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In the clearing stands a boxer
And a fighter by his trade
And he carries the reminders
Of ev’ry glove that laid him down
And cut him till he cried out
In his anger and his shame
I am leaving I am leaving
But the fighter still remains.

Simon and Garfunkel—The Boxer



To the ones who have taught me something.
A bit to everyone of them.
(A quelli che mi hanno insegnato qualcosa.
Un po’ a ciascuno).



Supervisor’s Foreword

Surface-enhanced Raman scattering (SERS) has attracted a growing interest over
the last few decades mainly owing to its huge applicative potential. Indeed, com-
bining the molecular fingerprint specificity of Raman spectroscopy with an ultra-
sensitive detection capability, this technique can bring the limits of the
spectroscopic investigation down to the single-molecule level. Metallic nanos-
tructures illuminated by radiation at frequencies close to the plasmon resonance can
act as nanoantennas, focusing strong electromagnetic fields in small volumes, well
beyond the diffraction limit, thus enabling the spectroscopic analysis of the
molecular environment in close proximity to the metallic surface.

Possibly, the most promising applications of SERS spectroscopy can be found in
the field of biophysics, where it is often necessary to unravel the complex interplay
of multiple factors activating biological processes. To this aim, SERS can represent
a powerful tool to reveal specific molecular binding events or structural modifi-
cations, e.g. changes in the functional groups of a ligand triggered by external
stimuli, like prolonged irradiation or changes in the pH or temperature of the
environment. The high intensity of SERS signals also allows to efficiently trace
SERS-active nanostructures interacting with biosystems, paving the way to their
application as biotags for optical experiments in alternative to fluorescent dyes.

With her doctoral dissertation, Claudia Fasolato has proved the high potential-
ities of SERS in approaching different biophysical problems. Particularly, she
focused on molecular sensing and cellular screening for biomedical purposes.
Molecular sensing is the topic of the first part of the thesis. Following the basic idea
to exploit the huge signal enhancement achieved upon nanoparticle aggregation,
she has functionalized gold and silver nanocolloids and monitored the effect on the
SERS response of their self-assembled aggregation in mesoscopic structures.
A correlation between the aggregate morphologies and the enhancement efficiency
clearly emerged from the first attempts. SERS-active substrates were then designed
and realized by EBL-driven self-assembly of nanoparticles into regular arrays of
mesoscopic aggregates, organized on a solid flat surface. Careful experimental
investigations demonstrated the high performances in signal enhancement and the
good signal reproducibility of this peculiar kind SERS-active substrates. The
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simplicity of the realization protocol and the intrinsic tunability of these structures
make them very promising for molecular sensing applications.

The second part of the thesis approaches the problem of a reliable of cellular
screening for cancer diagnostics. Claudia has proved the diagnostic capabilities of a
folate-based SERS-active nanovector in screening single cells and identifying the
cancer ones. It is well known that folic acid is an essential molecule for cell
reproduction, and quickly replicating cancer cells show an overexpression of
folate-binding proteins on their membrane. Properly functionalized folate
nanoparticles can thus be exploited for an efficient selective targeting of cancer cells
which bind much more nanoparticles than healthy cells. A single-cell Raman
imaging protocol was applied to statistically relevant cell populations from three
cell lines used as a test. The analysis of the spectroscopic data enabled not only to
discriminate between cancer and normal cells, but also to quantify the nanovector
binding efficiency. This was found to be proportional to the level of expression of
folate receptors in the different cell lines. The cell/nanovector biorecognition
strategy used in the case of folate was then extended to a class of molecules known
as antifolates, as aminopterin and methotrexate, which exhibit a strong cytotoxic
action, blocking folate metabolism and leading the cell to death. This cytotoxicity
was exploited in the design of a theranostic SERS-active nanovector, in principle
capable of combining the high selectivity of the folate nanovector with a therapeutic
action against the targeted cancer cells.

The experimental studies presented in this thesis aim at a thorough compre-
hension of the mechanisms affecting the spectroscopic response of SERS-active
systems, in order to design effective applications. Claudia has suggested novel paths
for systematizing the design of SERS nanosystems and of the experimental pro-
tocols adopted: optimizing the sensitivity and reproducibility of SERS spectroscopy
is of crucial importance in biophysical and biomedical investigations.

