was calculated as a function of the gap (g) between nanoparticles for different values of the
ionic strength and the possibility of a stable condition came out (Figure 4. 3a). The authors attribute
this equilibrium condition to the balance between adhesive forces owing to capillary effects and
electrostatic repulsions, preventing bulk aggregation and creating a liquid-bridged 3D nanoparticles
matrix dense of hot spots. Simulations of the electric field distribution of this structure were calculated
for average g of 2 and 0 nm, corresponding two different states in the dynamic process of solvent
evaporation, the transition and the dried state respectively. As shown Figure 4. 3b-c, the former is
characterized by huge electric-field enhancements, while on the contrary when g = 0 nm field
enhancement is clearly weaker despite the increased number of hot spots available because of the
rising of quantum plasmonics effects for g < 1nm [10,11]. The influence of the laser irradiation has also
to be considered, in fact it well known that plasmonic NPs resonantly excited can generate high
temperatures [12] accelerating the solvent evaporation process.

Figure 4. 3 – (a) Total interaction energy as a function of g for different values of ionic strength (I). For I=0.3M a second
energy minimum appears, acting as a trapping well (T-well) to immobilize nanoparticles creating a 3D hotspot matrix.
Theoretical simulation of the distribution of electric-field intensity |E(r)|2 for 35 Ag particles of 50 nm in diameter in a water
drop of 1 µm in diameter for (b) g = 2 nm and (c) g = 0 nm. The color bar indicates normalized values for convenience of
comparison (adapted from ref[7]).
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4.1.2 Chemical aggregation of nanoparticles for SERS molecular detection
Simple ways to aggregate colloidal plasmonic nanoparticles involve the addition of external agents,
such as salts [13,14] or pyridine [15,16]. In the field of biodetection, the addition of NPs aggregates to
protein solutions paved the way to quantitative SERS of uric acid in human serum with limits of
detection (LOD) ~240 µM (equivalent to 40 µg/mL) [17]. An efficient strategy to reach much higher
sensitivities is to induce the NPs aggregation via addition of acidified sulfate mixed with the target
protein (Figure 4. 4a) [ 18 ]. This yields SERS-active colloid-protein complexes in which the
biomolecule is located at the NPs hot spots allowing for quantitative detection of non-resonant
proteins at concentrations down to 5 µg/mL (Lysozyme, Lys) (Figure 4. 4b). The same concept has
been tailored to optical fiber sensors that, taking advantage of sandwich NP-protein-NP structures
(Figure 4. 4c), can push the sensitivity down to 0.2 µg/mL (Figure 4. 4d) [19].

Figure 4. 4 – (a) Aggregation protocol of silver colloid for label-free proteins. (b) Concentration-dependent SERS intensities
of lysozyme (1005 cm-1). (c) Schematic tip-coated multimode fiber SERS probe in aqueous protein detection. SERS spectra
of cytochrome c detected by tip-coated multimode fiber SERS probe. (Panel a and b adapted from [18] – Panel c and b
adapted from ref[19]).

Another valid strategy exploits iodide-modified Ag NPs (Ag IMNPs), in which iodide ions form a
one-atom-thick monolayer on silver surface without producing interfering signal and preventing SERS
from eventual surface impurities NPs (Figure 4. 5a) [20]. As shown in Figure 4. 5b, a broad, red-shifted
band appears in the LSPR profile at around 680 nm when the Lysozyme is added to the Ag IMNPs
colloid. The aggregation process is dependent on the nature of protein, so for Lysozyme (basic
protein), colloidal solution color changes from green to red, while for BSA (acidic protein) no color
alteration was seen. Likely for this reason LOD of 3 µg/mL was achieved for Lys, while the LOD for
BSA is only 300 µg/mL [20]. Finally the almost identical features between SERS and normal Raman
spectra (Figure 4. 5c) imply a weak alteration of protein structure suggesting this protective layer can
be also useful for keeping the native structure of the biomolecules [20].
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Figure 4. 5 – (a) preparation of the aggregated system with iodide-modified Ag NPs (Ag IMNPs). (b) UV−Vis spectra of
centrifuged silver colloid, Ag IMNPs, and Ag IMNPs mixed with lysozyme. (c) SER spectra of Ag NPs (1), Ag IMNPs (2),
300 µg/mL lysozyme with Ag IMNPs (3), 300 µg/mL lysozyme with Ag NPs (5), and normal Raman spectra of 100 mg/mL
lysozyme solution (4). (adapted from ref[20])

Other approaches to create efficient hot spots for SERS detection of biomolecules in liquid exploit
hydrophobic interactions (LOD ~ 5 µg/mL for cytochrome C and Lys) [21], heat-induced self-assembly
(LOD ~ 50 nM for glutathione) [22], mechanical aggregation of Au NPs in a microfluidic channel
(LOD ~ 0.1 nM for BSA) [23]. Aggregation of NPs with biocompatible coatings is also a feasible way
for SERS detection (LOD ~ 50 nM for cytochrome C) [24], but the aggregation mechanism is strongly
dependent on the functionalizing agent concentration in the solution [25].

4.1.3 Light-induced aggregation of nanoparticles for SERS molecular detection
Laser irradiation of plasmonic systems can trigger a series of interesting physical-chemical processes
that have to be taken into account in the aggregation process. Illuminating with a laser beam Ag ions
dispersed in a solution containing dye molecules it is possible the locally grow SERS-active Ag NPs
and detect the presence of the dye molecules at the NPs hot spots [26]. Ag reduction can also be helped
by plasmon mediated photoemitted electrons extracted resonantly excinting a dense layer of surface
immobilized gold nanoparticles. This yield to the formation of a hybrid Au-Ag sandwich structure,
whose dynamical increasing morphology is followed by the growing of SERS intensity of the dye
molecules [27]. Light irradiation of a colloidal solution of silver nanocubes (NCs) with an optical fiber
at the liquid-air meniscus can induce aggregation of NCs (Figure 4. 6a) [28]. Heat transfer from the
excited plasmonic NCs to the solvent [12] increases the water evaporation enhancing the capillarity
effects and accelerating the aggregation. These forces add up to the dipolar interaction between NCs
induced by plasmon excitation, fostering the formation of a dense nanoparticles network (Figure 4. 6b).
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Using this strategy the authors demonstrate SERS detection of p-aminothiophenol (p-ATP) molecules
dispersed in the solution (Figure 4. 6c shows the signal increase as a function of the irradiation time),
reaching detection limits in the 100 pM range.

Figure 4. 6 – (a) Schematic of the growth mechanisms of fibre SERS probes fabricated by the laser-induced self-assembly
method. The meniscus is formed by lifting the fibre facet up from the mixture level. (b) SEM images from the centre of the
fibre facets taken at laser irradiation times of 10, 30, 45 and 60 s. (c) Measured SERS intensities of the 1142 cm−1 band of pATP versus laser irradiation times. (adapted from ref[28])

4.1.4 Optical forces
Optical forces [29,30] can play an important role when laser beams interact with plasmonic colloids,
enabling the formation of efficient in-liquid SERS hot spots in a controlled, contactless way [31,32,33].
Light exerts forces and torques on matter due to the momentum conservation in light-matter
interaction [29,30,34]. Optical forces enable the manipulation of plasmonic nanoparticles, providing
novel routes for the synthesis of efficient SERS-active aggregates in liquid, in a controlled and
contactless way [32,33,35]. Optical forces offer key advantages over the aggregation methods reviewed
so far, in terms of control of the process, chemicals-free operation, reversibility, simplicity of
operation, possibility for in-vivo applications. An example is given by the tunability of the lightparticle interaction, giving the possibility to switch from the attractive (optical trapping) to the
repulsive regime (optical pushing) [36] by simply changing the intensity or wavelength of the light
beam. Generally speaking, in fact, when the energy of the laser field is far-off the LSPR, optical forces
are dominated by the gradient force (vide infra) and can attract the metal NPs into the high field
intensity regions [37,38,39]. Instead, when the light is nearly-resonant with the particle LSPR, optical
forces are dominated by the radiation pressure (vide infra) and can be used to push metal NPs along
the beam optical axis onto a substrate [2,40,41,42].
Understanding optical forces, in the most general approach, is accomplished applying the full
electromagnetic theory [34, 43]. However, if the scatterer dimensions are much smaller or much bigger
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with respect to the wavelength of light, it is also possible, and convenient, to use approximated
theories. We can use the size parameter ! = !! !,i (defined in Chapter 1) to discriminate the different
regimes. When ! ≫ 1, the ray optics approximation can be used. Optical forces are calculated
applying Snell’s law. On the contrary, when ! ≪ 1, we use the dipole approximation [34] combined to
the dipolar approximate for the calculation of the particles’ polarizability.
The optical force exerted on an electric dipole !! in the presence of a time varying electric, !! !, ! ,
and magnetic, !! !, ! , field is given, for non-relativistic dipoles, by [34]:
!!" !! , ! = !! ∙ ∇ !! !! , ! + !! × ∇×!! !! , !

+

!
! ×! ! , !
!" ! ! !

(4. 1)

where !! is the position of the center of mass of the dipole. Due to the fact the electromagnetic field
oscillates very fast (optical frequencies are ≈ 1015 Hz), we are typically interested in the time-averaged
value of !!" !! , ! , obtaining:
!!" = !!" !! , ! = !! ∙ ∇ !! !! , ! + !! × ∇×!! !! , !

(4. 2)

The induced dipole moment depends on the electric field trough the relation !! = !!"# !! , where
!!"# is the complex particle polarizability (see Chapter 1). As a result Eq. (4. 2) can be written as:
!!" =

1 !
! Re !! ∙ ∇ !!∗ + !! × ∇×!!∗
2 !"#

1 !!
− !!"#
Im !! ∙ ∇ !!∗ + !! × ∇×!!∗
2

(4. 3)

!
!!
where !!"#
= Re !!"# and !!"#
= Im !!"# . By using some vector identities and using the
!!
extinction cross section !!"# = !! !!"#
/ !! !! , we can finally obtain [34]:

!!" =

1 !
! ∇ !!
4 !"#

!

+

!! !!"#
1 !!"# !
!! −
∇×!!
!
2 !!

(4. 4)

where c is the speed of light in vacuum and we have introduced the time averaged Poynting vector of
the incoming wave:
!! =

1
1
!
Re !! ×!!∗ = !!! !! !! !
2
2

(4. 5)

with ! representing the unity vector in the propagating field direction, and the time-averaged spin
density of the incoming wave, given by [34]:

i

!! is the incident wavevector in the medium while a is the characteristic dimensions of the nanoparticle
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!! = !

!! !!
! ×!
2! ! !

(4. 6)

The first term in Eq. (4. 4) is the gradient force, which is responsible for confinement in optical
tweezers. The gradient force arises from the potential energy of a dipole in the electric field and thus is
!

a conservative force. Since the intensity of the electric field is !! = !! = 1 2 !!! !! !! , we can
rewrite the gradient force in term of the gradient of intensity as:
!!"#$ =

!
1 !!"#
∇!
2 !!! !! !

(4. 7)

Therefore, particles with positive polarizability, i.e. particles whose refractive index is higher than that
of the surrounding medium, are attracted towards the high intensity region of the optical field, and
particles with negative polarizability, i.e. particles whose refractive index is lower than that of the
surrounding medium, are repelled by the high intensity regions.
The second term in Eq. (4. 4) is the scattering force [34]:
!!"#$ =

!! !!"#
!! !!"#
!! =
!! !
!
!

(4. 8)

The scattering force is dissipative, and it is due to the transfer of momentum from the field to the
particle as a result of the scattering and absorption processes, as is revealed by the fact that !!"#$ is
proportional to the extinction cross-section !!"# . This force points in the direction of the Poynting
vector !! , pushing the sphere in the direction of the field propagation !.
The third term in Eq. (4. 4) is the spin-curl force:
!!" = −

1 !!"# !
∇×!!
2 !!

(4. 9)

The spin-curl force arises from polarization gradients in the electromagnetic field and is nonconservative. This force is relatively small compared with the gradient and scattering forces and,
therefore, does not usually play a major role in optical trapping experiments [34].

4.1.5 Aggregation of metal NPs mediated by optical forces for SERS molecular detection
Inducing the near-field coupling of plasmonic nanoparticles in liquid environment is a crucial point
to efficiently perform enhanced molecular spectroscopy, due to the more effective field enhancement
provided by plasmonic nanocavities with respect to single nanoparticles [5,7,44]. Toussaint et al. [45]
proved the possibility to stably trap multiple plasmonic NPs simultaneously. To do this they used a
laser red-shifted with respect to the LSPR of the nanoparticles, capable to enhance the gradient force

100

with respect to the scattering one. When more particles entered the trapping volume, the coupling
between plasmons yielded a red shift in the resonance of the coupled system relative to the single
particle [46]. The change in the scattering spectrum observed was explained as due to the plasmon
resonance of the coupled dimer (Figure 4. 7).

Figure 4. 7 - a) Experimental scattering spectra of one (black), two (blue), and three (red) trapped silver nanoparticles. (b)
Theoretical plane wave scattering cross section spectra of one (black), two noncoupled (blue), and two coupled (d = 2 nm)
plus one non-coupled (red) silver nanoparticles, assuming randomly changing orientation of nanoparticles in space. (Adapted
from ref[46])

The formation of plasmonic dimers can be controlled if a trapped single metal nanoparticle is
brought in the near field of another metal nanoparticle fixed on a substrate (Figure 4. 8a-b). Svedberg et
al. [47] pioneered this approach, showing how to for SERS-active dimers in liquid environment and
detect thiophenol (TP) molecules dissolved therein (10 µM). Ag NPs of 40nm diameter were used,
and two different laser wavelengths exploited for trapping (830 nm) and SERS excitation (514.5 nm).
SERS signal from TP was observable when the dimer formation was optically induced Figure 4. 8c).
These first experiments paved the way to new metal NPs aggregation strategies for the formation of
SERS-active aggregates in liquid [48] or inside lab-on-chip architectures [49,50]. SERS detection of
organic compounds in solution (pseudoisocyanine at 10 fM, naphtalenethiol at 50 µM) has been
demonstrated with these methods. Figure 4. 8d illustrates the optical trapping and aggregation as a
function of time (see laser spot area) of metal NPs flowing in a microfluidic channel. The NPs were
dispersed in thiophenol (TP) or 2-naphtalenethiol (2-NT) solutions. A corresponding increase of the
SERS signal of the TP and 2-NT (Figure 4. 8e,f) was observed as the aggregate size increased with
time. Metalized silica beads have also been used for trapping and SERS detection of emodin at µM
concentrations [51]. Efficient optical trapping of metal NPs in a photonic crystal led to SERS detection
of 4-aminothiophenol molecules down to 10 nM concentrations [ 52 ]. Alternatively to optical
aggregation of individual NPs, it is also possible to trap NPs aggregates already formed in liquid
solution, on which a protein has been absorbed, carrying out SERS detection of biomolecules in
liquid [53].
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Figure 4. 8- (a, b) Dark-field images and corresponding SERS signals (white panels) ofan immobilized and a trapped Ag
nanoparticle (labeled with I and T, respectively). (c) When the particles are brought into near-field contact, the dimer (labeled
with P) shows a strong SERS signal of the thiophenol (TP) molecules in which the NPs are embedded. (d) Time sequence
(T0, T1, T2) of images showing the optical trapping of Ag nanoparticles, flowing in a microfluidic channel, inside the lasers
spot. NPs trapped and accumulated induce an increasing SERS signal of the surrounding analytes, namely TP (e) and2NT(f).(Panels a, b and c from ref[47] – Panel d, e and f adapted from ref[50])

Figure 4. 9- (a) Illustration of the optical assembly of nanoparticles using the evanescent waves generated by SPPs. in a silver
film on a glass prism. The same radiation is used to excite SERS.(b) The aggregate reversibly disappears the field is switched
off and re-appears when the laser (532nm) is shined again.(c) SERS spectra of single molecules of NB (blue), of R6G (red)
and combined NB and R6G (green). Reproduced from (from ref.[55])

Optical forces offer advantages in terms of manipulation, placement on-demand of the aggregates
and sensitivity down to the single molecule level [54,55,56]. Patra et al. [55] showed that optical
aggregation can lead to SERS molecular detection with single molecule sensitivity. They exploited the
evanescent waves arising from the excitation of surface plasmon polaritons (SPP) at the interface
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between a metal film and water (Figure 4. 9c, d) for both trapping and SERS. The authors pointed out
how, in addition to optical forces, the temperature gradient induced by plasmonic heating of the NPs
created an advection flow which fostered the accumulation of metal NPs in the focus region where
they were stably blocked. Notably the evanescent field was effective enough to excite the Raman
scattering of molecules in the interstices of the aggregate allowing to reach single molecule SERS
sensitivity (Figure 4. 9e) of Rhodamine (R6G) and Nile Blue (NB). The technique took advantage of
silver-gold hybrid core-shell NPs.

Figure 4. 10 - LIQUISOR concept. (a) The LIQUISOR employs gold NRs (35 nm diameter, 90 nm length), capped with
Cetyltrimethylammonium Bromide (CTAB) and dispersed in deionized water. NRs are mixed with the target biomolecules
dissolved in phosphate saline (b). Upon mixing, the biomolecules + PBS action destabilizes the CTAB and bind to the NRs
(c). A tiny aliquot of the biomolecule-NRs solution (75 µL) is pipetted into a hemispheric glass microcell (d), sealed with a
coverslip and put under a Raman micro-spectrometer. A laser beam is focused on a micron scale spot in liquid, close to the
sidewalls of the microcell. Due to the scattering forces the NRs are pushed towards the bottom of the cell, inducing the
formation of SERS-active aggregates that embed the biomolecules (e). Laser scattering (f) and bright field images (g) show
that aggregates can reach micron scale dimensions after several tens of minutes. (h) Extinction spectrum of the optically
induced aggregation of the BIO-NRCs (green line), showing a much larger broadening of the resonance with a red shift
towards 770 nm with respect to the NRs as purchased (black dots) and to the BIO-NRCs (blue symbols). Solid lines are fits
using a Lorentz model.

4.2 Quantitative SERS detection of Bovine Serum Albumin with gold
nanorods aggregated by optical forces in buffered solutions
Our group has recently investigated the potential of optically induced aggregation in the field of
biomolecular sensing in liquid environment. We set up a strategy (in-LIQUId Sers sensOR,
LIQUISOR) that exploits the radiation pressure to selectively aggregate metal NPs, and perform SERS
detection of biomolecules in buffered solutions at nanomolar concentration (100 nM) [2].

This
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approach represents a step forward in the development of SERS-based molecular sensors operating in
liquid, since it allows one to use lasers with a broader wavelength range (no more limited by the LSPR
of the NPs), it enables the controlled local spotting of metal nanoparticles on surfaces [57] or even into
living cells [42].
The LIQUISOR approach will be reviewed in the following section. Subsequently we will report the
results obtained in this thesis concerning the demonstration of quantitative protein detection and the
study of the aggregation dynamics.

4.2.1 LIQUISOR: working principle
The working principle of the LIQUISOR is illustrated in Figure 4. 10. CTAB-coated gold NRs
(Figure 4. 10a) are added to a solution of biomolecules dissolved in phosphate buffered saline (PBS,
Figure 4. 10b). The mixture (Figure 4. 10c) is pipetted in a glass microcell and placed under a Raman
micro-spectrometer for laser the irradiation (Figure 4. 10d). The volume ratio is kept to 1:7 v/v, small
enough to preserve the neutral pH (7.2) of the biomolecules solutions. More details on the materials
and procedures are reported in the next section (§ 4.2.2). Upon mixing, the biomolecules bind to the
gold NRs [58], due to the interplay between the electrostatic interaction with the positively charged
CTAB bilayer of molecules surrounding the NRs, destabilization of the CTAB bilayer at physiological
pH induced by the PBS and intercalation of the amino acid residues of the protein [59,60,61]. This yields
the formation of biomolecule-NRs complexes (BIO-NRCs) [25,60] in which individual NRs are
stabilized by the protein layer in the solution (see § 4.2.2.1). An increased mean hydrodynamic radius
of the BIO-NRCs with respect to the CTAB-coated NRs has been clearly detected by dynamic light
scattering measurements (see § 4.2.2.1 for more details). Operation of the LIQUISOR is carried out by
focusing the laser spot inside the microcell, near the sidewall, in proximity of the bottom surface. To
foster the aggregation, in fact, the BIO-NRCs must be conveyed optically in a region of few tens of
microns. This is achieved by positioning the laser spot as close as possible to the rim of the
hemispherical microcell, in the limited free space between the microcell sidewalls and the coverslip so
to focus the laser in proximity of the cell bottom surface. Such process enables the dynamic
accumulation of the BIO-NRCs present in solution onto the bottom surface of the microcell, in a zone
around the laser focus, where they stick and aggregate, forming structures that can reach the size of
several microns. Figure 4. 10f-g show, respectively, the laser scattering image and the bright field
image of two optically induced aggregates. Scanning Electron Microscopy (vide infra) confirms these
observations. The extinction spectrum of the aggregate (Figure 4. 10i, green line) shows a broadening
and red shift of the plasmon resonance [35], that is what we expect when the NRs are near-field
coupled. Such coupling makes them optically resonant at both the laser and the Raman wavelengths
and SERS active [62]. As a consequence, the biomolecules embedded among the NRs experience an
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enhanced laser field and a strong re-radiation effect, leading to high SERS amplification [63]. We do
not observe aggregation or SERS signal when the laser spot is focused into the solution, i.e. far from
the sidewalls, as would be expected if SERS-active small clusters of protein-NRs would be
spontaneously formed in the solution. On the contrary the LSPR of BIO-NRCs (blue spectrum in
Figure 4. 10h) is still dominated by the LSPR fingerprint of individual NRs (black spectrum in Figure
4. 10h), characterized by a short axis resonance at 527 nm and a long axis resonance at 687 nm. In fact
it is observed only a slight red-shifted (1 - 1.5 nm) and broadening (ca. 20 nm), probably a
consequence of the change of local dielectric constant.

4.2.2 LIQUISOR: Materials and procedures
Gold Nanorods
Commercial gold nanorods (35 nm diameter × 90 nm length) are purchased from Nanopartz and
used as received. They are dispersed in deionized (DI) water at a concentration of 0.05 mg/ml,
equivalent to ca. 3 × 107 rods/µL; the solution contains <0.1% ascorbic acid and <0.1%
Cetyltrimethylammonium bromide (CTAB) surfactant preventing spontaneous re-aggregation. The
solution varies between pH = 3–4. The capped rods have a positive ζ-potential (+40 mV).
Bovine Serum Albumin
Bovine Serum Albumin was purchased from Aldrich in lyophilized powder state. Protein buffered
solutions at various concentrations are prepared by mixing the suitable amount of protein powder with
a 200 mM of Phosphate Buffered Saline (pH 7.2). PBS is prepared by dissolving Na2HPO4 (14.94 g)
and NaH2PO4 (5.06 g) in 200 mL of DI water. Following this procedure we prepared samples
containing BSA at concentrations of 10−3–10−8 M. The NRs-proteins solutions are prepared by mixing
the nanorods with the proteins dissolved in PBS in a volume ratio ranging from 1:7 v/v. All the
solutions are prepared and used at room temperature.
Glass microcells
We use liquid microcells consisting of microscope slides with single hemispherical cavities (15 – 18
mm dia., 0.5 – 0.8 mm depth) purchased from Marienfled GmbH (ref. 13 200 02) and covered with a
glass coverslip 170 µm thick. Alternatively a glass microcell made of a bi-adhesive spacer 120 µm
thick attached on a glass slide and sealed with a glass coverslip can be used. Glass coverslips are
purchased from Forlab. All the glasses are washed by immersion in a deionized watery solution (1%
v/v) of HELLMANEX III detergent for 10-15 min, followed by rinsing in DI water in order to remove
the residual detergent. Finally they are washed with ethanol and dried in air.
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Extinction Spectroscopy
Extinction on the individual NRs is acquired with a Perkin Elmer Lamda-20 UV-VIS spectrometer.
Extinction on the NRs protein complexes is acquired by using a Xe lamp white light source,
positioned below the liquid cell, collecting the light transmitted through the aggregate with the same
objective used to induce it.
Raman spectrometer setups
The LIQUISOR operation is carried out with a LabRam HR800 Raman confocal MicroSpectrometer (Horiba Jobin Yvon) coupled to a He-Ne laser (λ = 632.8 nm); the laser beam is focused
by means of either a 50X (Olympus M-Plan, NA = 0.75, WD = 380 µm) or a 100X (Olympus M-Plan,
NA = 0.90, WD = 210 µm) microscope objective mounted on a Olympus BX41-microscope working
in a straight configuration. The laser power on the sample is 6.7 mW, enough to apply a sufficient
radiation pressure on the nanorods for process activation. Optical aggregation is also possible with
long working distance microscope objectives (Olympus LMPlanFl, NA 0.5, WD = 10.6 mm),
provided we use higher laser power (13 mW). For these experiments an XploRA PLUS (Horiba) setup
is used mounting a laser diode emitting at 638 nm. This latter system has been used for dynamic
aggregate growth studies. The SERS signal is collected via the same illumination objective, in
backscattering, dispersed by a 600 l/mm grating and detected through a Peltier-cooled silicon CCD
(Synapse and Sincerity, Horiba Jobin Yvon). Spectra are typically acquired with integration times
from seconds to tens of seconds.
4.2.2.1 Formation and stability of the BIO-NRCs in buffered solutions
The formation and size growth of the BIO-NRCs was studied on BSA. BSA is a protein rich of
sulfur spread over 17 disulfides (S-S), 5 methionine (S-CH3) and one free thiol (a cysteine residue).
Disulfide bridges contribute to a stable protein tertiary structure as they give solidity the α-helix
bundles. When they interact with gold nanoparticles, the high sulfur affinity with gold causes the
disruption of the S-S bridges and the fast creation of the Au-S coordination (for more details there
reader is addressed to Appendix B). As a result, the protein forms a corona all-around the gold
nanostructure (Figure 4. 11a, b), changing its tertiary structure (Figure 4. 11c). Stable colloidal
suspensions are obtained if the protein quantity is sufficient [60]. This is also of NRs covered with
CTAB. When we mix BSA (10-4 M) in PBS (200 mM in water), the high ionic concentration and the
pH value of 7.2 causes the destabilization of the CTAB bilayer surrounding the NRs (see Appendix
B). The presence of BSA and its fast interaction with the gold surface (they form a stable bound in less
than 1 µs [60]) ensures a new protein capping layer that can stabilize the suspension.

106

Figure 4. 11 – TEM characterization of CTAB/AuNRs (A) and BSA corona-coated AuNRs (B). Schematics of BSA
interaction with gold surface by means of the Au-S coordination (C). (from ref[60])

Dynamic light scattering (DLS) represents a unique tool to provide dimensional information of
nanoparticles’ dispersions in liquid. We have carried out DLS experiments in collaboration with
N. Micali and V. Villari of the CNR-IPCF in Messina, using an apparatus based on Photon Correlation
Spectroscopy. Briefly, a He–Ne laser source (10 mW), polarized orthogonal to the scattering plane, is
focused onto the sample and the scattered light is collected at 90° by using a self-beating detection
mode. Two photomultipliers are used for light detection, in a pseudo-cross correlation mode at the
same scattering angle. For collection of the polarized and depolarized scattered light, a Glan-Thomson
analyzer is placed in the scattered beam. The polarization analysis of the light scattered by the gold
rods in solution (the depolarization ratio being about 30%) allows for separating the translation and
rotation dynamics. During the experiment each sample is put in a glass cuvette positioned inside a
thermostat in order to perform the experiment in a thermal equilibrium condition. DLS measurements
show that pure BSA (100 µM) in PBS has a mean hydrodynamic radius (MHR) about 6 nm (Figure 4.
12a, red symbols) at room temperature. The scattering is almost totally polarized indicating that BSA
is in the folded conformation. Upon addition of gold NRs to the protein solution the depolarization
ratio grows to ca. 15% and MHR of about 65 nm (Figure 4. 12a, blue symbols). This value is ca. two
times the one we measure on gold NRs dispersions (Figure 4. 12a, green symbols). The increase of the
particles size confirms the existence of aggregates composed by gold rods surrounded by BSA
molecules (BIO-NRCs). The MHR of the BIO-NRCs at BSA concentration of 0.1 mM does not vary
with time even also after 4 hours (red dots in Figure 4. 12b), indicating that the dimensions of the
NRs, after a fast uptake of BSA from the solution, are stable. These results allow us to conclude that
the BIO-NRCs in solution are by far composed of individual NRs surrounded by some protein layer.
The presence of sparse NRs clusters (dimers or trimers), although cannot be totally excluded a-priori,
has not been detected. A different behavior is observed at lower protein concentrations, where the
formation of larger BIO-NRCs is observed. As shown in Figure 4. 12b, after 10 minutes they have
reached a MHR ranging from 90 nm (BSA 10 µM, blue symbols) to 120 nm (BSA 50 nM, brown
symbols). For concentrations down to 1 µM, the dimensions of the BIO-NRCs increase with time, up
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to a saturation value, indicating the formation of stable dispersions. At smaller BSA concentrations,
namely 100 or 50 nM, a stable configuration is not reached even after 4 hours. In this case protein is
not enough to surround totally the NRs surface. As the protein quantity in solution decreases,
probability to bind to the NRs surface is smaller [64]. Consequently, the time necessary to totally cover
and stabilize the BIO-NRC increases. In the meanwhile the PBS keeps on destabilizing the CTAB
micellar capping agent leading to an aggregation NRs in liquid. Notably, the addition of PBS to the
gold NRs solution (without BSA) leads to the immediate aggregation and precipitation of the latters,
due to the destabilization of the capping agent.

Figure 4. 12 – (a) DLS measurements on BSA 10-4 M (red symbols), bare NRs (green symbols) and BIO-NRC (blue
symbols) at room temperature. (b) Hydrodynamic radius of BIO-NRCs as a function of time at BSA 0.1 mM (red dots), 10
µM (blue dots), 5 µM (green dots), 1 µM (orange dots), 100 nM (pink dots) and 50 nM (brown dots). Red solid line is a
constant line while data at 1 µM, 5 µM and 10 µM were fitted with a function ! ! = !! + ! 1 − ! !! !! . Best fit parameters
are: !! = 73 ± 20, ! = 142 ± 23, !! = 44 ± 22 (orange line – 1 µM); !! = 71.9 ± 6.7, ! = 53.25 ± 6.77, !! = 11.17 ±
2.9 (green line – 5 µM); !! = 59.58 ± 11, ! = 33 ± 10, !! = 5.2 ± 3.6 (blue line – 10 µM). Data at 100 nM and 50 nM
where fitted with a power law model: ! ! = !! ! ! . Best fit parameters: !! = 65 ± 2 and ! = 0,234 ± 0,007 (pink line –
100 nM); !! = 67 ± 2 and ! = 0,228 ± 0,009 (brown line – 50 nM). (c) DLS measurements on BSA 10-4 M at room
temperature (red symbols) and at 60 °C (black symbols). (d) DLS measurements on BIO-NRC with BSA 10-4 M at room
temperature (blue symbols) and at 60 °C (black symbols).

Notably the size of both the pure protein and of the BIO-NRCs increases with the temperature. At
T = 60°C we have evidence of an aggregation of BSA molecules, giving rise to oligomers with a
MHR of about 25 nm (Figure 4. 12c, black symbols). Similarly, the size of the BIO-NRCs shows an
evident increase with the temperature, passing from 65 nm at 25°C to ca. 100 nm at 60°C and proving
that the temperature fosters the formation of larger BIO-NRCs. Therefore, laser-induced heating of the
NRs [12], combined with the thermally-induced structural destabilization and rearrangement of the
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CTAB bilayer, is expected to contribute in further increasing the protein uptake, thus enlarging the
dimensions of the optically induced SERS-active aggregates.

4.2.3 Calculation of the Optical Forces
It is interesting, at this point to estimate the contribution of the different components of the optical
forces in order to get insight on why our experimental configuration (NRs with a major LSPR at
678nm excited at 633nm) leads to a pushing of the NRs towards the bottom of the cell, instead of a
trapping in the laser focus. For particles smaller than the laser wavelength, the dipole approximation
describes quite well the electromagnetic interactions between nanoparticles and incident optical fields.
Within this hypothesis, the radiation force exerted by a Gaussian beam of power P and waist w0,
propagating along the direction !, on a small scatterer immersed in a medium (water, !! = 1.33) with
!
refractive index !! and permittivity !! = !!
is given by neglecting the spin-curl contribute (see §

4.1.4) is given by the sum of Eq. (4. 7) and Eq. (4. 8) [33,36]:
!!"# = !!"#$ + !!"#$ =

!
1 !!"#
!! !!"#
∇!! +
!! !
2 !!! !!
!

(4. 10)

!
where !!"#
is the real part of the polarizability, !!"# the extinction cross section, c is the peed of light,

and !! = 2!! !

!!!! the intensity of the incident laser beam at the focus. As already discussed in

section 4.1.4 !!"#$ is conservative and controls the operation of optical tweezers [30,33]. The gradient
!
force acting on the nanoparticle is repulsive when !!"#
< 0, i.e. when the excitation wavelength is

blue shifted with respect to the plasmon resonance peak, while it is directed towards the laser focus for
!
!!"#
> 0, i.e. when the excitation wavelength is red shifted with respect to the plasmon resonance

peak, and it is generally increased by exploiting high numerical aperture objectives to create high
intensity gradients. However in order to have a stable 3D optical trap !!"#$ component in the !
direction has to overcome the scattering force !!"#$ , the second term in Eq. (4. 10), which is nonconservative and it is responsible for pushing particles along the light propagation direction [34]. !!"#$
is proportional to the extinction cross-section and to the intensity of the incident beam, so in proximity
to plasmon resonances, where !!"# can reach huge values, dissipative forces acting on the metal
nanoparticle can be very strong.
We calculate the optical forces on our nanorods by modeling them as prolate spheroids with semiaxes ! = 45 nm > ! = ! = 17.5 nm. For the the polarisability we use the Clausius-Mossotti relation
modified for ellipsoids [65]:
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!!" = !! !

!!
+ !!
!! − !!

!!

(4. 11)

where !! is the spheroid (complex) dielectric constant measured for gold by Johnson & Christy [66], V
the spheroid volume, and !! are geometrical factors to be taken into account when the field is
polarized along the principal axis ! = a, b, c. The geometrical factors are determined in terms of the
particle eccentricity, ! ! = 1 − ! ! ! , and for a prolate ellipsoid are [65]:
!! =

1 − !! 1 1 + !
ln
−1
!!
2! 1 − !
(4. 12)

1 − !!
!! = !! =
2
The extinction cross-section is given by:
!!"# = !!

!
Im !!"
!!
+
!! !!
6! !! !!

where ! = 2! ! is the wave vector, Im !!" and !!"

!

!

!!"

!

(4. 13)

are the imaginary part and the square

modulus of the spheroid polarizability, respectively.
Exciting our NRs using as excitation wavelength the He-Ne line at 632.8 nm, we are slightly preresonant with respect to the BIO-NRCs LSPR, as highlighted in Figure 4. 10h, and therefore we
expected very intense scattering force on the nanostructures. Considering the Johnson and Christy
gold permittivity at 632.8 nm ( !! = −9.32 + 1.01! ), calculations are done for the two main
configurations in which the field is polarized along the NR long (!) and short axis (! = !) as a
function of the rod position with respect to laser focus center (z = 0) [67]. Results are shown in Figure
4. 13. For field polarization parallel to the NRs long axis, the gradient force (Figure 4. 13a, red line)
has a repulsive nature, due to the blue shift of the laser energy with respect to the long axis LSPR.
The scattering force (Figure 4. 13a, blue line) is even more intense. When the NR is oriented along to
the propagation direction, !, i.e. field parallel to the short axis, the gradient force (Figure 4. 13b, red
line) shows an attractive, “trapping” character, but also in this case the magnitude scattering force is
markedly higher (Figure 4. 13b, blue line), due to the fact we are near the plasmonic resonance and
!!"# has an high value. In conclusion for our experimental conditions the scattering force components
(blue lines) are always prevalent, by at least one order of magnitude, with respect to the gradient
forces (red lines), no matter how the nanorod is oriented. The net force balance acting on the rod is,
therefore, always positive, i.e. directed along the propagation direction !. This leads to the pushing of
the nanoparticles along the optical axis towards the bottom of the cell, as experimentally observed [2].
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Figure 4. 13 – (a) Calculations of the optical forces show for field polarization parallel to the NRs long axis, the gradient
force (red line) has a repulsive nature, due to the blue shift of the laser energy with respect to the long axis LSPR. The
scattering force (blue line) is even more intense. (b) When the NR is oriented along to the propagation direction, the gradient
force (red line) shows an attractive nature, but also in this case the scattering force is much higher (blue line). In both
orientations the net optical force acting on the NRs is positive, i.e., tends to expel the rod from the laser focus along the
propagation direction. The relative z = 0 position refers to the center of the laser spot. The z axis is parallel to the wavevector
k that points “downward” in our experimental configuration. (From ref[2]).

4.2.4 Size growth dynamics and morphology analysis of optically induced aggregates
Figure 4. 14a shows the time series pictures of an optically induced aggregate of gold NRs in BSA.
Between 0 and 20 min we observe a steep linear increase of the aggregate size, likely caused by an
increased number of BIO-NRCs in the illuminated spot . After 30 min the aggregate size saturates and
reaches a steady state. The aggregate growth kinetics is summarized in Figure 4. 14b, where we plot
the aggregate diameter Vs time. Experimental data are well fitted by a function ! ! = ! 1 −
! !!

!!

, with ! = 7.2 ± 0.2 µm and !0 = 13 ± 1 min as best fit parameters, where A is the aggregate

dimension at saturation and !0 the typical time scale on which aggregation saturates.

Figure 4. 14 – (a) Time series images showing the formation of an aggregate under laser irradiation of gold NRs in BSA.
Scale bar is 2.5 µm. Optical images are acquired monitoring the light transmitted from a white lamp placed underneath the
sample after repeated periods of laser irradiation (638nm, 13 mW). (b) Variation of the aggregate diameter as a function of
time (solid symbols). Data are fitted (solid line) with a function ! ! = ! 1 − ! !! !! indicating an initial phase in which
the aggregate diameter increases linearly, followed by a saturation regime. (From ref[2])
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Scanning electron microscopy (SEM) analysis was performed to get insight on the arrangement of
the NRs inside the bio-aggregates induced optically. SEM images were acquired by a field emission
Zeiss Supra 25 microscope. In order to find the aggregate after transfer to SEM we have confined the
aggregation process in a marked zone of the glass cell so to confine further SEM analysis within a few
mm2 of area. After removing the glass coverslip we pipetted away the excess liquid and absorb the
remaining liquid carefully. Finally we looked for isolated, symmetric objects, not surrounded by other
sparse nanorods aggregates on distances of some tens of microns. In Figure 4. 15a,b we show the
optical images of the glass microcell before and after the aggregation of a cluster of NRs. Figure 4.
15c is the corresponding SEM image of the aggregate. A zoom of this image (Figure 4. 15d) provides
information on the BIO-NRCs organization. Sparse rods (cyan box in Figure 4. 15d) are visible having
lengths of 150–200 nm and widths 80–100 nm, probably composed by individual rods surrounded by
some protein layers. Most of the structures, however, show up with a more complex morphology,
featuring dimensions in the 250–350 nm range (white box in Figure 4. 15d and Figure 4. 15e). These
structures are likely composed by few rods, surrounded and linked together by the protein. No
preferential alignment along the laser field is observed. Some complexes (Figure 4. 15f) show rods
aligned in a side-by-side configuration. However in larger complexes, the BIO-NRCs seem to
aggregate in a randomly oriented fashion.

Figure 4. 15 – Bright field optical microscopy images before (a) and after the formation of a large aggregate (b) of NRs in
BSA on the side of the glass microcell. (c) Scanning Electron Microscopy and (d) close-up on the same aggregate. The zoom
highlights the presence NRs aggregated (white box) and kneaded with the biomolecules. Sparse individual NRs (blue box)
are also visible on some points. (e) Other zone of the same aggregate. (f) Locally NRs aligned in a side-by-side configuration
can be found. (Adapted from ref[2])
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4.2.4.1 Optical patterning with BIO-NRCs
The controlled creation of micron sized plasmonic systems on demand can be useful for surface
patterning applications, e.g. to induce SERS hot spots on cells surfaces . In literature we can find some
examples of surface patterning with colloidal plasmonic nanoparticles exploiting thermophoretic
effects [68] or optical forces, taking advantage of both gradient forces for sub-micrometric optical
patterning of glass surfaces with Au NPs [69] and scattering forces for optical printing of gold NPs
onto surfaces [41] or living cells [42]. Figure 4. 16 represents an effective example of optical patterning
using BSA-NRs complexes to write the word “SERS”. Each point was created simply positioning the
focus of the laser beam few microns above the glass surface and irradiating for about 2-3 minutes. The
main role of the protein in this patterning process is to link the NRs to the glass surface. In general, as
long as the NRs are able to stick to a surface we can position on demand plasmonic agglomerates for
SERS characterization of specific spots of the substrate. This would be a useful solution for SERS
mapping of substrates immersed in environments where scanning probes have difficulties to access,
e.g. cell membranes or surfaces interfacing a liquid environment.

Figure 4. 16 – Example of “SERS” optical patterning by LIQUISOR methodology. We use for this experiment a solution of
gold NRs mixed with BSA 0.1 mM (1:2 v/v). Each point was created positioning the focus of a 638 nm laser beam about 5
µm above the glass microcell and irradiating the sample for about 2-3 minutes via 50X long working distance objective
(NA = 0.5). Laser power was set at 13 mW.

4.2.5 Limit of detection of BSA using the LIQUISOR strategy.
The LIQUISOR efficiency as SERS sensor able to detect proteins was investigated on Bovine Serum
Albumin (BSA), diluted in phosphate buffered saline (PBS) 200 mM at pH = 7.2 at different
concentrations. The LOD of BSA in PBS by normal Raman spectroscopy is ~1 mM (Figure 4. 17a,
black line).
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Figure 4. 17 – (a) Solution phase Raman spectra of BSA in PBS at 0.1 mM (red line) and 1 mM (black line). Spectra are
shifted for clarity. At 0.1 mM the signal is dominated by the PBS and water vibrations (537, 880, 993, 1081 and 1640, 2800–
3700 cm−1). At 1.0 mM the fingerprint of the BSA shows up both in the low energy (400–1700 cm−1) and the high energy
(2700–3200 cm−1) range. The arrows indicate the BSA modes assignment carried out by comparison with Raman of BSA in
powder state and to the literature. Integration time 30 s. (b) Upon formation of the aggregates a strong SERS signal is
measured at concentrations of 0.1 mM (red), down to 1 µM (green), 0.1 µM (blue), and 50 nM (orange). Integration times: 5
s at 0.1 mM, 10 s at 1 µM, 20 s at 0.1 µM and 50 nM. Spectra are offset for clarity. All the SERS and solution phase Raman
spectra are rescaled to a common integration time of 30 s, so that the intensities can be directly compared. The left hand side
scales refer to the low frequency modes. The right hand scales refer to the high frequency modes. The SERS peaks are
superimposed to a continuum adsorbate-induced SERS background, which at the lowest BSA concentration contains a
component due to the water OH stretching in the high frequency part. Experiments are carried out with laser wavelength
632.8 nm, laser power 6.7 mW, microscope objective 100X.