For the combined approach, both fundamental and applied, and for the thorough
analysis of the state of the art, this thesis can represent a relevant overview for both
students approaching SERS spectroscopy and experts of the field.

Rome, Italy
September 2018

Prof. Dr. Paolo Postorino
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Abstract

The thesis Surface Enhanced Raman Spectroscopy for Biophysical Applications
explores the phenomenon of surface-enhanced Raman scattering (SERS), the huge
amplification of Raman signal coming from molecules in proximity of a metallic
nanostructured surface. SERS spectroscopy is an ultrasensitive analytical technique
with a strong potential for applications in the fields of biophysics and nanomedi-
cine. As a title of example, we discuss the design of nanocolloid-based SERS-active
substrates for molecular sensing and of a folate-based SERS-active nanosensor
capable of selectively interacting with cancer cells, enabling cancer diagnostics and
therapy at single-cell level.
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Chapter 1
Introduction

In recent years, the development of novel technological platforms for the study of
biosystems has allowed for reaching extreme sensitivity and gaining deep insight
in the physical mechanisms at the basis of biophysical processes. Interesting results
have been obtained with imaging techniques [HD2005, Hua2009], as well as in
the development of refined approaches for biosystem manipulation and control
like microfluidic devices [Krü2002, SW2003], optical tweezers [Gri2003], etc..
Among these novel tools, innovative spectroscopic techniques enable probing spe-
cific biomolecules and investigating their composition, structural properties, loca-
tion and interaction with other elements also in complex environments, as inside
a cell [And2011, Gil2016]. This can allow to unravel the biological function of
specific molecules in the metabolic processes or their role in the development of
diseases: a very important example is the identification of biomarkers for cancer
[Abe2010, Pep2001, WQ2015] or other degenerative diseases [Doe2012, ElA2006].
For approaching this kind of problems it is crucial to push the limits of our biophysical
investigation down to the single cell and single molecule level [Den2008, WB2010,
Gal2014].

In this framework, a wide interest has raised around surface enhanced spectro-
scopies, based on the plasmonic properties of metallic nanostructures [Bau2017,
Sch2014, Rod2015]. In a metal nanoparticle (Np), the collective oscillation of the
free electron gas, namely the surface plasmon, can be excited by electromagnetic radi-
ation, tipically in the visible - near infrared spectral range [Sti2008]. The plasmonic
excitation induces the Np to act as an electromagnetic nanoantenna. The electromag-
netic scattering of light by the plasmonic nanostructure causes the localization of an
extremely intense electromagnetic field close to the Np surface. This can be exploited
for the spectroscopic investigation of the molecular environment surrounding the Np
[Sti2008, NE1997]. In particular, Surface Enhanced Raman Scattering (SERS) con-
sists of the increment of several orders of magnitude in the Raman intensity scattered
by a molecule close to a metal nanostructured surface [Sch2014, Fas2014].

© Springer Nature Switzerland AG 2018
C. Fasolato, Surface Enhanced Raman Spectroscopy for Biophysical Applications,
Springer Theses, https://doi.org/10.1007/978-3-030-03556-3_1
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2 1 Introduction

Raman scattering is an inelastic light scattering process inwhich a solid/molecular
system is excited by a photon to a so-called virtual electronic state, from which it
relaxes almost instantaneously to the fundamental electronic state, but in a different
vibrational level, with the creation/destruction of a quantum of vibrational energy
that in solid systems is defined as a phonon [Col1975]. The vibrational energetic lev-
els of a molecule depend on its atomic composition and on the chemical bonds that it
contains. For this reason, the spectral distribution of the scattered photons - that is the
number, position and relative intensity of peaks in the Raman spectrum - is a charac-
teristic of a given molecule, being known as the spectroscopic molecular fingerprint
[EG2006]. Raman scattering experiments allow identifying the molecular compo-
sition of unknown samples and gaining additional information about the molecular
interaction, chemical environment and 3D-organization. Raman spectroscopy is a
very powerful tool for the investigation of biomaterials, despite its considerably
low intensity: Raman cross sections are typically 109 − 1012 times lower than flu-
orescence ones, and even 107 − 1010 times lower than typical infrared absorption
[Sch1986, Sut1992, Etz1999]. Coupling the potentialities of Raman spectroscopy
with the field enhancement provided by plasmonic Nps is therefore a promising
strategy: SERS spectra display signal enhancements of 6-10 orders of magnitude
for nonresonant molecular probes compared to their Raman counterparts [Sti2008,
Fan2008].