At this concentration the most prominent vibrations of the aromatic amino acids (Phe and Tyrosine,
Tyr), of the amide bands (I, II, III) and of the CHx deformations, emerge from the PBS signal in the
600–1700 cm−1 range70. Similarly the CH stretching modes come out from the water OH vibrations in
the high frequency region 2800–3100 cm−1. Detection of BSA in PBS by LIQUISOR is accomplished
at decreasing concentrations, starting from 0.1 mM (Figure 4. 17b, red line), where only PBS modes
can be recorded by normal liquid-phase Raman (Figure 4. 17a, red line), down to 50 nM (Figure 4.
17b, orange). The SERS spectra show very intense peaks in the same spectral ranges of the BSA
vibrations (400–1700 cm−1 and 2850–3100 cm−1) found in solution-phase and in powder state [2],
although different intensity ratios among the peaks are found. The spectra are well reproducible at all
concentrations. We can tentatively assign the vibrational modes comparing the SERS signal with the
Raman spectra of solution-phase and powder BSA [2,70] and with the Raman spectra of the side-chain
aromatic amino acids (Phe, Tyr, Tryptophan, Trp) characterized by a high Raman cross-section [17,
2,71

]. This allows us to associate the strongest SERS peaks to the aromatic residues in the protein

structure to the disulfide bridges (500 cm−1 region), the CH deformations (1300, 1450 cm−1), the
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−1

COO− symmetric stretching (1395 cm−1), the Amide III (1239, 1274 cm−1), the Amide I (1650 cm ),
the CH stretching (2820–3000 cm−1, band). Taking also into account the SERS peaks positions found
in different experiments reported the literature [70,72], we can assume as marker bands of the BSA the
Phe ring stretching at 1004 cm−1, the Tyr doublet in the 850 cm−1 region, the Amide III (1240, 1275
cm−1), the Amide I (1650 cm−1) bands, the Phe+Tyr modes in the 1585–1620 cm−1 and the Phe+Tyr
mode at 3066 cm−1. Such mode assignment must be taken with care, since spectral shifts and intensity
changes could occur as a consequence of the interaction of the protein with the residual surfactant
layer and the gold surface. Control experiments carried out on the pure buffer solution and on the
buffer added with CTAB-coated NRs, precipitated and aggregated on the bottom of the glass microcell
[2] excluded major contributions of PBS and CTAB to the SERS signal of the biomolecules, even at 50
nM concentration. BSA at 10 nM, conversely, yields unstable BIO-NRCs complexes. The SERS
signal, even upon prolonged laser irradiation, cannot be distinguished in an unambiguous way from
the CTAB signal of precipitated NRs. Very likely, BSA at 10 nM is not sufficient to stabilize them in
the solution and provide the conditions necessary for the optically induced aggregation. We can
therefore assert that the LOD of BSA in PBS through the LIQUISOR is between 10 nM (0.66 µg/mL)
and 50 nM (3.3 µg/mL). A SERS gain G ~ 105 is found on saturated aggregates. Here G is calculated
as the intensity ratio between the SERS signal of the Phe mode (1004 cm−1) at 50 nM and the
respective Raman signal at 1 mM, after normalization to power, integration times and. G tells us that if
we wait enough time to saturate the laser spot with interacting BSA-NRCs, the LIQUISOR provides a
signal increase of 5 orders of magnitude with respect to a normal Raman spectrum. The corresponding
SERS enhancement factor, calculated after normalization the number of probed molecules is between
103 and 104. Definitions and more information on the estimation of the number of probed molecules
can be found in Appendix C.

4.2.6 SERS signal as a function of time and concentration
In order to study the operation dynamics of the LIQUISOR we have acquired consecutive SERS
spectra during the optical aggregation of BIO-NRCs at the different concentrations of BSA. We
started mixing NRs with BSA 0.1 mM, Figure 4. 18a–c shows the enhanced vibrational fingerprint of
the protein emerging from the PBS background in the first few seconds from the laser irradiation. The
signal keeps increasing during the following minutes up to a saturation level (Figure 4. 18d). The
aggregation follows two different time scales. The onset of the aggregate formation is observed after
few seconds from irradiation when first early stage aggregates are formed from interacting BIO-NRCs
within the laser focal spot (Figure 4. 18e). The aggregates stick on the cell sidewall and stabilize in
the next few tens of seconds (20–60 sec), producing a stronger SERS signal of the biomolecule. On
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longer time scales (1–30 min) the aggregate repeatedly increases its dimensions due to the capture of
further BIO-NRCs, adding up proteins and hot spots sites (Figure 4. 18f), further enhancing the SERS
signal. The process keeps going with time, producing aggregates that can reach the size of several
microns, due to the fact that the optical forces push the BIO-NRCs all around the laser spot. The
SERS signal, however, saturates typically after some tens of minutes (30–50 min). Saturation occurs
when the BIO-NRCs have totally filled up the actual laser focal volume (Figure 4. 18g), whose
dimension can be assumed of the order of the Point Spread Function (PSF) [73]. From this moment on
the addition of further NRs, laying outside the focal spot, does not contribute to the detected SERS
signal, due to the confocal arrangement of the detection system.

Figure 4. 18 – Dynamics of the SERS signal during the aggregate formation. SERS spectra of BSA are acquired at increasing
times, as indicated by the row, (a) in the 950–1050 cm−1 (Phe ring breathing), (b) in the 1500–1650 cm−1 (aromatic amino
acids and Amide I), and (c) in the 3000–3150 cm−1 (aromatic amino acids CH stretching) regions. The integration time for
each spectrum is 20 s. The Amide I, shifted towards 1640 cm−1, suggests a β-sheets conformation of the protein in the hot
spots. (d) SERS intensity of the phenylalanine ring breathing mode as a function of time during the BIO-NRCs aggregation.
During the early stage aggregation, spectra are taken repeatedly with 1 s integration time. After 1 min, spectra are taken with
30 s integration. The intensities are normalized to the integration time. A continuous SERS signal increase is observed, even
in the early stage aggregation phase. Error bars are related to the noise on each spectrum. The three insets (e–g) depict the
NRs aggregation dynamics during the different time scales. The elliptical regions indicate the laser spot, namely its PSF,
which is focused on the bottom of the liquid cell.

We have therefore decreased the BSA concentration and monitored the time elapse from early stage
aggregation to full saturation, as well as the absolute SERS signal level reached as a function of the
protein concentration, c. At lower concentrations we would expect a longer saturation time, due to the
fact that the probability of protein-NR interaction is reduced by the smaller amount of protein in the
solution [64]. Counter-intuitively, decreasing c we observe that the SERS signal takes less time to
saturate (black dots in Figure 4. 19a), following a power law dependence ! ∝ ! ! with a = 0.26 ± 0.01
(red line in Figure 4. 19a). This anomalous behavior, however, can be understood on the basis of the
DLS measurements reported in Figure 4. 12b. The MHR of BIO-NRCs at 1 µM and 100 nM is larger
than the one at 100 µM by at least 40% in the initial part (15min) of the LIQUISOR operation range,
doubling this value after 30 minutes (Figure 4. 12b).
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Figure 4. 19 – (a) Observed saturation time (black dots) plotted against BSA concentration. Each point is the average of the
saturation times for at least three different aggregates. Red line is a linear fit in log-log scale with a slope of 0.26 ± 0.01 as
best fit parameter. Red symbols are estimated values for Tsat exploiting the relation (4. 19) between the filling rate of the laser
spot volume and the hydrodynamic radius of the BIO-NRC equivalent nanosphere. (b) Time evolution (normalized to
saturation time) of SERS intensity for each BSA concentration ranging from 50 nM to 0.1 mM (colored dots). Measurements
are carried out with laser wavelength 632.8 nm, laser power 5 mW, microscope objective 100X. Solid lines are the fits of
experimental data using Boltzmann growth kinetics equation. (inset) Plot of the slope of the curve at its inflection point vs
BSA concentration. Solid red line is a linear fit in log-log scale with a slope of 0.39 ± 0.04 as best fit parameter.

This means that we need less BIO-NRCs for the laser spot saturation and therefore less time. We can
make the assumption that the rate of volume filling depends on the diffusion coefficient D of BIONRCs, being related to the probability of entering in the laser beam, and on the speed at which these
objects can reach the bottom of the glass microcell. The value of this speed is the equilibrium velocity
that we can retrieve from the balance of forces acting on the nanostructure: the radiation force (!!"# ),
the gravity (!! ) and the buoyancy (!! ) forces and drag force (!!"#$ ). Considering the BIO-NRCs as
nanospheres with radius equal to MHR, we can use the information retrieved from DLS measurements
to model the trend of the saturation time as a function of the concentration. First of all we have to find
the dependence of the filling rate (!!"## ) on the MHR. The diffusion coefficient is given by the
fluctuation-dissipation theorem [34]:
!=

!! !
!

(4. 14)

where ! = 6!"!! is the Stokes’ particle friction coefficient for a spherical particle of radius !! .
!!
Therefore we have ! ∝ !!
. On the other hand the force balance equation leads to:

!!"# + (!! − !! ) = !!"#$

(4. 15)

Using the Stokes law for the calculation of the drag force on a nanospheres with radius !! , we have:
!!"#$ = !!!" = 6!"!! !!"

(4. 16)
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!
Combining Eq. (4. 10) with Eq. (4. 11) we can say that !!"# ∝ ! ∝ ! ∝ !!
. While the (!! − !! ) is

given by:
!
(!! − !! ) = (!! − !! )!" ∝ !!

(4. 17)

where !! and !! are the density of the particle and of the medium respectively. Therefore we can say
that the left part in Eq. (4. 15) is proportional to the cube of !! and combining the result with Eq. (4.
16), we can assert:
!
!!" ∝ !!

(4. 18)

and finally we have that the rate of nanostructures filling the laser volume is related to the product of
the diffusion coefficient and the equilibrium velocity:
!!"## ∝ !!!" ∝ !!

(4. 19)

The average experimental !!"## can be estimated by the ratio between the number of BIO-NRCs
(!!"#$ ) necessary to fill the diffraction limited volume probed by the microscope objective (!!"#$% )
and the measured saturation time (!!"# ). !!"#$% can be estimated calculating the volume of PSF of a
TEM00 laser beam at wavelength λ, focused in air by an objective with numerical aperture NA. The
PSF is well approximated by a prolate ellipsoid having semi-axes b1 = b2 = 0.61 × λ/NA and
b3 = 2 × λ/NA2, where b3 is the semi-axis in the light propagation direction [73]. The volume of the
focused laser spot, therefore, will be Vlaser = (4π/3)b1b2b3 ∼ 2λ3/NA4. For λ = 633nm and NA=0.9, we
find Vlaser ~1.2 µm3. On the other hand, !!"#$ can be estimated in the ideal situation in which we
consider a saturated aggregate where the NRs, surrounded by a protein bilayer, are closely packed and
totally fill the focal laser spot. Thus !!"#$ is given by the ratio between !!"#$% and the volume of one
!
BIO-NRC, whose volume is approximated to !!"#!!"# = 4! 3 !!
.

Mixing NRs with BSA 0.1 mM leads to stable BIO-NRCs with !! equal to 65 nm and the observed
!.!"#
averaged saturation time for SERS intensity is !!"#
= 3200 ± 660 s. Using these values we can
!.!"#
estimate the number of nanostructures in the laser spot after saturation (!!"#$
~10! ) and rate of

filling !!"## ~0.33 ± 0.07 nanostructures/s. Exploiting the relation (4. 19) we can rescale this value for
lower concentrations taking into account the trends for !! extrapolated from DLS measurements
(Figure 4. 12b). Considering the operational time for LIQUISOR starting from 120s (the time
necessary to prepare the sample and put it under the spectrometer), we can calculate the saturation
time at 10 µM, 1 µM, 100 nM and 50 nM with the rescaled !!"## for each concentration. Values
obtained from the model for the laser spot filling (red triangles in Figure 4. 19a) are in agreement with
the observed values (black dots in Figure 4. 19a).
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Rescaling the SERS signal time evolution to the saturation time allows us for a better comparison of
the experimental data at the different concentrations of BSA. Figure 4. 19b shows the time evolution
of the SERS signal as a function of laser irradiation time highlighting the same dependence described
in Figure 4. 18d for all the concentrations considered. All the SERS intensity data set can be fitted
with the Boltzmann growth kinetics equation (solid curves in Figure 4. 19b), given by:
!=

!! − !!
1+!

!!!! /!"

+ !!

(4. 20)

where !! , !! define the initial and final value of I. !! is the value of the time at ! = !! + !! /2,
while !" is related to the slope of curve at !! and is given by !! − !!

4!", which is the rate of

growth of the curve. It is evident looking at Figure 4. 19b that the saturation level of SERS signal
decrease as the BSA molarity is lowered (horizontal colored lines in Figure 4. 19b). This is mainly due
to the reduced quantity of protein in the hot spots of the aggregates, but also to the reduced quantity of
hot spots in general. In fact close-compact aggregates of big nanostructures, e.g. BIO-NRCs at 100
nM, have a lower number of contacts points (hot-spots) with respect to the case of close-compact
aggregates of smaller nanostructures, e.g. BIO-NRCs at 100 µM. As a result the number of hot-spots
which can contribute to the SERS signal of the protein, inside the volume of the laser focus, is
proportional to the BSA concentration. The rate of hot spot formation inside the laser volume can be
related to the steepness of the curve at !! , i.e. to the slope. We can retrieve these values from data fits
and calculate the growth rate of the curves. Plotting these values as a function of the concentration
(inset in Figure 4. 19b), a power law trend is clearly visible. Linear fit in log-log scale gives a slope of
0.39 ± 0.04. This is consistent with our hypothesis on the more efficient hot-spot formation at higher
protein concentration, i.e. BSA 0.1 mM.
The direct relationship between the Raman scattered intensity and the number of molecules probed is
the key point for the employment of SERS as an ultrasensitive analytical tool in the biosensing field
[18, 74]. In fact, besides a low LOD, another key aspect for a sensor is the possibility to quantify
analytes molecules in an unknown sample. In SERS biosensors this task requires a calibration
procedure in order to find the relationship relating scattered intensity to the protein concentration. This
can be done creating a calibration curve with experimental data [75]. LIQUISOR can be used for BSA
quantification if we consider the SERS intensity values at saturation, derived from of the curves in
Figure 4. 19b, yielding to the calibration curve shown in Figure 4. 20. An important requirement for
analytical applications is the reproducibility of the SERS signal. Each point in the graph is given by
the average SERS intensity after background subtraction of at least 4 different aggregates after
saturation. The intensities from one aggregate to another (same concentration) can vary up to 40%
(standard deviation), which is good enough to detect and distinguish proteins at different
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concentrations from 5×10−8 to 1×10−4 M. Lowering protein concentration by one order of magnitude,
in fact, leads to a SERS signal decreases of about a factor 10, following a power law dependence
!!"#! ∝ ! ! with a = 0.59 ± 0.04 (red line in Figure 4. 20). The analysis in Figure 4. 20 was done for
Phe ring breathing mode but the same trend was observed other distinctive BSA features, i.e. Amide
III (1240, 1275 cm−1) and Phe+Tyr modes (1585–1620 cm−1). This proves that BSA configuration
with respect to gold surface does not change decreasing protein concentration.

Figure 4. 20 – Calibration curve for LIQUISOR detection of BSA. Each point represents the averaged SERS intensity of Phe
peak at 1004 cm-1, after background subtraction, from at least 4 saturated aggregates. Error bars are the standard deviation
values calculated for each set of aggregates at the different concentrations. Red line is a power law fit with exponent 0.59 ±
0.04. Measurements are carried out with laser wavelength 632.8 nm, laser power 5 mW, microscope objective 100X.
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Appendix to Chapter 4

B.1 Colloidal gold nanorods stabilized with CTAB
An important parameter to take into account for optical induced aggregation process is the stability
of the colloidal solution. In this section we will discuss about the stability of colloidal gold nanorods
stabilized with CTAB, which represent the plasmonic system used for our investigations. Silver NPs
have shown better SERS enhancement with respect to gold NPs [5]. However for aggregated systems
they can reach comparable SERS enhancements [5], but gold is desirable for SERS biosensing because
of its compatibility with biological matter and simpler surface chemistry [5], opening new roads for the
in-vivo SERS detection [76,77]. Gold Nanorods (NRs) are very versatile systems due to the facility to
tune their plasmon resonance simply changing the aspect ratio [78] providing effective way to drive
optical fields at the nanoscale for various applications also in liquid systems [76,79].
The best way to synthetize stable gold NRs with high reproducibility and morphology control has
proved to be the one employing CTAB as capping agent [80,81]. CTAB molecules are amphiphilic
systems and above the critical micelle concentration (cmc) in aqueous solution (1.2 mM) [82], they
self-assemble forming bilayers chemisorbed on gold NRs surface with the cationic CTA+ head groups
facing the external environment and thus making gold NRs soluble in water (Figure B. 1b) [83,84].
CTAB external layer is not strongly bound to the first layer, but the colloidal stability is granted by a
dynamic equilibrium with the free CTAB in solution [81]. Due to fact that free CTAB is cytotoxic [85]
and its removal will affect the stability of the bilayer and consequent aggregation, CTAB capped NRs
are not suitable for in-vivo application, such as targeted drug delivery [77] or plasmon-assisted
photothermal therapy [79]. For this reason a strong effort is addressed to the replacement of CTAB
with other biocompatible amphiphilic ligands [83,84], or by covering the CTAB bilayer with
polyelectrolytes [86].
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Figure B. 1 – (a) Structural formula of CTAB molecule. (b) Schematics of CTAB bilayer stabilization of gold NRs in
aqueous solution. (c) Transmission electron Microscope (TEM) image of CTAB-capped gold NRs. (Panel (c) adapted from
ref[84]).

B.1.1 Stability of gold nanorods in solution
The work of Kha et al. [84] represents a detailed report on the stability of colloidal gold NRs
passivated with amphiphilic ligands of different kinds. They compared CTAB with polyoxyethylene
(10) cetyl ether (Brij56), Oligofectamine (OF), and phosphatidylserine (PS) as stabilizing agents for
gold NRs under different experimental conditions, e.g. number of washes, pH, ionic concentration and
temperature. In order to draw a better comparison the authors defined a new parameter, named
aggregation index (AI), whose value gives the equivalent broadness of the longitudinal peak (with
units of nm) for a spectrum normalized to the LSPR peak intensity. A higher degree of aggregation
corresponds to a higher AI value [84].
Figure B. 2a shows the AI index as a function of the number of centrifugation and washes. NRCTAB aggregate after two cycles of washes, confirming the bilayer stability is strongly dependent on
the dynamic equilibrium with the free surfactant in solution. On the contrary other NRs seems to be
stable after the purification of the solvent.
The stability under pH variations is an important feature gold NRs need to have in order to be
employed in biological systems. As shown in Figure B. 2b also in this case only NR-CTAB display
differences in the aggregation index: NRs are stable in acidic environment, but aggregate for pH > 6.
Considering the behavior under alterations of the ionic concentration, we to take into account also the
charge of the amphiphilic headgroup. In fact the AI of NR-Brij56, the only rods with a neutral ligand,
is stable also for very high saline concentration, as reported in c. An interesting behavior was observed
for NR-CTAB: after a first stage in which the AI increases rapidly, it reaches a maximum value of
220 nm for [NaCl] = 100 mM and then decrease up to 180 nm, remaining stable at around this value
saline concentration higher than 200 mM (blue squares in Figure B. 2c). Likely this nonmonotonic
trend is due to the fact that Cl- ions interact with the positively charged CTAB, screening the
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electrostatic repulsion and thus fostering aggregation. On the other hand when the saline concentration
exceeds 100mM, [Cl-] is enough to form a second electronic layer that reduces aggregation [84].

Figure B. 2 - Aggregation index (AI) as a function of (a) number of washes, (b) pH and (c) NaCl concentration. (Adapted
from ref[84]).

Resonantly excited gold NRs can reach very high temperatures [12], and even if at physiological
temperature all kinds of rods are stable as indicated by the plot in Figure B. 3a, NR-CTAB tend to
aggregate at high temperatures, likely because of the re-arrangement of the micellar structures
surroundings gold NRs87. On the contrary the other NRs (stabilized with Brj56, OF or PS) are more or
less stable proving they are good candidates for controlling drug release or triggering thermal therapy
[79]. Finally also stability under ultra-fast laser radiation was investigated and once again only NRCTAB are instable over 15 min of laser irradiation (Figure B. 3b). However this parameter is closely
related to temperature trends because of the plasmon-generated heat. Gold NRs behave differently
because of the different thermal conductivity, which depends on the kind and on the concentration of
the surface ligands used for stabilization88.

Figure B. 3 – Aggregation index (AI) as a function of (a) number of temperature and (b) ultrafast laser irradiation time.
(Adapted from ref[84])

In protein solutions all these parameters are involved simultaneously in the aggregation process of
gold NRs. Therefore predicting their stability in biological systems is very difficult and complex, even
taking into account a systematic study as the one described [84]. In fact it is also possible that strong
electrostatic interactions, high ionic concentration and particular proteins play together yielding to
NRs stabilization, e.g. BSA 0.1 mM in phosphate buffered saline (PBS) 200mM at pH=7.2
(see § 4.2.2.1).
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B1.2 Ligand exchange mechanisms
As highlighted in the precedent paragraph ligands adsorbed on gold NRs are not only simply
stabilizing agents of the colloidal solution, but are an important part of the whole plasmonic NR,
defining its behavior in aggregation processes. Because of the high reproducibility of CTAB-capped
gold NRs, ligand exchange processes from these NRs are preferred to other synthesis methods
involving directly other stabilizing agents [83].
CTAB molecules make a compact bilayer on side facets of the NRs, but it becomes increasingly
sparse in correspondence of high surface curvatures89, like NR tips or gold bipyramids (see TEM
image in Figure B. 4), where ligand exchange processes are energetically more favorable with respect
to the side zone of the NRs [83]. Playing with the reaction rates it is possible to functionalize the tips
and the side facets of the rods with heterogeneous molecules, yielding to NRs assembly either tip-totip or side-by-side [90,91].

Figure B. 4 – TEM image of CTAB-stabilized gold bipyramids. It is evident the presence of a dense CTAB bilayer only in
correspondence of plane facets, while zone with higher curvature are almost naked. (b) Schematic illustration of probable
arrangement of the CTAB molecules around the gold nanostructure. (Adapted from ref[89])

Ligand exchange processes lie on delicate mechanisms involving the properties of both the ligand
already present (usually CTAB) and the substitute. In fact often NRs undergo irreversible aggregation
before the new ligands have replaced CTAB bilayer as stabilizing agents [83]. Likely this is due to the
lower binding rate of the new ligand to the gold surface with respect to NR-NR interaction rate. In
order to overcome this problem and to ensure a stable system after successful ligand exchange, CTAB
bilayer has to be destabilized in presence a of molecules with high gold affinity, which permit a fast
and strong tethering with the NR. Many amphiphilic molecules, such as phospholipids or cationic
surfactants have been employed for ligand exchange processes [83, 84], but recent research has focused
on the use of thiolated molecules. In fact the thiol group has a high affinity with gold surfaces,
forming the semi-covalent Au-S bond92 ensuring a durable link between ligands and NRs.
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Ligand exchange methods can be divided into three categories: one pot, phase transfer and solid
phase ligand exchange [83]. One-pot ligand exchange is achieved by introducing thiolated ligands into
the CTAB capped NR solution, and leaving the ligand exchange product in the reaction medium.
Phase transfer foresees the employment of hydrophobic ligand dispersed in organic solution. After
mixing with NRs solution ligand exchange occur and NRs are extracted from the aqueous phase and
redispersed in an organic solvent. Ligand exchange can also carried out in solid phase through
immobilization of the NRs onto an ion exchange resin during the exchange process [83]. Among these
methodologies the most used one is the one-pot ligand exchange because it preserve the aqueous
solubility of the gold NRs.

C.1 SERS Gain and SERS enhancement factors
In order to evaluate the signal amplification provided by the LIQUISOR with respect to normal
Raman spectroscopy, we introduce here the SERS gain, G [ 93 ], slightly different from SERS
enhancement factor, EF [5]. The SERS gain, G, is calculated as the ratio between the SERS (ISERS) and
Raman (!!"#"$ ) intensity of a reference vibrational peak, normalized to the different powers
(!!"#!,!"#"$ ), integration times (!!"#!,!"#"$ ) and molecular concentrations (!!"#!,!"#"$ ) used in
the experiment:
!=

!!"#!
!!"#"$

!!"#! ×!!"#! ×!!"#!
!!"!"# ×!!"#"$ ×!!"#"$

(C. 1)

G provides, at a glance, quantitative information on the signal gain that one has to expect from a
specific SERS sensor with respect to a reference Raman experiment (in our case, Raman spectroscopy
in liquid), assuming that all the experimental parameters, such as objectives, laser wavelength,
spectrometer etc. are the same.
On the other hand, we can de ne the SERS enhancement factor, EF [5], as the ratio between !!"#! and
!!"#"$ normalized to the different powers (!!"#!,!"#"$ ), integration times (!!"#!,!"#"$ ) and number
of probed molecules (!!"#!,!"#"$ )
!" =

!!"#!
!!"#"$

!!"#! ×!!"#! ×!!"#!
!!"#"$ ×!!"#"$ ×!!"#"$

(C. 2)

The EF is a measure of the signal amplification experienced by each molecule on each nanostructure,
giving information on the field enhancement provided by the nanostructure itself.

The EF is

challenging to calculate since critical information on the number of probed molecules in the SERS
experiment is required. Assumptions of single/few monolayers coverage, as well as estimates of the
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extension of the hot spot regions are needed in the case of SERS from nanostructured surfaces [63],
whereas assumptions on the total uptake of the molecules on the nanoparticles’ surface are required
when performing measurements in liquid [ 94 ]. G has the advantage of being free from any
overestimation error made when calculating the probed molecules ratio in the EF. G is, by definition,
independent on the target molecule concentration, but depends on the aggregate size. G saturates to a
constant value once the aggregate has filled the scattering volume probed by the microscope objective,
since molecules outside such a volume can be considered “out of focus,” providing negligible
contribution to the total optical signal.
We can estimate also the SERS enhancement factor, EF to obtain information on the amplification
provided by the single nanostructure. As shown by Eq. (C. 2), the SERS enhancement factor
!" ∝ !!"#"$ !!"#! , requires knowledge of !!"#! and !!"#"$ . The number of probed molecules in
the solution-phase Raman experiment can be calculated from
!!"#"$ = !!"# ×!!"#"$ ×!!"#$%

(C. 3)

where !!"# = 6.022×1023 is the Avogadro number, !!"#"$ is the molar concentration and !!"#$% the
diffraction limited volume probed by the microscope objective, whose value was calculated in
precedent paragraph (!!"#$% ~1.2 µm3 ). Consequently, the number of probed molecules will be
!!"#"$ ≈ 7×10! ×!!"#"$ , where !!"#"$ is expressed in mol/L (M).
To estimate !!"#! we exploit SEM and DLS results. DLS gives information on how many molecules,
!!"# , we have per nanostructure, SEM on how many nanostructures, !!"!# , we expect in the laser
focus. NSERS will be equal to !!"#! = !!"# ×!!"!# . The hydrodynamic model for a rod of length L
and diameter d, predicts that the radius !! of the sphere of equal hydrodynamic volume (that is what
is measured by DLS) is given by [95,96]:
!! =

!
2

1 − ! ! !/!
1 + 1 − ! ! !/!
ln
!

(C. 4)

with ! = !/!. NRs in their native solution have a mean hydrodynamic radius !!" = 35 nm (Figure 4.
12a, green symbols). This is in agreement with what expected for a 35 × 90 nm (diameter × length)
cylindrical NR uniformly surrounded by a CTAB bilayer (~3 nm length) [60] according to the
hydrodynamic rod model [95,96]. Using the same model, we find that the increased NRs hydrodynamic
radius, !!"!!"# = 65 nm, measured upon addition of BSA in PBS (Figure 4. 12a) is compatible with
the formation of a protein bilayer around the NRs. On the other hand, BSA in PBS at 0.1 mM (the
condition in which DLS was carried out) shows a mean hydrodynamic radius of 6 nm, i.e. 2 times
larger that what is expected for a single BSA molecule (ellipsoid with semi-axes !! = !! = 2 nm,
!! = 7 nm) according to Perrin’s model and experimentally measured, indicating the formation of
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some protein-protein complex97. We can use the information on the hydrodynamic volume increase,
∆!!" , due to the protein uptake by the NRs, to roughly estimate the average number of proteins
!
!
captured. More specifically we have ∆!!" = 4! 3 !!"!!"#
− !!"

~106 nm3, whereas the

!
hydrodynamic volume of the BSA is !!"# = 4! 3 !!"#
~103 nm3. This yields an estimate of !!"#

of the order of 103.
As described in the precedent paragraph, the number of NRs in the laser focus, !!"!# , can be
estimated by dividing the value of the laser volume (!!"#$% ) the hydrodynamic volume of the NR-BSA
complex (V ~10−3µm3). Therefore the number of BIO-NRCs inside the probed volume is !!"!# ~ 103,
yielding a number of probed molecules !!"#! ~ 106. In the more realistic situation shown by the SEM
pictures, however, we are more likely probing few tens of NRs dimers or trimers within our laser spot,
yielding !!"#! ~ 104–105. This number refers to a situation in which all the molecules bound the
nanostructure experience the same SERS enhancement. A ratio !!"#! !!"#! ≈ 0.2 ÷ 2
counts/molecule is therefore measured for the Phe peak at 1004 cm−1 (Figure 4. 17b, red line). For the
solution-phase Raman measurement the number of probed molecules, !!"#"$ , will be given by
Eq. (C. 3). Our reference measurement has been carried out at a concentration of 1 mM where we
estimate to have !!"#"$ ~ 106 molecules, leading to a ratio !!"#"$ !!"#"$ ≈ 2×10-4 counts/molecule
on the Phe peak at 1004 cm-1 (extrapolated from PBS band at 992 cm-1 by means of Lorentzian curve
fitting). The enhancement factor provided by each nanostructure turns out to be between 103 and 104,
in agreement with values found on near-field coupled NRs produced by electron lithography [98]. If we
consider a NR dimer arranged in a tip-to-tip configuration, however, we expect that the only
molecules located at one edge of each nanorod will experience the SERS enhancement. For NRs in a
side-by-side arrangement, a fraction of the molecules bound to half the lateral area of each rod (the
side exposed to the nanocavity), will experience the SERS enhancement. For 35 × 90 nm nanorods,
like ours, this amounts to less than 10% of the molecules absorbed on the total NRs surface, for a tiptip configuration, and to less than 40% for the side-by-side arrangement. Such an overestimate of
!!"#! let’s us to conclude that the EF value calculated above is a conservative, lower bound of the real
enhancement factor.
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Chapter 5

LIQUISOR detection of biomarkers

In this chapter I will show the application of the LIQUISOR strategy [1] for the detection of more
complex proteins, namely Lysozyme (Lys), Hemoglobin (Hgb) and Catalase (Cat) at concentration
down to the picomolar range. Subsequently, I will show proof-of-concept experiments aimed at
proving the possibility to add molecular selectivity to the LIQUISOR methodology, reporting first
results on the detection of Manganase superoxide dismutase (MnSOD) an Ochratoxin A (OTA).
Finally, I report some first experiments on light-induced aggregation using new experimental
configurations, namely different wavelengths and substrates, aimed at finding solutions that further
extend the range of operation of the LIQUISOR methodology.

5.1 Protein biomarkers detection
5.1.1 Materials and methods
Commercial gold nanorods (35× 90nm and 30 ×50nm) are purchased from Nanopartz and used as
received. They are dispersed in deionized (DI) water at a concentration of 0.05 mg/ml, equivalent to
ca. 3 × 107 rods/µL; the solution contains <0.1% ascorbic acid and <0.1% Cetyltrimethylammonium
bromide (CTAB) surfactant preventing spontaneous re-aggregation. The solution varies between
pH = 3–4. The capped rods have a positive ζ-potential (+40 mV).
Lysozyme, Hemoglobin (Hgb) and Catalase (Cat) are purchased from Aldrich in lyophilized powder
state. Protein buffered solutions at various concentrations are prepared by mixing the suitable amount
of protein powder with a 200 mM of Phosphate Buffered Saline (pH 7.2). PBS is prepared by
dissolving Na2HPO4 (14.94 g) and NaH2PO4 (5.06 g) in 200 mL of DI water. Following this procedure
we prepared samples containing Lys at 10−6 – 10−7 M. Hgb (10−4 – 10−12 M) e Cat (10−5 – 10−8 M)
were diluted in PBS 10 mM. The NRs-proteins solutions are prepared by mixing the nanorods with
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the proteins dissolved in PBS in a volume ratio 1:4 v/v for all the protein samples. All the solutions are
prepared and used at room temperature.
We used glass microcells made of a bi-adhesive spacer 120 µm thick attached on a glass slide and
sealed with a glass coverslip 170 µm. All the glasses are previously washed by immersion in a
deionized watery solution (1% v/v) of HELLMANEX III detergent for 10-15 min, followed by rinsing
in DI water in order to remove the residual detergent. Finally they are washed with ethanol and dried
in air.
The LIQUISOR measurements are carried out with the XploRA PLUS (Horiba) system described in
the Chapter 4, using the same experimental procedure (§ 4.2.2).

5.1.2 Lysozyme
Lys is an enzyme featuring 129 peptide units and 14.4 kDa molecular weight, whose raised levels in
plasma may be a useful biomarker of atherosclerotic cardiovascular disease and response to therapy.
This enzyme does aggregate in presence of gold NPs at physiological pH [2]. Its SERS detection has
been shown at concentrations down to 3–5 µg/mL in liquid environment [3,4]. The Raman LOD of Lys
in PBS is 10 mM (Figure 5. 1a, black line). At this concentration the spectrum shows main vibrational
contributions5 due to the exposed aromatic amino acids (several strong peaks in the 700–1600 cm−1
range), to the CC stretching (900, 938 cm−1), to the CN stretching (~1100 cm−1), to the Amide III
(1240, 1260 cm−1), to the CH deformations (band ~1450 cm−1) and to the Amide I (1658 cm−1). The
doublet associated to Phe at 1008 cm−1 and Trp at 1015 cm−1 clearly shows up from the intense PBS
scattering at 993 cm−1 after fitting (see Figure 5. 1b). Such doublet can be assumed as a spectral
marker distinguishing Lys from BSA. Decreasing the concentration to 1 mM (Figure 5. 1a, red line),
only small perturbations to the PBS spectrum in correspondence of the Trp modes (700, 1300–1550
cm−1) are observed in the Raman spectrum. The Phe-Tyr doublet around 1000 cm−1 is totally covered
by the PBS signal (Figure 5. 1c). Detection of Lys by LIQUISOR is achieved adding gold NRs to a
Lys solution in PBS, in a 1:4 v/v ratio. Lys binds to the NRs because of hydrophobic interactions6 and
to the formation the stable covalent Au-S bond after the cleavage of some disulfides bridges, as it
happens for BSA. Nevertheless in this case disulfide bridges are only 4 and thus their disruption yield
to protein conformation much more modified with respect to the case of BSA [2]. Here the BIO-NRCs
complexes formation is mediated by the destabilization of the CTAB bilayer in PBS at physiological
pH [7] and the consequent hydrophobic interaction between the CTAB alkyl chain and the protein
nonpolar residues. This mechanism overcomes the repulsive interaction between any residual CTAB
molecules [8] and the Lys, both positively charged (the isoelectric point of Lys is 11.3), enabling the
formation of protein-based aggregates at physiological pH [2]. At concentrations of 1 µM SERS of Lys
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is visible typically after 2–5 min of irradiation (early stage aggregate in Figure 5. 1d, blue line).
Enhanced vibrational fingerprints are observed around 1000 cm−1 (Figure 5. 1f), where the Phe-Trp
doublet can be clearly discerned from the PBS signal, as well as in the 1100–1650 cm−1 range. More
intense signal is obtained after 60 min irradiation (Figure 5. 1d, red line), when we have obtained a
saturated aggregate.

Figure 5. 1 - LIQUISOR detection of Lysozyme. (a) Solution phase Raman spectrum of Lys in PBS at concentrations of
1 mM (red line) and 10 mM (black line). Integration times are 30 s (10 mM) and 300 s (1 mM). The two spectra have been
shifted for clarity and normalized to the integration time, so the intensities are directly comparable. The zoom in the
1000 cm−1 region of the 10 mM spectrum (b) highlights the presence of the Phe-Trp doublet peaked at 1008 cm−1 and
1015 cm−1, together with the intense PBS signal at 983 cm−1. Only the PBS contribution is visible at 1 mM spectrum (c).
SERS spectra of Lys at concentrations of 100 nM (d, blue line and zoom in e) and 1 µM acquired on an early stage aggregate,
after few minutes irradiation (d, black line and zoom in f), and after 60 min irradiation (d, red line and zoom in g). A tentative
modes assignment is carried out based on the Raman modes measured on the powder and in liquid at 10 mM. The SERS
spectra were acquired with integration times of 60 s (1 µM early stage and 100 nM) and 40 s (1 µM). The spectra shown in
the figures are rescaled to the same integration time, so to be directly comparable, and offset for clarity. In the zooms
displayed in (b,c,e–g) the symbols refer to the experimental data which are fitted with a multi-peaks Lorentian model (black,
red and blue lines) to extract the position of the single peaks of PBS, Phe and Tyr (green lines). Experiments are carried out
with laser wavelength 632.8 nm, laser power 6.7 mW, microscope objective 100X. (from ref[1])

The Phe-Trp doublet (Figure 5. 1e) now overwhelms the PBS scattering, with peaks slightly shifted
and broadened, probably due to interaction with the CTAB environment. SERS is also observed in the
CN stretching region (1100–1140 cm−1), in the Amide III region (1246, 1268 cm−1), in correspondence
to the COO− stretching (1395 cm−1) and of the Amide I region (shifted to 1637 cm−1), together with
peaks from aromatic amino acids, mainly Trp, Tyr and Phe, in the 750–1630 cm−1 range (indicated in
Figure 5. 1d). We finally decrease the concentration to 100 nM (Figure 5. 1d, black line). In spite of
the weak signals measured, a clear spectral fingerprint of Lys detection is found in correspondence of
the Phe ring breathing at 1006 cm−1 (Figure 5. 1g) and the COO− stretching at 1395 cm−1, zones in
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which neither PBS or CTAB provide important contributions. Subtraction of the PBS background
allows us to better highlight the presence of the Lys vibrational peaks in comparison with the signals
from CTAB and PBS [1]. We can therefore asses a LOD of 100 nM (1.4 µg/mL). We can compare
here the SERS gains of a saturated and early stage aggregate, calculated as the ratios between the Phe
mode intensities in the SERS spectra (1 µM, Figure 5. 1e,f) and the normal Raman spectrum (10 mM
Figure 5. 1b). For the saturated aggregate we find a value !~7×10! , comparable to what observed for
BSA in the same saturated conditions. For the early stage aggregate we have a value ca. one order of
magnitude smaller, related to the fact that the focal laser spot is not yet filled by the BIO-NRCs
complexes, highlighting the importance of obtaining fully saturated aggregates to maximize the
sensitivity of the LIQUISOR methodology.

5.1.3 Hemoglobin
Hemoglobin (Hgb) is a globular metalloprotein composed of two α and two β subunits noncovalently bound called globins, each made of 141 and 146 amino acid residues, respectively, with a
total molecular weight Mw = 64.5 kDa. Each subunit chain is bound to one heme group [9,10]. The sixth
iron coordination position is available for binding with other small molecules such as O2, CO or CO2,
with the consequent deformation of the protein. Due to the essentiality of Hgb in living organisms [11],
small differences in amino acids sequences of protein chains, can lead to important blood diseases,
named hemoglobinopathies [12]. Raman spectroscopy is a powerful method for discriminating the
normal conformational structure of hemoglobin from the one characteristic of pathological red blood
cells [13,14]. In the first part of the visible region, the vibrational fingerprint of Hgb is mainly due to the
Raman features of the heme group, which is resonantly excited [15,16]. In SERS experiments there is
also the necessity to take into account the interaction with metal nanoparticle if we want to speculate
on the conformational changes of the molecule [16]. Even if SERS has allowed for single molecule
detection of hemoglobin [17], in liquid SERS detection is much more complicated, but it is crucial for
the implementation of new diagnostic techniques in biomedical field. Aggregation of silver NPs inside
hemoglobin solutions has led to a reduction of the Limit of detection (LOD) to the 100 nM range [3,4].
LIQUISOR detection of hemoglobin has been attempted by mixing PBS (200 mM) buffered protein
solution with gold NRs (35×90) 4:1 v/v. However in these experimental conditions we have a clear
vibrational fingerprint of hemoglobin only at 10 µM. At lower concentration no SERS signal was
observed. This behavior is likely due to interaction of the protein with the NRs, which is markedly
different with respect to case of BSA. The sulfur atoms of hemoglobin are positioned internally and no
disulfide bridges are available. Therefore any strong Au-S covalent bond is prevented and the
formation of the BIO-NRCs relies mainly on the electrostatic attraction between the NR capping layer
and the protein whose surface charge is dependent on its isoelectric point (pI = 6.8). At pH = 7.2 Hgb
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is negatively charged and consequently attracted by the positively charged CTAB bilayer. However
the high ionic strength of PBS 200 mM causes a fast and aggressive destabilization of the capping
layer. Very likely, at concentrations lower than 10 µM the Hgb uptake to the gold NRs occurs on a
longer timescale with respect to the one needed to PBS to completely destabilize CTAB bilayer,
leading to unstable BIO-NRCs and precipitation of the NRs. In order to overcome this problem we
used buffered solution with a lower ionic strength, namely PBS 10 mM. In these conditions CTAB
layer is stable on a longer timescale, allowing proteins to be attracted electrostatically by the NRs also
at ultralow concentration, where the accumulation of target molecules on the NRs surface requires
more time [18]. The drawback of using PBS 10 mM with respect to PBS 200 mM is that more CTAB
molecules remain on the NRs surface, giving rise to a SERS amplification that has to be taken into
account in the final spectra. For this new set of experiments, Hgb.NRs complexes are obtained mixing
Hgb solutions in PBS (10 mM) with a new family of CTAB capped gold NR (30×50 nm - LSPR
peaked at 540 nm) irradiated with a diode laser emitting at 638 nm trough a 50X objective (NA = 0.5).
Calculations of optical forces acting on these NRs at this wavelength highlights once again the
predominance of scattering component over the gradient one, suggesting the possibility to push also
these NRs along the beam propagation direction and the consequent formation of a SERS-active
aggregate, as confirmed by experiments (vide infra). Hemoglobin is diluted at concentrations down to
1 pM and the solutions are incubated with NRs (4:1 v/v) for three hours before measurements. Optical
aggregation is induced by focusing the laser with a 50X long working distance at about 5 µm above
the bottom of the glass microcell. Laser power is set between 23 and 6.5 mW, however once the BIONRCs start to accumulate and the first SERS signals is detected, the power can be reduced to 3 mW in
order to avoid photo-induced damages to the protein. SERS measurements are performed with
integration time fixed at 1s, but averaging on at least 50 consecutive spectra. Raman spectra of Hgb in
both liquid and solid state (Figure 5. 2c) highlight the most important vibrational bands due to Hgb
[13,15] and are used here as reference for SERS measurements. At 10 µM low Raman signal is detected
exciting the solution at full power and integrating over 240s (~ 0.1 Cts/mW/s at 1610 cm-1). At the
same concentration, integrating only 1s at incident power of 6.5 mW, the LIQUISOR methodology
permits to record clear SERS signal of Hgb featuring about 12 Cts/mW/s at 1610 cm-1, i.e. two orders
of magnitude more intense with respect to normal Raman spectroscopy (blue spectrum in Figure 5.
2a). The SERS spectrum is completely different from the spectral shape of the CTAB capping agent
(Figure 5. 2b), and displays most of the Hgb vibrational modes also observed in normal Raman
spectroscopy, such as the pyrrole ring breathing and C=C stretching at 755 cm-1 and 1610 cm-1
respectively, as well as the amide III and II bands at 1232 cm-1 and 1550 cm-1, respectively. Brown
line in Figure 5. 2a represents the SERS signal recorded from aggregates spontaneously precipitated
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after an incubation time of 24h, due to the electrostatic interactions between the protein and the CTAB
bilayer. The spectrum provides almost all the vibrational modes observed in the optically induced
case, in agreement with literature [3,4,16,17] and is more than three orders of magnitude more intense
with respect normal Raman spectroscopy (~ 5×103 Cts/mW/s at 1610 cm-1). A detailed mode
assignment for SERS bands of Hgb, based on the literature data, is reported in Table 5. 1.