From a quantitative point of view, the plasmonic excitation inside themetal nanos-
tructure typically accounts for most of the SERS enhancement: this phenomenon is
known as electromagnetic SERS mechanism [Sch2006, Yos2010]. Nevertheless,
some changes in the features of SERS spectra with respect to conventional Raman,
as well as a further signal enhancement, not predictable within the electromagnetic
mechanism, need a thorough explanation [Osa1994, Are2000]. To this aim, the
changes in the electronic polarizability of the molecule, due to its proximity to a
metal surface, have to be considered [Lom1986]. Indeed, charge-transfer resonances
and orbital hybridization between molecule and metal substrate can occur. Since the
Raman cross section depends on the electronic polarizability of the scatterer, these
phenomena affect both shape and intensity of the final SERS spectrum [LB2008].
This effect is usually referred to as chemical SERS mechanism.

The potentiality of SERS as an ultrasensitive spectroscopic technique has been
confirmed by the impressive results obtained in SERS probing of even single- or
few- molecules, avoiding ensemble measurements. In this regard, SERS represents a
powerful tool for fundamental studies, aimed at exploring the vibrational dynamics of
single nanoscaled objects. The observation of single molecule Raman scattering has
been demonstrated in the lateNineties detecting dyemolecules in solution [Kne1997]
or proteins on solid plasmonic substrates [Xu1999] using statistical arguments on
the SERS intensity detected as a function of time. More recently, the coexistence of
persistent and blinking Raman bands in the temporal evolution of SERS spectra of a
single organic molecule has been ascribed to the optomechanical coupling between
the molecular vibrations and the sub-nanoscale sized plasmonic cavity in which it
was immobilized [Ben2016]. These studies have been of pivotal importance for the
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field of single molecule spectroscopy [PA2008]. However, since the early era of
SERS, it has been clear that its potentialities lie even more in the field of applied
science and technology.

In the last decades, considerable efforts have been devoted to the development of
SERS-based protocols and/or devices for large-scale applications, especially in the
field of biomedicine [Qia2008, Sch2014]. Indeed, in principle, SERS-active systems
could grant specific and ultrasensitive biomolecular detection [Dom2011], a great
versatility in terms of size, shape and molecular functionalization [VoD2010], and
the capability to selectively interact with cells for aims of diagnostics [Pal2015,
Fas2016]. Therefore, it is possible not only to develop SERS-based sensors and
biosensors, but also to design SERS-active nanosystems capable of tracking bacteria,
cancer cells and other specific biomarkers, not only in vitro but also in bodily fluids
[Kne2017]. Despite all these possibilities, though, SERS-based technologies often
suffer from a lack in the control of the outcome response, which is affected by
the somehow competing issues of combining high intensities (i.e. high sensitivity)
and experimental reliability through signal reproducibility [Bau2017]. This causes a
limitation of the translational impact of SERS-based technologies.

Frequently, reviews on SERS research point out that SERS effect is not easily pre-
dictable and reproducible because it is poorly understood [Mos2013]. Nevertheless,
this interpretation is probably too cautious and does not identify the central problem
in the field. Indeed, the physico-chemical mechanisms on which SERS enhance-
ment relies are widely studied from both experimental and theoretical point of view
[LB2008, Aus2012, Gra2017]. On the contrary, the issue is that SERS enhancement
is produced and affected by a complex cooperation of different elements. These
are the intrinsic properties of the molecule, the shape and composition of the metal
substrate, but also their interplay, environment, and spatial organization at the sub-
nanometer level [Gra2017]. In this respect, SERS technique can be considered a
purely nanoscale effect, because it depends on local properties, as field enhancement
and charge transfer processes, and can be employed for probing nanoscaled sys-
tems. For all these reasons, the simultaneous control of all the involved parameters
is difficult to achieve.