Figure 5. 2 - (a) SERS spectra from spontaneous aggregate formed after 24h (brown line – P = 3 mW, T = 1s, averaged over
120 consecutive spectra) and acquired with LIQUISOR methodology (blue line – P = 6.5 mW, T = 1s, averaged over 50
consecutive spectra). Note the different intensity scale. (b) SERS spectrum of aggregated gold NRs capped with CTAB
(P = 6.5 mW, T = 1s, averaged over 120 consecutive spectra). (c) Raman spectroscopy of Hgb 0.1 mM in PBS (red line –
P = 18 mW, T = 60 s) and in powder state (blue line – P = 0.27 mW, T = 60 s).

Decreasing the concentration of Hgb we are able to optically induce SERS aggregates down to 1 pM,
as it can be seen by comparing the spectra in Figure 5. 3a with the CTAB SERS signal (green line in
Figure 5. 3b). The spectral shape of the amide II (1550 cm-1) with the presence of the amide III band
(1232 cm-1) and C-N stretching modes at 1125 cm-1 are clear evidences for the protein vibrational
structure. Moreover SERS signal at 1395 cm-1, attributed to the stretching vibration of the COO- group
confirms the electrostatic nature of the interaction between proteins and the CTA+ heads covering the
NRs surface [19,20]. Finally it is interesting to note that as the protein concentration decreases, SERS
bands at 1268 and 1442 cm-1 (cyan boxes in Figure 5. 3a) get stronger. These vibrational bands are due
to CH2 wagging and scissoring of the CTAB chains [21], whose contribute is on average more evident
as less biomolecules are stuck on the surfactant bilayer. In conclusion we have achieved a LOD of 1
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pM for hemoglobin, with a SERS gain, calculated for amide II band, of about 107 with respect to
normal Raman spectroscopy in liquid.

Figure 5. 3 – (a) SERS spectra of Hgb at various concentrations (P = 6.5 mW, T = 1s). (b) Reference SERS spectra from
aggregates for Hgb (blue line – P = 3 mW, T = 1s) and CTAB (green line – P = 6.5 mW, T = 1s). Yellow boxes highlight
SERS bands due to the protein while green boxes are due to the CTAB SERS peaks. All spectra in the figure were averaged
over at least 50 consecutive spectra.
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Table 5. 1 -Vibrational modes (cm-1) of Hgb measured in PBS solution (0.1 mM), in powder state and through
the LIQUISOR method (10 µM).

Raman of
Hgb in PBS
(0.1 mM)

Raman of
Hgb in
powder state

SERS of
Hgb in PBS
(10 µM)

Tentative mode assignment of the Raman
modes

664

663

668

δ(pyr deform)sym, [16,22]

721

723

721

δ(COO-) [16]

750

750

750

ν(pyr breathe), ν15 [16,22]

784

790

786

Trp:indole sym. breathe + ν(pyr breathe), ν6 [16]

924

--

924

C-COO- stretch. [16]

--

--

967

C-C stretch. [16]

997

999

994

Phe [16]

1079

=C2vynilH + Trp [1,16]

1080
1125

1123

1125

C-N and C-C stretch [1,16]

1170

1173

1162

ν(pyr half-ring)asym., ν30 +Tyr+Phe [1,16,22]

1214

--

1214

δ(CH) [16]

1235

--

1235

Trp + Amide III [1,16]

1254

1248

1263

Amide III [1]

1306

1309

1309

CH2 wag [1,16]

1340

1340

--

CH3 def. CH2 twist. CH bending [1,16]

--

1366

1363

Tyr [1]

1393

1395

1388

ν (COO-) [1]

--

1445

1442

δ(CH2/CH3) [1,16]

--

--

1486

Trp + Phe [1,16]

1543

1546

1543

Amide II + Trp [1,16,23]

--

--

1564

Trp[1,16]

1582

1579

1584

Phe + Tyr [16]

1610

1603

1608

Phe + Tyr [16]

--

1623

1617

ν (C=C) [16]

1655

--

1655

Amide I [1,23]
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5.1.4 Catalase
Catalase is another important hemoprotein for aerobic living organisms. This enzyme is a
hydroperoxidase that catalyzes the decomposition of hydrogen peroxide to molecular oxygen and
water. This catalatic activity is thought to protect cellular constituents of aerobic organisms from
oxidation by peroxides. These enzymes also catalyze the peroxidation of a number of substrates,
although generally much less efficiently than the peroxidases [24]. Catalases have been isolated from a
broad spectrum of organisms, including mammals, yeast, bacteria, fungi, and plants. Catalase from
bovine liver is a tetrameric protein of high molecular weight (250 kDa) in which each subunit has an
iron protoporphyrin IX prosthetic group. Catalase is utilized in cell culture applications by functioning
as a natural antioxidant, protecting cells against oxidative damage to proteins, lipids, and nucleic
acids. Catalase has also been used to study the role reactive oxygen species play in gene expression
and apoptosis [25]. The levels of these enzymes in living organisms can be related to the risk of liver
cancer [ 26 ] or can be used for monitoring the toxic effects of chemical pollutants in marine
organisms [27]. Resonant Raman spectroscopy (488, 514 nm) on Catalase has shown different features
of the protoporphyrins’ pyrrole rings as well as the vibrational modes of amino acids residues of
protein structure [28,29] and surface enhanced Raman spectroscopy has allowed for ultralow detection
of Catalase in liquid environment exploiting the chemical aggregation of silver nanoparticles with a
LOD of 0.2 nM [3, 30]. Due to the poor solubility of Catalase (1 mg/mL), Raman spectroscopy of
Catalase diluted in buffer solution was possible only at 10-5 M in PBS (10 mM), however showing
clear evidences of the vibrational modes of the protein (Figure 5. 4b), such as the C-O stretching of
Tyrosinate-iron group at 1244 cm-1 or CH scissoring modes of the vinyl in heme group at 1305 cm-1 as
well as other modes related to the pyrrole rings vibrations of the heme group at 1373 cm-1 (half ring
symmetric stretching) and the symmetric stretching of the group COO- at 1390 cm-1 related to the
proteins[3,28,29]. The detection is also supported by the presence of the CH2 CH3 scissoring modes at
1452 cm-1 and Amide I band at 1650 cm-1. Finally the band from 1550 to 1620 cm-1 is due to vibrations
related to the aromatic aminoacids (Trp, Phe, Tyr) and to the pyrrole rings (C=C strecting at 16121620 cm-1) [3,28,29]. LIQUISOR measurements on Catalase at 10 µM, mixed with gold NRs 4:1 v/v,
(green line in Figure 5. 4a) highlight an evident agreement with the Raman spectrum in liquid of
Catalase, and decreasing concentration down to 10 nM (blue line in Figure 5. 4a) SERS has still an
high correspondence degree with the Raman reference spectrum, thus suggesting the possibility to
detect Catalase with the LIQUISOR technique also at 10 nM.
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Figure 5. 4 – (a) SERS spectrum of Catalase at 10 µM (green line, T =1s P = 3.5 mW, averaged over 30 consecutive spectra)
and 10 nM (blue line, T =1s P = 6.5 mW, averaged over 30 consecutive spectra). Yellow boxes highlight the vibrational
modes due to the protein. (b) Raman spectrum in liquid of Catalase diluted at 10 µM in PBS 10 mM (P = 18 mW, T = 240s, 5
accumulations).

5.2 Selective biomolecular detection using the LIQUISOR strategy
The specific interaction of biomolecules with the active surface of a biosensor is a crucial point for
ultralow sensitivity strategies capable of unambiguous detection of the analytes. In this context the
employment of bioreceptors increases the affinity of the sensor with the target molecule. Antibodies
have been used in many detection schemes from quartz crystal microbalance (QCM) [31] or enzymelinked immunosorbent assays (ELISA) [32] to surface plasmon resonance (SPR) [33]. Despite the high
specificity of these techniques, they do not allow for a direct identification of the biomolecules but can
only give evidences of the interaction with the active surface of the biosensor, which can be color
changes (ELISA) or plasmon shifts (SPR) (see Figure 5. 5). Moreover, depending on the affinity of the
bioreceptors [34], non-specific interactions (biological noise) can occur for concentrations lower than 1
nM with the consequent rise of false positive tests.
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Figure 5. 5 – (a) Illustration of the detection strategies of conventional ELISA based on color changes of the solution in
which the assay is immersed (from ref[35]). (b) Illustration of an SPR biosensor based on plasmon resonance shift (from
ref[33]).

We have already discussed about the advantages provided by direct characterization of the proteins
through their Raman vibrational fingerprint and about the high sensitivity that can be achieved with
SERS. In this paragraph we want to stress the importance to add specificity to SERS-based biosensors
by employing plasmonic nanostructures (usually made of gold because more biocompatible than
silver) functionalized with bioreceptors, which ensure the specific binding to the target antigens. One
of the most used detection schemes is described in Figure 5. 6a-d.

Figure 5. 6 – Scheme of the SERS-based sandwich assay for the detection of the prostate-specific antigen. (b) Capture
antibobies are immobilized on a flat gold surface. (c) Antigens selectively interact with the correspondent antibodies. (e)
After washing procedure only the selected biomolecules remain on the surface, where they can interact with the gold
nanoparticles functionalized with secondary antibodies forming a sandwich structure. SERS signal from the Raman reporters
adsorbed on the NP reveals the presence of the biomolecule. The same principle can be tailored for in-vivo detection
employing functionalized NP with a PEG layer in order to increase the biocompatibility of the plasmonic system, which can
bind to the antibodies present on the membrane of cancer cells, allowing for their detection (Panels a-d are adapted from
ref[36] – Panel e is adapted from ref[40]).

A substrate is functionalized with specific antibodies that form stable bounds only with the
correspondent antigens (Figure 5. 6b-c). After some washing processes only the target molecules
remain on the substrate. Hence nanoparticles functionalized with secondary antibodies (Figure 5. 6a)
can be introduced in the system where they can form another specific link with the antigen (Figure 5.
6c). Finally the biomolecules identification relies on the vibrational fingerprint of a Raman active
reporter adsorbed on the surface of the plasmonic nanoparticle, which is the only close enough to
benefit of the plasmonic field enhancement [36,37]. The huge SERS intensity provided by the resonant
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excitation of nanoparticles LSP guarantees a detectable signal of the Raman tags also from a low
number of sites where the biomolecule was selective captured by the related antibodies. This is also
possible in complex fluids like human serum, reaching LOD in the fM range for prostate-specific
antigen [36]. Similar detection schemes allowed for the specific detection of the P38 mitogen-activated
protein kinase at 6 ng/mL [38] and for the enumeration of Escherichia Coli with a LOD to 8 colonyforming units per mL [39]. Furthermore exploiting the higher biocompatibility of PEG molecules with
respect to the usual stabilizing agents of metal colloids [8], PEGylated nanoparticles with antibodies
can be employed for in-vivo applications such as the localization of cancer cells (Figure 5. 6e) [40,41].
Antibody functionalized gold nanoparticles have been also used for the imaging specific tumoral
cells [42] and, due to the fact that Raman tags are more suitable than fluorescent ones for multiplexed
analysis [37,43], using a proper “cocktail” of antibody functionalized nanoparticles it was possible the
simultaneous characterization of the markers expressed on the surface membrane of a single breast
cancer cell [44]. Nevertheless, despite the high specificity that can be achieved, the identification of the
biomolecule is mediated by the Raman-active reporter, and thus we can not have any useful insight on
the structural conformation of the biomolecule.
The role of the antibodies in biosensors can be replaced by aptamers, i.e. DNA strands interacting
only with specific kinds of molecules according to its nucleobases sequence, which, in principle, can
be properly designed and synthetized for any biomolecule [45]. Recently, due to the several advantages
provided respect using standard antibodies (smaller size, chemical stability and purity, the high
reproducibility and lower costs), they have gained much favor among scientific community [46,47] and
in particular in SERS biosensing thanks also to facility to include in the DNA sequence a free thiol
group, which can stably link to gold surfaces of nanoparticles, as we have already discussed in the
previous sections. Aptamer-based SERS biosensors with Raman labels were successfully employed
for the detection of vasopressin (LOD ~ 9 pg/mL) [48], adenosine triphosphate (LOD ~ 12.4 pM) [49]
or thrombin (LOD ~ 1 nM in presence of complex biofluids) [50]. However the reduced dimensions of
aptamers (20-100 unit bases) can feel the nanoparticle near-field amplification, allowing for the
detection of their enhanced vibrational fingerprint and hence for the ultralow biomolecular detection
also with no Raman tags [ 51 , 52 , 53 , 54 ]. This is possible because aptamer changes its structural
conformation when the target molecule is captured (Figure 5. 7a) and therefore differences in SERS
peaks, or even new bands due to biomolecules vibrations, can be seen [51,54] as showed in Figure 5. 7b.
Thus, beyond the high specificity, aptamer-based label-free SERS biosensors are characterized by
richness of spectral information about the biological system making them preferable to the other
selective detection strategies, especially if we want some insight about the conformational states of the
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aptamer and the biomolecule. This approach allowed for the specific detection of MnSOD (LOD ~ 10
nM) [51], ricin (LOD ~ 10 ng/mL) [52] and cocaine (LOD ~ 20 µM) [54].

Figure 5. 7 – (a) Illustration of the two steps necessary for protein detection with an aptamer based label-free SERS sensor.
After protein binding SERS signal changes with respect to the SERS observed only with DNA aptamers (b) SERS spectra of
DNA aptamers interacting with MnSOD (red line) and of aptamers without the protein (black line). (Adapted from ref[51])

The effort to design detection schemes for in vivo applications makes label-free SERS detection of
proteins in liquid environment favored with respect to plasmonic substrates working in dried state.
Within this framework we want to combine the high specificity of label-free aptamer-based biosensors
with our LIQUISOR strategy for the in-liquid detection of important molecular compounds relevant in
the fields of nanomedicine and food security, namely a cancer biomarker (manganese superoxide
dismutase, MnSOD) and a food toxin (Ochratoxin A, OTA).
The experiments reported in the following part of the section were performed in collaboration with
the group of Prof. de la Chapelle at CSPBAT Laboratories in Paris within the Short Term Scientific
Mission (STSM) program of the Nanospectroscopy COST (European Cooperation in Science and
Technology) Action.

5.2.1 Selective LIQUISOR detection
The strategy to add and check selectivity of the LIQUISOR method is based on three steps:
1. Functionalization of the Nanorods with bioreceptors through the substitution of the CTAB
layer with thiolated aptamers. This obtained during incubation of CTAB-coated NRs with
aptamers in a PBS solution. PBS destabilizes the CTAB, fostering the interaction between the
NRs and the thiol groups of the aptamers.
2. Incubation of the functionalized NRs with the target molecules, followed by normal operation
of the LIQUISOR. Upon incubation the bioreceptors on the NRs surface will selectively
capture the target proteins in the solution, creating BIO-NRCs surrounded by double layer
including to the aptamers and the captured protein. Light irradiation will produce aggregates
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in which the target molecules located at the hot spots will experience an enhanced Raman
scattering. This latter signal will show up, added to the SERS contribution from the aptamers.
3. Carry out control experiments by incubating functionalized NRs with proteins not recognized
by the bioreceptor. In this case we do not expect a large number of unspecific binding between
the functionalized NRs and the protein. Consequently, the SERS signal from the light-induced
aggregates should be very similar to the SERS of aptamers and independent from the protein
mixed in the solution.
5.2.1.1 Materials and methods
Commercial gold nanorods (30x50 nm length) are purchased from Nanopartz and used as received.
They are dispersed in deionized (DI) water at a concentration of 0.05 mg/ml, equivalent to ca. 3 × 107
rods/µL; the solution contains <0.1 % ascorbic acid and <0.1% Cetyltrimethylammonium bromide
(CTAB) surfactant preventing spontaneous re-aggregation. The solution varies between pH = 3 - 4.
Human manganese superoxide dismutase (MnSOD) was purchased from Abfrontier and it was
dissolved in Phosphate Buffered Saline (PBS) solution. PBS tablets were purchased from SigmaAldrich and dissolved in high purified DI water at the concentration of 10 mM and pH 7.2.
Hemoglobin was purchased from Sigma-Aldrich. Ochratoxin A, thiolated DNA aptamer for MnSOD
and for Ochratoxin A were provided by Prof. Lamy de la Chapelle.
The LIQUISOR detection is carried out following the operation mode described in Chapter 4
employing an Xplora microspectrometer (Horiba Jobin Yvon) equipped with a diode laser emitting at
660 nm and with a Peltier-cooled CCD for signal detection. A 60X long working distance (1.5 mm)
microscope objective with a numerical aperture of 0.7 is used for sample excitation and collection of
the backscattered light. For both excitation wavelengths, the laser spot is nearly diffraction limited
with a diameter around 1 µm. The laser power on the sample ranges from 1.8 to 17.0 mW, enough to
apply a sufficient radiation pressure on the nanorods for process activation. About 15 µL of the
biomolecule-NRs solution is pipetted into a glass microcell consisting made of a bi-adhesive spacer
120 µm thick attached on a glass slide and sealed with a glass coverslip 170 µm thick.
5.2.1.2 Manganese Superoxide Dismutase (MnSOD)
Manganese superoxide dismutase (MnSOD or SOD2), like Catalase, is an antioxidant enzyme
(Mw = 2.3 kDa) essential for human life. In fact it is responsible for maintaining intracellular reactive
oxygen species (ROS) and redox balance for the cell equilibrium, and protects normal tissue against
oxidative stress [55]. Increased levels of MnSOD in sera have been correlated to severe chronic liver
diseases [24] and can lead to enhanced malignant transformation inducing the development of various
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carcinoma [56,57,58,59]. Thus the quantification of the MnSOD in body fluids is crucial for monitoring
the clinical course and also the stages of tumors [56], as well as providing an early stage diagnosis and
prognosis. The most common method used for MnSOD detection is the immunoassay and more
especially the ELISA test, which permits, under optimum conditions, the detection of MnSOD in the
micromolar range. Moreover, ELISA is a highly time-consuming technique since it is necessary to
wait for several hours to obtain a quantitative result. On the contrary it was recently demonstrated that
aptamer-based SERS sensors made with electron beam lithographed (EBL) gold nanostructures can
lower the detection limit of about two orders of magnitude, obtaining evidences of MnSOD presence
in body fluids after only 1 h of incubation time [51]. Here we show the possibility to tailor the
specificity gained with aptamers to the in-liquid detection scheme of LIQUISOR employing aptamerfunctionalized gold NRs for the optically induced creation of SERS-active aggregates.
Functionalization of gold NRs with MnSOD aptamers and sample preparation. Thiolated DNA
aptamers for MnSOD features 87 nucleotides (Mw ~ 27 kDa) and have the following specific
sequence: 5′-HS-(−O− CH2−CH2−O−)6 TT TTT TTT TTT TTT TTC TTC TCT AGC TGA ATA
ACC GGA AGT AAC TCA TCG TTT CGA TGA GTT ACT TCC GGT TAT TCA GCT AGA GAA
G-3′. DNA aptamers were diluted in PBS 10 mM at the final concentration of 2 µM (Figure 5. 8a).
The solution was further mixed with NRs (2:1 v/v) (Figure 5. 8b). NRs were diluted in DI water
(1:5 v/v) before mixing with DNA. The incubation time for the functionalization was 1h. Due to the
high affinity between the thiol group of the DNA strand and the gold surface of NRs, the
functionalization process takes advantage of the “one-pot” ligand exchange mechanisms [8], that
enables the substitution of the stabilizing molecules (CTAB) with thiolated DNA aptamers (Figure 5.
8c), which is more effective in correspondence of high curvature areas of NRs surface (see Appendix
B1.2 in Chapter 4). Finally MnSOD was diluted in PBS down to 4.5 nM (Figure 5. 8d) and mixed with
the functionalized NRs in a volume ratio of 2:3 v/v. In order to allow the interaction between the
protein and the DNA aptamers also at very low concentration with the consequent formation of the
BIO-NRCs (Figure 5. 8e), we let the system incubate for 2h at room temperature.

Figure 5. 8 – Functionalization process. (a) DNA aptamer solution is mixed with (b) gold NRs in the volume proportion 2:1.
After the system has incubated for 1 hour (c) the aptamer functionalized NRs are mixed with (d) the target molecules
(MnSOD 4.5 nM) in the volume proportion 2:3. The system is left in incubation for about 2 hours in order to allow the
interaction between DNA aptamers and molecules for the formation of (e) the BIO-NRCs.
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In order to test the success of the functionalization process on nanorods we performed SERS
measurements on gold NRs as purchased and after the mix with the DNA aptamers. Laser induced
aggregation of the two sample led to two different SERS spectra shown in Figure 5. 9. The black
spectrum is recorded for pure NRs solution and it is due to CTAB molecules, while the red one is the
SERS spectrum of DNA aptamer for MnSOD, compatible with the one reported in ref[51] (black
spectrum in Figure 5. 7b). This confirms the exchange between CTAB molecules and DNA aptamers
on the surface on gold NRs. On the other hand time mapping of SERS intensity when we irradiate an
empty area of the glass microcell surface, shows the possibility to create SERS active sites after few
seconds. SERS spectrum of DNA presents the typical nucleobases’ features, highlighting a
predominance of Thymine vibrational modes [60,61].

Figure 5. 9 – (Black line) CTAB SERS spectrum from aggregates at the bottom of the glass microcell (P = 1.8 mW T =1 s).
(red line) SERS spectrum of the MnSOD DNA aptamers from the functionalized NRs aggregated at the bottom of the glass
microcell (P = 1.8 mW T = 1s). Spectra are offset for clarity.

Protein detection. SERS from aggregates created in liquid turned out to be not stable, the relative
intensity of the Raman bands can differ in few seconds, maybe due to the fact that the sticking of the
BIO-NRCs onto the glass surface was not as stable as with other proteins. For this reason we choose to
average at least 100 consecutive spectra ensuring that the comparison between DNA and DNA with
protein is not misleading. As shown in Figure 5. 10a, together with the DNA signal (black line), new
intense Raman bands (highlighted by the dashed boxes) are observed in SERS spectrum of the
functionalized NRs mixed with MnSOD solution at 4.5 nM (red solid line in Figure 5. 10a). Clear
modifications of the DNA spectrum are visible in the 1500 - 1670 cm-1 region, where the characteristic
bands of aromatic amino acids (Tyr, Phe), amide II, and amide I occur. In addition the C=S stretching
modes at 660 cm-1, the non aromatic C=C and C=N stretching at 1050 cm-1 as well as the amide III
band in the range between 1240 and 1300 cm-1 are also observable. These results are in agreement with
the vibrational modes reported in literature for MnSOD [51, 62 ] and are first proofs that the

148

functionalized NRs allow for the detection of MnSOD via its enhanced Raman signal exploiting the
LIQUISOR technique at a lower concentration with respect to the LOD achieved for lithographed
nanostructures [51]. In order to validate the selectivity of the functionalized GNRs we performed two
negative tests. In the first we mixed MnSOD 45 nM with the NRs as purchased, i.e. without aptamers.
In the second test we mixed a different biomolecule, namely Hemoglobin 100 nM, with the NRs
functionalized with DNA aptamer for MnSOD. In both cases some aggregation is observed after
irradiation at laser power of 17 mW. However only SERS from CTAB is visible in the former case
(black line in Figure 5. 10b), and SERS from the DNA aptamer is found in the latter (red line in Figure
5. 10b), confirming the detection of MnSOD at 4.5 nM was possible thanks to the presence of the
aptamer as functionalizing agent of the NRs.

Figure 5. 10 – (a) comparison between SERS spectrum of DNA (black line) and SERS spectrum of DNA interacting with
MnSOD at the concentration of 4.5 nM (red line) (P = 17 mW T = 1s). Dashed boxes highlight the spectral regions where the
most evident differences can be observed. (b) SERS spectrum observed after mixing MnSOD 4.5 nM with gold NRs without
DNA (black line, P = 13 mW T = 1s) and after mixing Hgb 100 nM with functionalized NRs (red line, P = 13 mW T = 1s).
SERS signal was averaged over at least 100 consecutive spectra. Data are offset for clarity. (c) SERS spectrum of CTAB
(P = 6.5 mW T = 1s)

5.2.1.3 Ochratoxin A (OTA)
The importance of developing high sensitive and high specific sensors is a demanding issue also for
monitoring the quality of environment and food. In this context aptamer-based sensors, due their
capability to establish stable links also with small molecules [47], have been employed for the selective
detection of drugs, toxins and others [67,53,54,63]. Ochratoxin A (OTA) is a nephrotic mycotoxin that can
be found in different food products, such as cereals, wine, or coffee beans [64,65], representing
potential public health risks. The maximum permissible concentration is in the range of 3–5 µg/kg,
with a virtual safe dose for humans of less than 0.2 ng/kg per day for renal cancer risk [66]. For this
reason SERS-based aptamer sensors represent an interesting approach, which allowed OTA
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identification down to 0.1 nM employing Raman-active reporters [67] or at the concentration of 2.5 µM
with the help of no labels [53].
Functionalization of gold NRs with OTA aptamers and sample preparation. Thiolated DNA
aptamers for OTA features 36 nucleotides (Mw ~ 11.5 kDa) and have the following specific sequence:
5′-HS-(CH2)6- GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA-3′. The procedure
used for the functionalization of GNRs with the DNA aptamers designed for OTA molecules was
similar to the one showed in Figure 5. 8. The DNA solution (1 µM in PBS 10 mM) was mixed with a
solution of diluted NRs (1:4 v/v in water) in the proportion 1:3 v/v. In this case it was possible
monitoring the functionalization process also with UV-Vis spectroscopy. As shown in Figure 5. 11a
DNA aptamers mixed with NRs yield a stable solution over one hour (compare red solid and dashed
lines). Through curve fitting it was possible to highlight 2 nm LSPR red shift of functionalized NRs
(red solid and dashed lines) with respect to NRs alone (black solid line). After one-hour incubation,
the functionalized NRs and Ochratoxin 10 µM were mixed 1:3 v/v. Interaction between NRs and
molecules is evident looking at the LSPR time evolution of the mixture. The LSPR progressively redshifts and become broader (colored solid lines in Figure 5. 11a). In fact a second contribution at about
573 nm is growing with time, while the resonance at 537 nm is decreasing. In order to verify the
success of the functionalization process, we compare the CTAB SERS signal with the DNA signal
coming from the optically induced aggregates made with functionalized NRs (Figure 5. 11b). The
acquired spectrum is different from the CTAB SERS signal and it is consistent with the one reported
in ref[53], and confirms a predominance of the vibrational modes due to guanine [53,60].

Figure 5. 11 – (a) UV-Vis spectrum of bare gold NRs (black line) compared with UV-Vis spectra of functionalized NRs after
2 min (red solid line) and after 60 min (red dashed line). Spectrum for functionalized NRs is red-shifted of 2 nm with respect
to one for bare NRs, but it do not change after at least 1 h after the mix with the aptamers. Upon adding OTA (10 µM) UVVis LSPR peak maximum progressively red shifts and get broader with respect to the LSPR of the functionalized NRs
(colored spectra in the bottom part of the figure), suggesting the interaction between aptamers and OTA molecules. (b)
Comparison between CTAB SERS spectrum (black line) acquired from aggregates at the bottom of the glass microcell
(P = 1.8 mW T =1 s) and SERS signal of the DNA aptamer for OTA (blue line) from the functionalized NRs aggregated at
the bottom of the glass microcell (P = 5 mW T = 1s). SERS signal was averaged over at least 100 consecutive spectra. Data
are offset for clarity.
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OTA detection. Upon mixing functionalized NRs with Ochratoxin 10 µM it was possible to induce
aggregation with 5 mW laser power. The averaged spectrum for Ochratoxin 10 µM and 1 µM are
respectively the blue line and the red line in Figure 5. 12, while dashed boxes highlights the
differences between DNA SERS bands with respect to DNA plus Ochratoxin SERS spectra. The main
divergences from the SERS of DNA spectrum are observed in the spectral range from 1520 to 1670
cm-1 and they can be attributed to the vibrational modes of the amide group present in OTA molecular
structure [53]. Other bands due to molecule are seen at 1310 cm-1 (stretching of aromatic rings), at 1130
and 1160 cm-1 (C-N ring stretching). Evidences of OTA presence can be found in the modification of
the relative intensity of some vibrational modes of the DNA aptamer, such as the stronger intensity of
the ring stretching of Guanine at 1395 cm-1 with respect the band at 1450 cm-1, or the modification of
the peak at 1424 cm-1 due to the H-bond deformation of Deoxyribosyl (C5’), which increases with
OTA concentration, suggesting a altered DNA structure in presence of the target molecules [53]. Thus
LIQUISOR methodology permitted us to distinguish SERS spectrum of free DNA aptamers from
SERS of DNA aptamers interacting with OTA molecules down to the concentration of 1 µM.

Figure 5. 12 – SERS spectrum of DNA aptamers for OTA (black line – P = 5 mW T = 1s) compared with the SERS spectrum
observed from induced aggregates formed by functionalized NRs mixed with OTA 10 µM (blue line – P = 5mW T= 1s) and
1 µM (red line – P = 5 mW T= 1s). Dashed boxes highlight the spectral regions where the most evident differences can be
observed. All the SERS spectra are averaged over at least 100 consecutive spectra. Data are offset for clarity.
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5.3 New approaches for LIQUISOR operation improvement.
Results shown in this chapter prove that the LIQUISOR can be a useful detection tool for molecular
sensing in nanomedicine and food quality control. Exploitation of the scattering optical forces on
plasmonic nanoparticles makes this strategy extremely versatile. In fact as long as scattering forces
overcome the gradient forces acting on the nanoparticle in ! direction, i.e. the propagating direction of
the laser beam, in principle we can induce the aggregation of virtually any plasmonic colloidal
systems for SERS analysis, simply changing the excitation wavelength according to the position of the
LSPR of nanoparticles. In the previous sections aggregation was optically induced exciting NRs (both
35×90 and 30×50) in the red part (633 – 660 nm) of the visible range. Here we want to explore the
effects of excitation wavelength on LIQUISOR aggregation. Figure 5. 13 compares optical forces
exerted on gold NRs (35×90) calculated for 633 nm and 785 nm in the same experimental
configurations (P = 3.5 mW and NA = 0.5).

Figure 5. 13 – Calculation of radiation force acting along the ! axis (!!"#$ ∙ ! + !!"#$$ ) for laser polarization parallel both to
the long (red line) and to the short axis (black line) with (a) !!"# = 633 nm (b) and !!"# = 785 nm. Calculated gradient force
in the plane of laser focus, orthogonal to the beam propagation direction for laser polarization parallel both to the long (red
line) and to the short axis (black line) with (c) !!"# = 633 nm (d) and !!"# = 785 nm. Sketch of the aggregation process in
proximity of the surface of a glass microcell for excitation at (e) 633 nm and (f) 785 nm.

Figure 5. 13a and b display the radiation force acting along the ! axis (!!"# = !!"#$ ∙ ! + !!"#$$ )
indicating that NRs are pushed along the propagating direction of the incident beam for both excitation

152

wavelength and for both rod orientation with respect to the laser polarization, i.e. parallel to the long
(red lines) or to the short (black lines) axis. On the other hand the optical forces in the plane of laser
focus, orthogonal to the direction of beam propagation, the total force is still dominated by the
cotribution relative to a laser polarization parallel to the long axis (red lines in Figure 5. 13c and d),
nevertheless they show a different behavior according to the excitation wavelength. For
!!"# = 633 nm optical forces in the xy plane display a repulsive nature, pushing NRs outside the laser
focus as sketched in Figure 5. 13e. On the contrary for !!"# = 785 nm, even if NRs are pushed
towards the bottom of the glass microcell in the ! direction, gradient forces in the xy plane are directed
towards the center of the laser beam forcing NRs to aggregate inside the laser spot, as illustrated in
Figure 5. 13f. These results suggest the possibility to optically induce SERS aggregates with the
LIQUISOR strategy at 785 nm optimizing the number of BIO-NRCs necessary to fill the laser focus
and thus reaching a saturated level for SERS intensity in less time, with respect to the case of gradient
forces push NRs outside the focal region. Preliminary results on BSA 0.1 mM indeed suggest the
!"#
!""
possibility to saturate the laser spot in much shorter time (!!!"
~200 ! against !!"#
~3200 !), but
!"#
!""
with a lower level of intensity at saturation ( !!"#
~90 Cts/mW/s against !!"#
~700 Cts/mW/s).

However results have to be confirmed from more optically induced aggregates and the different
!""
!"#
modulus of radiation forces (!!"#
~ 20 !!"#
) has also to be taken into account.

Finally we think that another important parameter to investigate for optimizing the aggregation
process is the nature of the substrate on which NRs accumulate and grow forming the SERS active
aggregates. In fact the affinity between BIO-NRCs can strongly affect the velocity of the aggregate
formation as well as its structural stability and final SERS signal intensity. Within this framework we
successfully tested the possibility to perform LIQUISOR measurements on a multilayered graphene
substrate with BSA 0.1 mM diluted in PBS 200 mM exciting the BIO-NRCs at 785 nm (see Figure 5.
!"#$%

!"#$$
14a-c). We found higher saturation time (!!"#
~ 200 s against !!"#

~ 670 s) and comparable

SERS intensity at saturation with respect to the case of optical aggregation induced on glass slides as
shown in Figure 5. 14d. More likely BSA-NRCs have stronger affinity with glass rather than
graphene, thus triggering less efficiently the formation of the SERS active aggregate on to the
substrate. However the interesting chemical properties of graphene, i.e. high thermal and electric
conductivity, the possibilities of functionalization etc. can be exploited for fostering the interaction
between the substrate and the BIO-NRCs. For the same purpose aptamers or antibodies can be used
for the functionalization of the substrates to increase the affinity between BIO-NRCs, improving the
aggregation process.
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Figure 5. 14 – Optical images of Graphene ML sample (a) before and (b) after 100 min from the beginning of the irradiation.
red circles highlight the spot where was induced the aggregate formation. Scale bar in each image is 5 µm. (c) SERS intensity
of the phenylalanine ring breathing mode at 1004 cm-1 as a function of time during the BIO-NRCs aggregation on a glass
slide (black dots) and on multilayered graphene (red dots). Spectra was taken in the same experimental conditions
(!!"# = 785 nm, P = 3.5 mW, objective: 50 XLWD – NA = 0.5)

Other interesting substrates that may increase LIQUISOR efficiency and sensitivity are certainly
gold surfaces or plasmonic substrates, which can be used for the creation of a sandwich structure with
the optically induced aggregate. Nevertheless in this case thermoplasmonic effects have to be taken
into account. In fact attempts of LIQUISOR measurements were done inducing aggregation of NRs in
proximity of a flat gold surface, facing strong evidences of photo-induced damages of the biological
sample, highlighting the importance of controlling the temperature at the nanoscale for a reliable
analysis of biological samples.
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Chapter 6
Tip-enhanced Raman spectroscopy and imaging of dyes
and biomolecules

In the first part of this chapter we will discuss the principles of Tip-enhanced Raman spectroscopy
(TERS) and imaging and the possible experimental configurations. After we will introduce a double
step electrochemical procedure tailored to fabrication of gold nano tips from Au wires of 125 µm of
diameter.
In the second part we will introduce our TERS setup and show spectra of different dye molecules,
aimed at evaluating the enhancement factor and correlating the TERS amplification with the with the
tips radius of curvature. TERS imaging is subsequently shown, in which we prove the possibility to
distinguish two different molecular species mixed together and absorbed on a flat gold substrate, with
nanometric resolution.
In the third part, we will present results on the TERS spectroscopy and imaging of amyloid
oligomers featuring two different conformations, among which one is toxic, showing the possibility to
distinguish them at the single oligomer scale.

6.1 Introduction
Tip-enhanced Raman spectroscopy (TERS) [1,2] combines the spectral information provided by
Raman scattering with the signal amplification and high spatial resolution due to the excitation and
nanoscale confinement of field enhanced by the excitation of LSP (Localized Surface Plasmon)
resonances in metallic (or metallized) tips. The resulting strongly enhanced electromagnetic field at
the tip apex acts as a highly confined light source [3,4] allowing for plasmon-enhanced Raman
measurements at a single molecule level [5]. The implementation of TERS setups on atomic force
microscopy (AFM), scanning tunneling microscopy (STM) [6,7] or shear-force (ShFM) [2] frameworks
can provide fast imaging chemical of nanostructured surfaces with resolution that can reach the
nanometric or even the atomic scale [for a review see ref. 8,9,10,11].
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TERS has been employed for the characterization of different inorganic nanowires [12,13] as well as
for investigating carbon-based nanomaterials, such as carbon nanotubes or graphene [8,14,15], and selfassembled monolayers of molecules grafted on gold surfaces [9,16]. Furthermore TERS can be used to
spatially resolve the ferroelectric domains in crystals [17] or to characterize artworks in-situ in a nondestructive way [18].
Finally particular interesting is the application of this technique in life science [10], where the weak
Raman cross sections of biomolecules can be bypassed by the strong field enhancement provided by
TERS. Moreover the possibility to have spectral information makes TERS very appealing for
investigating biomolecules structure and conformation, which are connected to their functionalities in
living organisms. In fact biological systems like RNA, DNA, proteins, collagen, bacteria and viruses,
were successfully studied [10,19,20,21,22] and also imaged [23] by Tip enhanced Raman scattering, which
can also used to get useful insight of the biological mechanisms, such as protein-ligand binding [24] or
in-vivo characterization of protein uptake by yeast cell envelope [25].
Physical principles of TERS
The spatial resolution ∆x of standard optical microscopy is limited by diffraction according to the
Abbe criterion [4]:
∆! = 0.61

!
NA

(6. 1)

where ! is incident wavelength and NA is the numerical aperture of the objective lens. This limitation
originates from the fact conventional collection optics is not able to sample the whole spectrum of
spatial frequencies associated with optical fields generated by a light source located in the far-field
region with respect to the detector. This can be better visualized taking account of the angular
spectrum representation of optical fields, in which is expressed free-space propagation of spectral field
components along a specific direction [4]. Considering, for example, the electric field !! of the
inelastically scattered light in a Raman scattering experiment propagating along an arbitrary !-axis,
the angular spectrum representation of !! in a plane z = const is given by [4,14]:
!

!! !, !, ! =

!!

!! !! , !! ; 0 ! !

!! !!!! !

! ∓!!! ! !"! !"!

(6. 2)

where !! , !! and !! are the spatial frequencies related to the Cartesian coordinates !, ! and ! ,
respectively. !! !! , !! ; 0 are the Fourier amplitudes of the electric field at ! = 0. The propagation of
the electric field !! along the !-axis is dependent on the exponential term ! ∓!!! ! in Eq. (6. 2). The
wave vector component !! is retrieved by the free space dispersion relation [4], obtaining:
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!! =

2!" !

!

− !!! − !!!

(6. 3)

where we have introduced the refractive index of the medium !. For small spatial frequencies we have
!!! + !!! < 2!" !

!

and thus !! is real and the associated waves propagates along the !-axis,

giving rise to the far-field component of the optical field. On the other hand, for larger spatial
frequencies !!! + !!! > 2!" !

!

the z-component !! is an imaginary number and !! is an

evanescent wave which decays exponentially along the !-direction and can not be detected by a farfield detection. Therefore the spatial resolution limit in far-field optics arises from the fact that
evanescent components of the optical field are lost upon propagation. This problem can be overcome
by placing an optical antenna in near-field region of the sample, providing an efficient coupling with
the evanescent components of !! , which are transduced in propagating waves in the far-field. This is
the basic principle of Tip-enhanced Raman microscopy and in general of Tip-enhanced near-field
optical microscopy [8], which takes advantage of the local field amplification provided by the resonant
excitation of the LSP of a sharp metal tip to probe the near-field of a sample surface with subwavelength spatial resolution.
Experimental setups
Due to the fact that the field enhancement is localized to the tip apex, a fundamental requirement for
TERS imaging is a tip-sample distance control working on the length scale of a few nanometers.
Experimental implementations are based on normal or shear-force detection strategies used in atomic
force microscopy (AFM) and shear-force Miscorscopy (ShFM), or based on the tunneling current
scontrol, as in scanning-tunneling microscopy (STM) [6,7]. Raster-scanning the probe with
piezoelectric stages yields simultaneously the optical/chemical and the topographic information of the
sample surface.
Illumination schemes can be divided in two classes (Figure 6. 1). In the case of transparent samples
on-axis illumination can be used (Figure 6. 1a) to benefit from high numerical aperture (NA)
objectives with NA > 1, that decrease the size of the confocal volume contributing to the far-field
background, providing high signal-to-noise ratio spectra [1, 26]. Transmission mode setup is highly
favorable for biological samples due to their straightforward handling. However, one drawback
remains: the sample has to be transparent in order to allow for laser light to pass through the sample
and illuminate the tip. For on-axis illumination however, light propagation is parallel to the
polarization direction required to excite efficient field enhancement in etched wire tips. This
requirement can be fulfilled using higher order laser modes [27,28].
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Figure 6. 1 - (a) Schematic of an experimental setup employing on-axis illumination of a transparent sample used to observe
simultaneous Raman scattering and photoluminescence of carbon nanotubes. A sharp metal tip is positioned in a tightly
focused radially polarized laser beam. The optical signal is detected either by two avalanche photodiodes (APDs) for the VIS
and NIR spectral range or by a combination of a spectrograph and a CCD. (b) Side-illumination of the tip on top of a nontransparent substrate. (c) Focusing of light using a parabolic mirror with high numerical aperture. To generate a strong field
component parallel to the tip axis required for efficient field enhancement, scheme (a) and (c) utilize a radially polarized laser
mode. (from ref[8])

Alternative geometries for TERS have been shown implementing side (Figure 6. 1b) and top (Figure
6. 1c) illumination optics [25,29,30]. In these setups, the laser focusing optics is located on the same side
of the tip. The employment of long working distance objectives (NA ~ 0.5–0.7) is required to focus
the laser on the sample in angles of 45°–70° with respect to the tip. Since there is an angle between
excitation source and sample, the focal laser spot is asymmetric, which is at cost of collection
efficiency. The polarization requirement (E parallel to the tip axis) is easily fulfilled. As shown in
Figure 6. 1b, there are two possibilities for arranging the optics: in top illumination for laser focusing
and signal collection, the same microscope objective is used. In side illumination, the objective is
mounted in an angle with respect to the tip. Signal loss can occur due to shadowing effects of the tip.
In order to compensate the lower collection efficiency (compared to transmission setups) and spot
size, often higher laser powers are used (5–10 mW). Such systems have the advantage of being very
flexible, as they can be used on a large variety of samples such as CNTs [31], silicon [32,33], and lipid
and protein species [25,34] including opaque samples [30,33,35]. A configuration for investigating opaque
samples at high numerical aperture employs a parabolic mirror as focusing element (Figure 6. 1c)
[36,37].