The urgent need of studies addressing the comprehension and control of the
responseofSERS-active systemsmotivates this research.ThisPh.D.Thesis addresses
the problem of SERS application to biophysical issues. The fil rouge of this work
is the attempt to gain a thorough comprehension of the mechanisms affecting the
spectroscopic response for effective applications. Moreover, when possible, we have
tried to suggest a path for the systematization of the nanostructure design and of the
experimental protocol to follow in order to reach a high as possible gain in terms
of sensitivity and reproducibility. This is essential when dealing with the problems
of molecular sensing and cellular screening for early cancer detection and therapy
[Str2007, Bau2017].

In the first part, we have focused on the issue of molecular sensing, i.e. detecting
specific molecules at ultralow concentration exploiting their intense SERS signal. To
this aim, we have developed and thoroughly characterized the plasmonic behaviour
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of SERS-active substrates based on metal Np self-assembly in micrometric-sized
aggregates on a solid support, starting from their water dispersion. We have stud-
ied the SERS activity of self-assembled Np clusters, correlating maximum SERS
intensity provided by these structures with the morphological characteristics of the
aggregate. We have found a linear dependence of the SERS efficiency on the cluster
area up to very large surfaces (∼30 µm2) and a further contribution on the num-
ber of Np layers composing the aggregate. The results pointed out a cooperative
effect of the whole mesoscopic cluster for generating the maximum SERS signal
and of a specific influence of the morphology on the efficiency [Fas2014]. On these
bases, we developed a template-guided self-assembly strategy for the preparation of
a SERS active substrate [Fas2015]. Electron beam lithography was used to produce
a two dimensional, ordered array of micrometric cavities in which the Np assembly
was induced into designed shapes [Bra2015]. The accurate control on the Np aggre-
gation resulted in a good combination of signal enhancement and reproducibility
[Dom2016].

In the second part of the work, we have addressed a more refined clinical issue,
that is early cancer detection through single-cell screening and diagnostics. To this
aim, we have exploited the versatility of SERS-active gold Nps in terms of molecular
functionalization for developing a folic acid conjugated nanovector [Fas2016]. We
have chosen folate because of its key role in cellular metabolism and reproduction:
for this reason, it is known that cancer cells overexpress folate binding proteins on
their membrane. This feature allows targeting cancer cells with a high selectivity
using a folate nanovector. In particular, we have developed a SERS based screening
protocol that has allowed for discriminating three distinct cell lines for their different
bioaffinity for folate, related to the density and type of folate receptors on the cell
membrane [Par2005, Kel2006]. The sensitivity of this strategy in single cell cancer
diagnostics suggested the possibility of implementing a therapeutic action of our
nanovector [Fas2018]. This was performed through the substitution of folate with
antifolate drugs, such as aminopterin and methotrexate. These nanovectors for thera-
nostics (diagnostics and therapy) have shown an enhanced cytotoxicity with respect
to the molecular drugs, due to the oriented binding of the molecules loaded on the
Nps, favoring both the biorecognition and the toxic action inside the cell.

In the various Chapters, a thorough report of the research activity is provided.
We start from the basics and describe in detail the experimental protocols employed
and the optimization implemented experimentally along the way. We believe that the
presented results well illustrate the state-of-the art in SERS application to biophysical
investigations.

Thesis Outline

The content of this Thesis is organized as follows.
In Chap.2, the theoretical bases of conventional and surface enhanced Raman

scattering are presented, together with a review of the state of the art regarding
SERS application in our field of investigation. After an introduction on optical spec-
troscopies, we have provided a semiclassical, intuitive description of conventional
Raman scattering, and then derived a complete quantum mechanical expression for
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the cross section of the process. Then, the two main mechanisms of SERS signal
enhancement are explained. In the case of electromagnetic enhancement, we have
thoroughly described the plasmonic excitation in the simple, emblematic case of
a single spherical Np. We have then qualitatively reviewed the interparticle near-
and far-field coupling effects in Np assemblies. The state of the art of SERS studies
relevant to this Thesis is reviewed in the final Section.

In Chap.3, we focus on the characterization of functionalized noble metal Nps
by means of SERS and complementary techniques. The aim of the presentation of
these results is to discuss an experimental investigation on how SERSworks in a very
simple system, formed by a metal Np covered by a molecular monolayer acting as
a SERS label. As SERS probe, we have chosen the well studied 4-aminothiophenol
which can act as both a spectroscopic label and a molecular bridge between the Np
and a biofunctional layer around the Np. The effect of molecular conjugation in the
case of folate- and antifolate-functionalized systems is described with a quantitative
SERS characterization. The experimental details and instrumental setups are also
briefly described.