6.2 Production of sharp gold tips for TERS applications
The tip is a crucial element in TERS, since it directly influences spatial resolution, reproducibility,
and signal enhancement. It is well known that both silver [38,39] and gold [26,40] are good choices for
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achieving good TERS signal in the visible region. Silver is considered ideal for local surface plasmon
generation since the imaginary part of the dielectric constant in silver is quite small and their
absorption lies in the visible wavelength range, as we discussed in Chapter 1. An issue for all kinds of
tips is represented by oxidation degradation as well as contamination from environment or sample
[41,42,43]. For this reason gold tips, which are chemical inert to oxidation, are widely used despite their
lower signal enhancements.
Metallic tips can be industrially fabricated by coating atomic force microscopy (AFM) silicon or
silicon nitride tips with noble metals, such as gold or silver [26,44] or by etching thin metallic wires
[45,46] (mainly gold, for its chemical inertness). Metal-coated AFM tips produced in batch processes are
highly reproducible and commercially available. However, they are still much more expensive than
tips produced from bulk metallic wires. Moreover, metal coated AFM tips provide a smaller field
enhancement compared to the one provided by bulk metallic tips [47].
Bulk gold tips can be fabricated by means of chemical [47] or electrochemical [48,49,50] etching
techniques. However, increasing the reproducibility rate of sub-50 nm radius tips and at the same time
reducing the production times is still a challenge. Indeed, electrochemical processes carried out at high
voltages (10–20 V, AC or DC) yield sub-50 nm apical radii tips within a few tens of seconds, but with
low (∼30%) reproducibility rate [51]. Etching processes carried out at low voltages (2 – 2.5 VDC)
increase the reproducibility rate to the detriment of longer etching times (6–10 min) [45,48]. Recently at
the CNR-IPCF labs in Messina we have introduced a two-step electrochemical etching procedure in
HCL/ethanol solution, which exploits the interplay between etching in bulk and at the meniscus. The
optimization of the process provides tips with r < 30 nm in 55% of the cases and r < 50 nm in 80% of
the cases in less than 300 s, starting from a gold wire of 250 µm of diameter [52].
Gold wires of 125 µm diameter are less expensive (50% cheaper than the 250 µm ones) and much
easier to manage (during the cut and mount). In this thesis we have tailored the fabrication procedure
of highly efficient TERS-active tips to gold wires of 125 µm diameter.

6.2.1 Setup for the Two-steps electrochemical etching
Gold wires are etched in a 50 ml solution of fuming hydrochloric acid (>37 wt.%) and absolute
ethanol (>99.5 wt.%), 1:1 in volume proportion. All the reagents used are of analytical grade. The
setup, shown in Figure 6. 2, comprises an adjustable DC voltage generator, and a micrometric
translator to manipulate the gold wires (125 µm diameter— Advent AU517311, high purity 99.99%,
temper hard) during immersion and extraction from the solution. The gold wires, acting as the anode,
are placed at the center of a 8 mm diameter ring-shaped cathode made from a 0.5 mm diameter
platinum wire. Both electrodes are dipped 5 mm below the air/liquid interface (see Figure 6. 2b). The
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etching process is visually inspected with a stereo microscope (see Figure 6. 2c). As mentioned above
this etching procedure is carried out in two steps [52]. We first pre-etch the gold wire in bulk by
applying a high voltage of 5 VDC between the two electrodes for a time T1 = 20 s. This step thins the
wire diameter, reducing its mass, and permits to almost halve the overall tip production time. This preetching step occurs under intense bubbling conditions and should not last longer than 20 s in order to
avoid the complete corrosion of the wire. Bubbling, in fact, intensely shakes the wire portion
protruding in the solution causing its early detachment, that would yield blunt tips. The second etching
step is carried out at lower DC voltages in the 2.1–2.3 V range. Under these conditions no bubbling
occurs, so the tip can gradually form at the air-liquid interface. The tip formation process is driven by
the meniscus lowering [47,52,53] caused by the wire thinning, and self- terminates typically within T2 =
60–150 s with the detachment of the portion of wire immersed in the HCl-ethanol solution (red arrow
in Figure 6. 2b) leaving a sharp tip at the end of the gold wire. The etching process is optically
inspected via a stereo microscope, allowing us to turn off the voltage simultaneously with the
precipitation of the immersed wire portion in order to avoid over-etching process that would blunt the
tip. Stop-voltage circuits [47,48] can be implemented to automatize this task, but are not fundamental. A
careful washing of the tip is carried out at the end of the etching process to eliminate residual
impurities from the surface. This is done by gently shaking the tip in the etching solution and,
subsequently, by pouring a few drops of HCl, and then rinsing in ethanol and water.

Figure 6. 2 – (a) Sketch of the etching experimental setup. The zoomed area (b) shows the details of the tip immersion zone,
highlighting the geometry of the electrodes and the meniscus formation at the air-liquid interface (a and b are adapted from
ref[52]). (c-d) Photograph of the electrochemical etching setup.
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6.2.2 Electrochemical etching of gold
The electrochemical etching that drives the gold wire corrosion is a redox process between gold and
water in acidic environment. The chlorine ions lower the potential of oxidation- reduction pairs
involving gold. The global electrochemical reaction is governed by several redox couples, among
which the most important are [50]:
Au !"#$% + 4Cl! → 3e! + AuCl!
! !"#$%!%&'&# ,

E ! = 1.00 V

(6. 4)

Au !"#$% + 2Cl! → 1e! + AuCl!
! !"#$%!%&'&# ,

E ! = 1.15 V

(6. 5)

2H ! + 2e! → H! !"# ,

E! = 0 V

(6. 6)

Gold atoms at the wire surface are oxidized becoming either Au(I) or Au(III). The Cl− ions
precipitates with Au(I) or Au(III); their very low solubility decreases dramatically the effective redox
potential of these gold redox pairs. A yellow precipitate of gold chloride is thus formed [reactions (6.
4) and (6. 5)]. At the same time, H+ ions in solution are reduced at the platinum wire surface, gassing
H2 [reaction (6. 6)]. The formation of H2, together with the presence of O2 and Cl2, can cause intense
bubbling in solution, especially when the reaction rate is too fast as observed at 5 VDC (first step of
the process). The reduction of the voltage (2.1–2.2 VDC) in the second step and the presence of the
ethanol, which acts as a quencher [50], hinder the bubbling effect.

6.2.3 Tip formation
Upon immersion of the gold wire in the ethanol-HCl solution, a meniscus is formed at the metal-airliquid interface, due to capillarity, as shown in Figure 6. 3a [54,55]. The meniscus height h depends on
the wire diameter d and contact angle θ, and is the parameter that determines the final tip geometry
(height taper and r) [52]. During the pre-etching step (5 VDC), there is a quick diameter reduction of
the wire immersed in the solution with a consequent meniscus lowering [47,52] (Figure 6. 3b). Ref. [52]
provides a detailed description of the tip formation dynamics in a double step etching process. In
particular it was highlighted that the etching process is not homogeneous along the wire. The wire
diameter at the air-liquid-gold contact point and the diameter of the part immersed in the solution
decrease linearly with time, but the etching at the meniscus is ca. 1.5 times faster than in the bulk. This
difference was correlated to the etching mechanism and the presence of reaction products (AuCl4− and
AuCl2−) in proximity to the wire. Indeed, the reaction products, which gravitationally fall along the
surface of the wire in the solution, locally change (decreasing from the top to the bottom) the
concentration of the chlorine ions along the wire in solution. Consequently, the higher local
concentration of Cl− ions at the meniscus with respect to the bulk determines the experimentally
observed etching rate difference [52].
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Figure 6. 3 – Time evolution of the etching process. (a) Meniscus formation at the air-liquid interface upon wire immersion
in solution. (b) The meniscus lowers rapidly during the etching at 5 VDC as consequence of the diameter reduction of the wire
in bulk. (c) The meniscus drops slowly during the etching at 2.1 VDC. The process ends with the detachment of immersed
wire leaving a sharp gold tip at the end of the second tapered zone. (a-c) Adapted from ref[52]. (d) Optical image of a typical
gold tip shaped from a gold wire of 125 µm diameter.

Through SEM analysis we estimated a value of etching rate at the meniscus !!!"# !" = 3.4 ± 0.2
µm/s, which limits the maximum pre-etching time T1 to ∼35 s. The voltage, therefore, must be stopped
before the complete corrosion of the wire in bulk. The value (T1 = 20 s) provides a sufficient thinning
of the immersed wire (diameter decrease Δ! = 60–70 µm) and a thickness at the meniscus dmen ∼ 55
µm, still sufficient to ensure the rigidity of the wire needed to avoid any bending (bringing to
detachment) caused by the bubbling phenomenon. At low voltages (Figure 6. 3c) a much slower
etching rate was observed (0.7 ± 0.1 µm/s). The taper formation is driven by the lowering of the
meniscus, consequent to the reduction of the diameter of the gold wire at the air-liquid-wire contact
point. During this step a second tapered region, ending with a sharp tip, is produced. The etching
process self- terminates with the detachment of the wire part immersed in solution (Figure 6. 3c) and
the consequent formation of the tip (Figure 6. 3d). The fact that the wire part in bulk is not completely
etched, indicates that at T2, the gold corrosion is spatially confined to the meniscus region. This could
be explained, taking into account that the reduction of the bubbling phenomenon causes an even
slower re-supply of chlorine ions in the area enriched in reaction products (AuCl4− and AuCl2−). This
represents the most critical point of the whole process, and the highest mechanical stability of all the
setup is required to avoid the premature detachment of the wire part immersed in the solution when its
diameter at the meniscus is still in the 10–100 µm range. Indeed, this could give origin to blunt tips
[52].

6.2.4 Tips morphology analysis
Tips morphology was characterized through Scanning Electron Microscopy (SEM) performed by
Enza Fazio and Francesco Barreca in the group of Prof. F. Neri at the Physics department (“MIFT”) of
the University of Messina. Figure 6. 4a shows a typical pilum-shaped [56] tip obtained after the two-
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step etching process. A double taper ∼ 340 µm long characterizes the tip, which is more or less the half
with respect to the one observed etching with the same procedure Au wires of 250 µm in diameter [52].
The lower taper (∼ 180 µm) features an apical angle of ∼ 24° and ends with a sharp tip with r ∼ 12 nm
(see zooms in Figure 6. 4c and d)). While the surface of the top part of the taper is almost flat, the
second taper shows a wavy surface that flattens at the apex (Figure 6. 4c), which is related, to the
etching dynamics.

Figure 6. 4 – (a) SEM images of a pilum-shaped tip with subsequent zooms ((b), (c) and (d)) on the apical part showing a
radius of curvature r ~ 12 nm and an apical angle of ~ 24° (T1 = 20 s, V1 = 5 VDC, T2 = 90 s, V2 = 2.1 VDC).

The intrinsic morphology of the gold wires plays a key role in determining the final tip characteristics,
e.g., smoothness and r [52]. This was also confirmed in the fabrication procedure of gold tips shaped
from thinner wire, i.e. 125 µm. We observed, in fact, that tips with a very rough surface (Figure 6. 5)
can be obtained applying the same etching procedure on different sections of the gold wire supplied by
the producer. Even if rough tips are usually characterized by blunt apexes (r > 100 nm), in some cases
it is possible also to get tips with r < 50 nm or even small radius of curvature (r ∼ 15 nm) although
they can also show a big the apical angle (∼ 90° - see red inset in Figure 6. 5b). Differences in surface
roughness can be explained by taking into account the grain size of the gold in the wire, which are, to
a large extend, determined by the production process. The wires used in this study are produced by
extrusion and then tempered, that is, have undergone a heat treatment to harden the gold alloy. This
technique can yield gold wires with local inhomogeneity. Some portions can still contain a large
amount of dislocations with grain size in the 100–500 nm scale. In this case, the etching process is not
an isotropic atom-by-atom attack [47], but proceeds through anisotropic attacks of the gold grains with
higher etching rates at the grain boundaries where the gold atoms have higher chemical reactivity with
respect to bulk [47]. Consequently, the etching occurs through the detachment of large pieces of gold
yielding the rough morphology observed in Figure 6. 5b, with no possibility to control the
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phenomenon. A statistical analysis on 12 samples shows that on average we have observed that the
double step electrochemical etching process yields ∼ 50 % of tips with r < 35 nm and ∼ 66 % of tips
with r < 80 nm while ca. 25 % are blunt tips (see Figure 6. 6).

Figure 6. 5 – (a) SEM image of an etched tip (T1 = 20 s, V1 = 5 VDC, T2 = 75 s, V2 = 2.1 VDC) and (b) zoom on its apex,
showing the roughness of the gold surface. Even though the radius of curvature is small (r ~ 15 nm) we observe in the red
inset an apical angle of ~ 90°.

Figure 6. 6 – Percentage of tips with: r smaller than 35 nm (blue), 35 nm < r < 80 nm (orange), 80 nm < r < 150 nm (grey),
blunt tips (yellow).

6.3 TERS of dye molecules
In order to check the TERS efficiency of our tips and evaluate the signal enhancement factor we
have carried out TERS measurements on dye molecules adsorbed on to the surface of a Au(111) flat
film, after the flame annealing procedure, in order to obtain Au(111) terraces of about 100 nm in
size [57]. Using these substrates we can exploit the further enhancement ensured by the TERS gap
mode configuration (see § 1.4 in chapter 1) in which a nanocavity is formed between the nanoscopic
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tip and the image dipole induced in the gold film surface [58]. Different dye molecules have been used
for our tests: Methylene Blue (MB), Rhodamine 6G (R6G), and Crystal Violet (CV). In addition to
these molecules also Alizarin red s (AZ-s), a dye of cultural heritage interest (it is a common pigment
in paintings) [59], was analyzed.

6.3.1 Experimental setup
Gold tips were mounted on a STM microscope from AIST-NT. The experimental setup follows a
side configuration and is illustrated in Figure 6. 7. The laser beam (! = 638 nm) used to excite the
sample is P polarized, i.e. the electric field is co-planar to the tip-axis, and is coupled to the tip axis
through a 100× long working distance objective (Mitutoyo, WD 6.0 mm, NA 0.7), oriented at 60°
with respect to the vertical axis. The backscattered TERS signal is collected by the same objective and
driven to the spectrometer: an XploRa Plus from Horiba Jobin Yvon. The signal is dispersed by a
grating featuring 1200 gr/mm and sent to a Peltier cooled CCD camera (Syncerity – Horiba Jobin
Yvon).

Figure 6. 7 – Experimental setup. Raman spectrometer (XploRa Plus – Horiba Jobin Yvon) is coupled to the Scanning Probe
Microscope (AIST-NT), working in both AFM and STM mode, through a commercial mechanical system (Omega scope –
Horiba Jobin Yvon). Laser beam (! = 638 nm) is focalized on to the tip via a long working distance 100X objective
(Mitutoyo, WD 6.0 mm, NA 0.70) inclined at 60° with respect to the vertical axis. An objective scanner allows for a fine
adjustment of the laser focus on to the tip apex. TERS signal is collected in backscattering through the same optical path (red
arrows). In the inset we can see an optical image of our gold tip coupled to the laser beam at focus.
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An objective scanner allows for a fine adjustment of the laser spot on to the tip apex. It has a degree
of freedom along the objective axis and other two orthogonally to this direction. This system is based
on the maximization of the fluorescence emitted by the tip, which should be maximum at the tip apex.
Therefore after scanning the tip along two orthogonal directions of the objective (see Figure 6. 8a, c),
the tip shape can be reconstructed, and the laser focus position can be fixed on to the tip apex with
nanometric precision as showed in Figure 6. 8a. Typical laser powers for these measurements are
about 1.0 − 2.5 mW, while typical integration time is 0.5 −1.0 s.

Figure 6. 8 – (a) Typical fluorescence map of a gold tip performed in the plane perpendicular to laser beam direction (XY
objective) each pixel represent the area of fluorescence spectrum integrated from 300 to 2000 cm-1 (step size = 125 nm). (b)
blue line is fluorescence spectrum relative to the position labeled with a blue cross in (a), whereas red line is relative to the
position labeled with the red cross in (a). (c) Fluorescence map of a gold tip acquired scanning into the plane formed by X
and Z directions of the objective scanner (step size = 100 nm). P = 1 mW T = 0.5 s

6.3.2 TERS enhancement
Figure 6. 9 shows evidence of TERS enhancement on four different dye molecules, namely MB, CV,
R6G and AZ-s. Dye molecules have been casted on flame annealed gold films by immersing the
substrates in a deionized aqueous solution for 2 h and 30 min. The samples are subsequently rinsed in
deionized water in order to remove the dye excess. TERS spectra highlight a high contrast with respect
to the signal acquired when the tip is removed from the near-field region of the sample, just excluding
the feedback loop of the STM system. Vibrational bands of all dyes are in agreement with the
literature results based on other techniques [60,61,62,63].
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Figure 6. 9 – TERS spectra from different dye molecules acquired when the STM feedback is on: (a) R6G 10-4 M (P = 1 mW
T = 5s). (b) CV 10-5 M (P = 1 mW T = 3s). (c) MB 10-5 M (P = 0.1 mW T = 1s) (d) AZ-s 10-3 M 1 mW 5s. Black lines
represent signal intensity acquired in the same conditions when the tip is far from the sample. Measurements are done with
different tips.

TERS enhancement factors (EF) are calculated with Eq. (1.54), (discussed in chapter 1), on an
ensemble of 11 tips, considering the C-N-C skeleton bending mode of CV at 438 cm-1 [60]. The tips’
radius of curvature r was estimated by SEM microscopy. The plot of the TERS enhancement
factors (EF) Vs r is displayed in Figure 6. 10. An excellent TERS activity of our tips is found with
EF ∼ 5×104 for smooth tip showed in Figure 6. 4. Notably we find high EF ∼ 104 even from rough
tips, as the one shown in Figure 6. 5 (EF). After each TERS measurement, the tip signal after
retracting the tip from the sample is checked in order to be sure the TERS signal does not come from
molecules eventually adsorbed on to the tip apex. Figure 6. 10 highlights a strong influence of r on
TERS EF, which spans over three orders of magnitude for 10 nm < r < 150 nm, suggesting the
possibility to have good TERS images with high spatial resolution when the tip radius is lower than
20 nm.
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Figure 6. 10 TERS enhancement factor (EF) as a function of tip radius calculated on the vibrational mode at 438 cm-1 of CV
(!!"# = 638 nm).

In order to have a better clue of the strong localization of field enhancement induced by the tip we
monitored TERS intensity as a function of tip-to-sample distance. The approach curve for TERS
intensity of the R6G mode at 1360 cm-1 (Figure 6. 11), presents a steep signal increase triggered when
the sample is distant about 10 nm from the tip, as also occurs for coupled dimer [64]. Separating the
fluorescence contribute from the vibrational one we can notice Figure 6. 11c-d as fluorescence
intensity is quenched for tip to sample distances lower than 3 nm, while TERS keep on growing,
accordingly to literature [65]. These results confirm the locality of TERS effect within 10-15 nm from
the tip apex.

Figure 6. 11 – (a) TERS spectra after background subtraction of R6G 10-4 M at different tip-to-sample distances. Spectra are
offset for clarity. Experimental conditions: !!"# = 638 nm, P = 0.1 mW T = 0.5 s. Approach curves: (b) Raw intensity of
TERS signal at 1360 cm-1 (light red box in (a)) as a function of tip-to-sample distance (step size 1 nm). Intensity of (c)
fluorescence background and (d) TER scattering as a function of tip-to-sample distance. Intensity scale of (c) is the same
of (b).
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6.3.3 TERS mapping of dye molecules absorbed on flat gold films
First TERS imaging experiments have been aimed at studying the morphology and homogeneity of
dye molecules when they are absorbed on flat gold films. In order to have some information about the
distribution of dye molecules on to the substrate we compare the morphology of the sample (STM
image) with the TERS signal acquired at each point scan. In Figure 6. 12 it is shown an example of
TERS imaging on gold substrate with R6G. Comparing the STM map (a) and the TERS map (b) we
can notice an intense TERS signal (Figure 6. 12c) at the edges between adjacent Au terraces,
suggesting a higher molecular concentration in these zones. At only 10 nm from the edge terraces
there is no evidence of TERS from R6G molecules. This high intensity contrast in few nanometers
(> 20) confirms the potentiality of TERS imaging as a powerful tool for surface characterization at
sub-wavelength resolution, as highlighted in Figure 6. 12d, where it is shown the intensity profile
correspondent to the oblique white line in Figure 6. 12b, featuring a full width half maximum
(FWHM) of 12 nm.

Figure 6. 12 – (a) STM image of Au(111) on which is adsorbed R6G 10-4 M (∆V = 0.05 V – tip positive, setpoint = 80 pA).
(b) Correspondent TERS image obtained mapping the mode at 610 cm-1 of R6G (!!"# = 638 nm, P = 1.0 mW T = 0.5 s)
(each pixel is 10×10 nm2). (c) TERS spectrum of R6G in the point indicated by the red arrow (red line) and TERS signal
from a point 10 nm far from the previous one. (d) Intensity profile of TERS signal at 610 cm-1, correspondent to the oblique
white line in (b).

Another example of TERS imaging is reported in Figure 6. 13. In this case the TERS signal of CV
was acquired from a surface area of 500×500 nm2, whose morphology is displayed in Figure 6. 13a.
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Also this TERS image (Figure 6. 13b) presents a good contrast (higher than 6 – see Figure 6. 13c)
moving only few tens of nanometers (~ 16 nm) within the scanned area of the sample, which has
permitted to localize molecular patches of about 50×50 nm2 (bottom right corner in Figure 6. 13b)

Figure 6. 13 - (a) STM image of Au(111) on which is adsorbed CV 10-5 M (∆V = 0.05 V – tip positive, setpoint = 80 pA). (b)
Correspondent TERS image obtained mapping the mode at 438 cm-1 of CV (!!"# = 638 nm, P = 1.0 mW T = 0.5 s) (each
pixel is 16×16 nm2). (c) TERS spectrum of CV in the point indicated by the blue cross (violet line) and from a point (red
cross) 16 nm far from the previous one (black line).

An important aspect we want to remark is high throughput efficiency of the whole TERS system
which allow for fast TERS imaging measurements. Indeed images in Figure 6. 12b and Figure 6. 13b,
made by 900 pixels, i.e. 900 spectra, were acquired in about seven minutes.

6.3.4 Discrimination of different molecules with few nm resolution by TERS imaging
Reports of single molecule (SM) SERS detection in 1997 [66,67] have reestablished the interest of
scientific community for plasmon-enhanced spectroscopies. Nevertheless fluctuations, nonreproducibility and the lack of understanding of the origin of hot spots suitable for SM-SERS, are
some of the problems related to single molecule emission [68 ]. Bi-Analyte SERS [69,70,71,72,73,74 ]
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represents an alternative technique providing a more direct evidence for SM-SERS. It is a contrast
method based on SERS measurements on a mixture of two different analytes (dyes) and has been
proposed and successfully applied in 2006 from Le Ru and coworkers [69]. The simultaneous use of
two molecular species can provide clear evidence for single (or few) molecule detection. In fact the
observation of a SERS signal of purely one type of dye is a clear proof that it comes from a very small
number of molecules (<10). In addition it does not rely on ultralow concentration of analytes or on the
observation of rare events, and even though this strategy does not provide however SM-SERS on
demand it can be applied to most SERS substrates (dry or colloidal) as a direct and simple test for SM
sensitivity [69]. On the other hand, TERS provides efficient hot spot on demand located underneath the
tip apex and therefore may add to this concept a further evolution related to the possibility to control
the position of hot spots with high spatial resolution. In this context the group of R. Van Duyne
reported on single-molecule TERS detection by using the bi-analyte strategy employing two
isotopologues of R6G (with comparable Raman cross section) [5]. The pure spectrum of both these
molecules (with a sufficiently low surface concentration) was seen always with the tip at the same
position, while Raman intensity was monitored as a function of time. In this case the measurements
are sampling the statistical properties of the enhancement distribution of one hot-spot, while SERS
based bi-analyte techniques measure the statistical properties of the enhancement factors of a certain
class of hot-spots [70].
Bi-analyte TERS is probably the best way to prove SM TERS detection in ambient condition, in fact
SM TERS with a single analyte was possible only in ultra high vacuum (UHV) conditions, which
reduces the occurring of photobleaching events, allowing also for TERS imaging [75]. As a matter of
fact, very recently UHV-TERS has permitted the discrimination of adjacent molecules adsorbed on a
silver film with sub-nanometric spatial resolution, allowing also for a precise analysis of the selection
rules of the vibrational modes of both different molecules [76].
In this section we want to exploit TERS imaging under ambient condition for the discrimination of
different molecular species, with different Raman cross sections, adsorbed on flat Au(111) films. For
this scope we immersed a flat gold film in a solution with both R6G (4×10-5 M) and CV (4×10-6 M)
for 2 h 30 min. Also with this sample we acquired both topography (Figure 6. 14a) and TERS signals
(Figure 6. 14c) from a surface area of 300×300 nm2. Here we analyze the spectral data in a different
manner. We do not show the intensity of a specific vibrational band, but rather we compare each
TERS spectrum with two reference TERS spectra: one for CV (green line in Figure 6. 14b) and one
for R6G (red line in Figure 6. 14b). Hence we plot, as a function of the position, the percentage values
for each contribution in Figure 6. 14c, where green color scale represents CV percentage intensity,
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whereas red scale represents the percentage relative to R6G. The analysis was performed exploiting an
integrated feature (“CLS fitting”) of the Horiba Jobin-Yvon software “LabSpec 6”.
The TERS map in Figure 6. 14c displays a prevalent contribution due to R6G spectrum as expected
from the different concentration in mixed solution in which the sample was incubated (R6G is an
order of magnitude more concentrated with respect to CV). However CV can be observed in some
spots of the area forming small linear patches which more likely reflect the morphological features of
the gold surface (Figure 6. 14a).

Figure 6. 14 - (a) STM image of Au(111) on which is adsorbed R6G 4×10-5 M and CV 4×10-6 M (∆V = 0.05 V – tip
positive, setpoint = 120 pA). (b) Reference TERS spectra acquired from sample with only CV adsorbed (green line) and with
only R6G (red line). Spectra are normalized to the maximum intensity value after background subtraction (offset for clarity).
(c) Molecular distribution of dye molecules on to the substrate. Green pixels represent the zones with high percentage of CV
reference spectrum while red pixels represent zones with high percentage of R6G reference spectrum. (!!"# = 638 nm,
P = 0.1 mW T = 1 s) (each pixel is 3×3 nm2).

175

Figure 6. 15a is the zoom of the area delimited by the blue rectangle in Figure 6. 14c (70×40 nm2)
Here it is highlighted the presence a linear patch of CV molecules among a region prevalently
characterized by R6G. In Figure 6. 15 is reported the percentage line profile (green dots for CV and
red ones for R6G), correspondent to the vertical white line in Figure 6. 15a. This demonstrates that of
two dye molecules adsorbed on to the same substrate can resolved with a high spatial resolution (3
nm) exploiting TERS imaging at ambient conditions.

Figure 6. 15 – (a) Zoom of the area delimited by the blue rectangle in Figure 6. 14c, highlighting a linear patch of CV
molecules. (b) Percentage intensity profile correspondent to the vertical white line in panel (a). Red dots represent the
contribution of R6G reference spectrum (red line in Figure 6. 14b) to the whole TERS spectrum, while green dots represent
the contribution of CV reference spectrum (green line Figure 6. 14b). The FWHM of the profile is 3 nm. (c) TERS spectra
correspondent to numeric labels in panel (b). Spectrum 2 is totally due to CV molecules, while 1 and 3 are due to R6G
(!!"# = 638 nm, P = 0.1 mW T = 1 s).

Finally we want to point out that even if the Raman cross section of CV is higher with respect to the
one of R6G at 638 nm (see different intensity scale in Figure 6. 15c), TERS signal in zones far only 3
nm to the ones characterized by CV molecules, can displays only R6G vibrational signature. These
results prove TERS imaging is a suitable technique for distinguishing different dyes at different
concentration on to a flat surface, e.g. painted canvas.

6.4

TERS of amyloid oligomers

The accumulation of specific peptides or proteins as misfolded amyloid fibrils is at the basis of a
large number of human pathologies, ranging from neurodegenerative disorders, such as Alzheimer’s
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and Parkinson’s diseases, to non-neuropathic amyloidoses, including dialysis-related and type II
diabetes amyloidoses [77]. It is increasingly evident that, at least in some protein deposition diseases,
the pathogenic species are the oligomeric assemblies that precede the formation of mature amyloid
fibrils [78,79,80]. For example, it is now widely accepted that soluble oligomeric forms of β-amyloid,
which are generated during the first stages of Alzheimer’s disease, are responsible for impairing the
cognitive function [81]. Importantly, the molecular events leading to β-amyloid oligomers are supposed
to appear 10 to 20 years before the symptoms become apparent [82]. As a consequence, tests focused
on monitoring aberrant protein oligomers are expected to represent a promising tool for diagnosing
protein misfolding diseases in their earliest, presymptomatic, and most treatable stages. The interest in
detecting aberrant oligomers present in body fluids has grown strongly in recent years.
The N-terminal domain of the Escherichia coli protein HypF (HypF-N) is a small stably folded α/β
protein with 91-residues (10 kDa) [83,84] and is a valuable model system for investigating the structural
basis of the cellular dysfunction as it was shown to form amyloid-like fibrils similar to those
associated with diseases as well as toxic oligomers [85]. In addition to this HypF-N is a very stable
system and therefore suitable for scientific investigations [85]. According to the pH conditions the
same polypeptide sequence can assemble into two distinct types of stable oligomers having similar
morphological properties, but different abilities to cause cellular dysfunction [85,86]. Hereinafter we
will call “Type A” the toxic oligomers and “Type B” the non-toxic ones.
SERS has allowed for the detection of HypF-N (Type A) through an indirect method with a limit of
detection (LOD) of 0.1 µM [87]. TERS has been demonstrated a very interesting technique for the
analysis of biological systems [10] and in particular of the characterization of amyloid fibrils [88,89,90],
allowing also for TERS imaging of these nanostructures (200 nm wide and several µm) in a STM
configuration with a resolution lower than 78 nm [23]. Oligomers are the constitutive globular elements
of amyloid fibrils and are much smaller (ca. 2-4 nm) however information on their conformation can
give useful insight on toxicity of the fibrils they are going to form [85,87,91]. In fact it was observed that
nontoxic oligomers (Type B) are characterized by higher hydrophobicity with respect to the toxic
Type A, in which the hydrophobic regions are structurally more highly disorganized and solventexposed [85,91]. The aim of our measurements is then detecting these structural differences on
oligomers adsorbed on to a gold film at low surface concentration by means of tip enhanced Raman
spectroscopy.

6.4.1 Samples preparation
Oligomers were supplied by Prof. Fabrizio Chiti at the “Dipartimento Scienze Biomediche,
Sperimentali e Cliniche”, of the University of Florence, in the framework of a collaboration including
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the group of Dr. Paolo Matteini at the Institute of Applied Physics “Nello Carrara” of the Italian
National Research Council in Florence.
Type A oligomers are obtained by diluting the protein stock solution to 48 µM in 50 mM acetate
buffer, 12% (v/v) trifluoroethanol (TFE), 2 mM DTT, pH 5.5. Type B oligomers are obtained by
diluting the protein stock solution to 48 µM in 20 mM trifluoroacetic acid (TFA), 330 mM NaCl,
pH 1.7. The resulting samples were incubated for 4 h at 25 °C [85].
Two gold films were immersed overnight in 10-6 M HypF-N oligomers solution Type A and B,
respectively. The samples were rinsed in water to remove the excess of protein and then dried in air.

6.4.2 TERS measurements
Samples were characterized with the STM-TERS setup described in section 6.3.1 and a tip featuring
a tip radius r of 15 nm. In Figure 6. 16 we can see the evidence of the TERS effect on oligomers with
some of typical vibrational bands of biological samples, such as the Phenylalanine (Phe) ring
breathing mode at 1004 cm-1 or the amide II band at 1550 cm-1 due to the C-N stretching mode and NH bending mode of the atoms forming the peptide bound.

Figure 6. 16 – TERS signal of oligomers (Type A) when the STM feedback loop is on (red line) and when it is off (black
line). Experimental conditions: !!"# = 638 nm, P = 0.11 mW T = 10 s.

The different types of oligomers have been compared in Figure 6. 17, where are reported TER
spectra from different positions over a surface area of about 900 nm2 on both Type B (non-toxic) and
Type A (toxic) HypF-N samples. At a first glance Type B spectra are more reproducible with respect
to Type A, suggesting this latter can assume a much more variable configuration onto the substrate in
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agreement with the findings reported in [85,91,92] claiming a more disorganized structure of the toxic
oligomers. In addition hydrophobic residues are more pronounced in Type A rather than in Type B,
e.g. Tyrosine (Tyr) mode at 830 cm-1 and 1370 cm-1 [93] and Phe at and an almost absent Amide I
band, which is due to the properties of the secondary structure of the biomolecules [94,95]. On the
contrary for Type B amide I band in Figure 6. 17 is slightly more pronounced suggesting a more
defined secondary structure composed by a contribute at around 1640 cm-1 and eventually also a less
intense one at 1662 cm-1.

Figure 6. 17 – TERS spectra from different position of the tip on to the sample with oligomers Type A (toxic) and Type B
88
(non-toxic), on the left and on the right respectively. Mode assignment was done following the refs[ ,93,94,95, 96 ].
!!"# = 638 nm, P = 2.52 mW T = 5 s. Data are offset for clarity.

In order to have a better understanding of the differences between the TER spectra of the two
different oligomer typology we compare in Figure 6. 18 the average spectrum of five representative
spectra of both Type A and Type B. Some evident differences can be seen in the spectral range
between 1400 cm-1 and 1700 cm-1. In particular for oligomers Type A there is an intense band at
1490 cm-1 that is missing for Type B sample. This band is attributed to the vibrational modes of Phe
and Tyr [93,96], which are hydrophobic residues of the oligomers. This suggests they are located in the
external part of the structure feeling more efficiently the strong field enhancement provided by the tip.
In addition the presence of the Amide I band at 1630 cm-1 only for Type B oligomers, even thought it
is not much intense, indicates that the secondary structure is more organized in this case with respect
to the toxic oligomers, in fact the spectral position of the band is compatible with the presence of βsheets [93,94,95,97], consistent with the findings of refs [85,91,92].
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Figure 6. 18 –TERS spectrum of oligomers Type B (top) and Type A (bottom) averaged on 5 positions on the sample.
Experimental data (black circles) are well fitted by a Lorentzian model with three contributes in both the cases. However for
Type B the band at 1490 cm-1 is missing, while the amide I band at 1640 cm-1 is missing for oligomers Type A. In addition
the relative intensity between Amide II band at 1550 cm-1 and C=C stretching mode is different for the two kind of
oligomers.

Our preliminary results highlight the potentiality of TERS effect for the direct detection of HypF-N
oligomers. Results suggest the possibility to discriminate among different structural conformation of
the oligomer, and in specific case the conformation exhibiting a toxic behavior and leading to the
formation of misfolded amyloid fibrils at the basis of Parkinson’s disease [85,91]. Distinguishing
different oligomers conformations on the same sample by TERS imaging would be a very important
step forward for the early stage diagnosis of these pathology, allowing also to better investigate the
mechanisms involved in transitions from a normal configuration to a toxic one [91].
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Conclusion and Outlook

The work presented in this Thesis was focused, on one side, on the study of the basic
electromagnetic processes in SERS, including polarization- issues, targeted at optimizing the
excitation geometry of a nanosensor and, on the other side, on the development of new strategies for
high sensitivity and specific detection of biomolecules in dry and liquid conditions by means of
Surface- and Tip- enhanced Raman spectroscopy.
In the initial part the attention has been focused on polarization issues related to the twofold
electromagnetic enhancement mechanism in Surface enhanced Raman Scattering (SERS). We have
discussed how the re-radiation effect can strongly alter the polarization state of the SERS radiation,
influencing the SERS depolarization ratio. We have developed a model to relate the SERS
depolarization to the molecular depolarization ratio, an intriguing physical quantity that provides
information on the molecular orientation. Furthermore, we have studied, both theoretically and
experimentally, the polarization properties of SERS from near-field coupled nanowires excited with
circularly polarized light. From a practical point of view, this configuration turns out to be very
attractive since the signal intensity becomes insensitive to the exact orientation of the sample, making
sensors more robust to optical misalignments.
Driven by the necessity to develop new SERS sensors featuring large area, low cost, highly
reproducibility and field enhancement, in Chapter 3 we have characterized SERS enhancement of
novel nanostructures, namely Au nanocrescents evaporated over monolayers of polymeric
nanospheres and asymmetric Au nanoclusters grown on flexible PDMS substrates. In both cases we
have found a signal amplification up to four orders of magnitude. We have shown the possibility to
employ Au nanocrescents in the detection of haemoglobin, reaching a detection limit of 100 pM.
Au/PDMS plasmonic substrates were employed for first measurements on mitochondria, suggesting
the possibility to detect via SERS the properties of cytochrome c molecules contained in these
organelle.
In Chapter 4 we faced the problems related to the in-liquid SERS detection of biomolecules. We
have exploited a strategy (LIQUISOR) based on optical forces to push and form SERS-active
aggregates of gold nanorods (NR) mixed with proteins. Working on Bovine Serum Albumin (BSA),
we have reached a limit of detection of 50nM, we have studied the growth kinetics of the optically

186

induced aggregate, its morphology by SEM images and demonstrated that LIQUISOR can provide
quantitative information on the protein concentration. A model has been developed that describes the
process of nanorod/protein binding and size increase of the bio-nanorod composite, supported by
dynamic light scattering measurements.
To assess the efficiency and versatility of the LIQUISOR methodology we have applied it (Chapter
5) to the detection of Lysozyme (Lys), Hemoglobin (Hgb) and Catalase (Cat). Detection at
physiological pH was demonstrated in all cases, reaching sensitivities of few ng/mL (picomolar) and
high SERS gains (~107 for Hgb). Finally, we carried out first proof of principle experiments of of high
sensitive and selective LIQUISOR detection of MnSOD (4.5 nM) and Ochratoxin A (1 µM),
exploiting aptamers to functionalize the gold NRs and add specificity to the LIQUISOR methodology.
In the last part of this thesis the attention was moved to Tip enhanced Raman spectroscopy. Firstly
we have developed a fast and efficient double-step electrochemical etching for the fabrication of
nanotips featuring radius of curvature lower than 35 nm starting from Au wires of 125 µm diameter.
Homemade tips were used to obtain TERS spectra of Rhodamine 6G (R6G), Methylene Blue, Crystal
violet (CV) and Alizarin. TERS enhancement factors EF ~ 5×104 were obtained. TERS imaging was
demonstrated on a molecular film of R6G and CV adsorbed on a flat gold substrate to discriminate
aggregates of molecules with a spatial resolution of 3 nm. TERS was finally applied in the
biomolecular field to high sensitivity spectroscopy of HypF-N oligomers, analogues of amyloid
oligomers, the constitutive elements of amyloid fibrils, responsible for several neurodegenerative
diseases. Our first results highlight the potentiality of TERS effect for the detection of small biological
systems. Notably, our results evidence the possibility to discriminate among different structural
conformation of the oligomers, one of which exhibiting a toxic behavior that leads to the formation of
misfolded amyloid fibrils in Parkinson’s disease.
Several possible developments are envisaged for both the LIQUISOR and the TERS methodologies.
The LIQUISOR is of rapid use (few minutes), experimentally simple (standard micro-spectrometers
and commercial nanorods are used), reliable and intrinsically scalable to lab-on-chip devices. Higher
specificity can potentially be achieved by centrifuging functionalized NR mixed to the protein in order
to separate free molecules in complex fluids from the target proteins interacting with aptamer
functionalized NR or employing functionalized surfaces (instead of glass slides) to increase the
affinity between BIO-NRCs and substrates and thus to speed up the aggregation process. On the other
side higher sensitivity can be potentially achieved adopting silver nanoplatelets, as well as core-shell
nanostructures. The use of laser beams in the optical transparency window of biological tissues could
enable the application of our scheme in combination with optical injection of nanoparticles into living
cells for in-vivo SERS biomolecular detection. TERS, with its high sensitivity and spatial resolution
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and spatial resolution has already demonstrated potentialities in the field of DNA sequencing and can
have unique applications in proteomics, allowing for the detection of single amino-acid alterations,
e.g. phosphorylation, in complex proteins. The fabrication of new tips, more efficient, less expensive
and more reproducible is another future challenge. Besides applications in the nanomedicine field,
TERS can have important applications in cultural heritage field, for identification of inks on paper,
dyes on statues which can be essential for dating, restoring and conserving the artwork.
Future research will be oriented towards the scientific challenges foreseen in the Life Science &
Health roadmap elaborated for the next European framework programmed by the Photonics21
platform. In fact for most European countries, the projected demographic changes will have drastic
consequences for European citizens and their healthcare systems. For example, the number of people
older than 65 years will double by 2030, leading to a dramatic growth of age-related diseases
including Alzheimer’s disease, cardiac infarction, stroke, age related macular degeneration, diabetes,
kidney failure, osteoarthritis, and cancer. Greater mobility of the population will result in the increased
occurrence of pandemics. Therefore, providing adequate health care for all European citizens will
require enormous efforts. These challenges can best be met through breakthroughs in and deployment
of new photonic and spectroscopic technologies, yielding cost-effective methods for improved
diagnosis and therapy and also for water and food safety quality inspection.

188

Acknowledgements

Looking back at the road that brought me here I can see many people who have contributed to my
final result. Firstly I would like to acknowledge the director of IPCF Dr. C. Vasi who has given me the
opportunity to be carry out my research work in the IPCF labs. Thanks to this I had the chance to join
the NanosoftLab group led by Pietro Gucciardi to whom is addresses a particular acknowledgement
not only for being my supervisor and having stimulating in these years my interest in research but also
for being a friend who has always encouraged me. Many thanks to Elena and Cristiano: colleagues and
friends who has supported me from the beginning to end of my work. Thanks also to all the nice
people with whom I had the chance to share time in a friendly atmosphere: Uzzi, Seby, Alessandro,
Viviana, Josè, Antonio and all the members of the Nanosoftlab group, who has given also a valuable
contribution to my thesis work, in particular Onofrio and Maria Grazia for fruitful discussion about
optical forces, Alessia for the SEM analisys and Barbara for being my thesis referee. I want also to
acknowledge Dr. N. Micali and V. Villari for DLS measurements.
I would like to acknowledge the other groups I have collaborated for my thesis work. In particular
Prof. Francesco Buatier de Mongeot and his group at University of Genoa for having provided me
very efficient SERS substrates to exploit in biosensing field, Dr. G. Peluso and Dr. A. Calarco from
Naples for having provided mitochondria samples, Prof. F. Chiti, Dr. P. Matteini and Dr. C. D’Andrea
from Florence for having provided amyloid oligomers. Furthermore I want acknowledge Prof. Marc
Lamy de la Chapelle for being my thesis referee and for having permitted me to join his lab and his
group in Paris where I had the chance to perform measurements that added value to my work. Finally I
want to acknowledge Prof. Fortunato Neri for being my co-tutor and for having given me the chance
to collaborate with Enza Fazio and Francesco Barreca for SEM characterization of nanotips.
Other acknowledgements are addressed to Prof. L. Torrisi, the coordinator of the PhD school, for his
professionality and for having supported my participation to several conferences, and to Dr. Paola
Donato for her administrative support. In addition I would like to thank my colleagues and all
members of the Young Minds and OSA chapter groups of Messina as well as Antonella and all the
Appunti di Fisica group, with whom I have enjoyed and understood the pleasure and importance to
share scientific knowledge among a community. Thanks also to Dr. Princi and all IPCF staff for being
always available for solving technical problems.

189

A very big acknowledgement is for Stefania, my girlfriend, for having bearing me with patience all
this time, especially in the writing stage. Finally I want to acknowledge my parents and all my family
for their absolute love and a lot of thanks also to all my friends for their support and for the funniest
moments of my life.

190