In Chap.4, the effect of electromagnetic amplification mechanism on SERS
enhancement is studied in disordered, self-assembly nanoparticle aggregates. To
begin, the correlation between morphology and SERS efficiency on functionalized
silver Np aggregates is investigated. Then, the results of electromagnetic simulation
on multilayer Np structures are presented. Finally the EBL-based template-guided
strategy for controlling the Np self-assembly is presented, and two dimensional gold
Np aggregate arrays are characterized by SERS and AFM measurements.

The first Section of Chap.5 is focused on the application of folate based SERS
active nanovectors to single cell cancer diagnostics. The SERS screening protocol we
developed for monitoring the folate receptor density on the membrane of three types
of cells is explained. The high sensitivity of this method allowed the implementation
of additional therapeutic features, through the substitution of folic acidwith antifolate
drugs. In the second part of the chapter, the comparative cytotoxicity study on drug-
loaded nanovector and molecular drug is presented, together with the results on the
antifolate nanovector selectivity.

The final remarks in the Conclusions summarize in detail the obtained results,
and point out the open issues and the future perspectives of this work.

In Appendix A, we present some interesting results obtained in collaboration with
Dr. L. Lombardi (Chemistry Dept., Sapienza University) in the application of SERS
to cultural heritage and diagnostics. We describe a SERS-based characterization
of the molecular components of madder lake, an ancient dye. These results were
obtained by coupling the spectroscopic investigation with high performance thin
layer chromatography. We also present results in the SERS identification of organic
pigments, obtained by the direct application of silver nanocolloids on fibers. SERS
was the first step of a multianalytical investigation on a historical dress that belonged
to a Sicilian noblewoman in the 19th century.
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Chapter 2
Traditional Raman and SERS:
Fundamentals and State of the Art

An interesting approach to the study ofmatter is represented by spectroscopy. Indeed,
as the direct observation of atoms and molecules is impossible, the best solution
to gain information on the physical systems under investigation is to induce the
interaction of the “target”matterwith a controlled probe, as a beamof light, electrons,
neutrons, etc. In this chapter, the basic physics of Raman and SERS processes will
be discussed.

The spectroscopic approach to the study of molecules will be firstly introduced.
In this framework, we will illustrate the advantages and the potential of Raman spec-
troscopy for the study of biosystems. It is well known that vibrational spectroscopy
can allow the straightforward identification of the molecular species in the sample
under investigation, through the recognition of chemical bonds from their character-
istic vibrational energies. Beside chemical analysis, probing biomatter with visible
radiation allows combining the “soft” effect of the probe (low-energy visible radia-
tion) with the possibility to perform spectroscopic imaging. This means comparing
the optical image of a sample, as for example a tissue or a single cell, with the map
of the spectroscopic intensity of specific vibrational bands, therefore identifying
the chemical composition of the object and the location of the different molecular
components (e.g. proteins, lipids, nucleic acids) inside it.

Biophysics is usually interested inmonitoring rare biochemical events (e.g.molec-
ular binding, target-receptor interaction, etc.) occurring in precise locations, tipically
inside a cell. To this aim, despite the advantages discussed above, Raman spec-
troscopy presents some intrinsic limitations. First of all, we need to consider the
rather low signal intensity (Raman is a second order process in light matter interac-
tion). Moreover, Raman-based spatial investigation is diffraction limited: the spatial
resolution of Raman imaging depends on the exciting wavelength through Abbe’s
definition and is therefore limited to a few hundred nanometers, at best. This often
hinders collecting information about interesting biophysical processes, e.g. the recep-
tor distribution on the cell membrane, the formation of protein aggregates inside the
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cell, etc. These limitations can be overcome by exploiting the local field enhancement
arising at the surface of metallic nanostructures illuminated by light.

Surface Enhanced Raman Scattering (SERS) occurs when a molecule located
close to a nano-curved metallic surface is impinged by electromagnetic radiation,
tipically in the UV-visible or near infrared spectral ranges. The excitation of the col-
lective electronic oscillation in the metal nanostructure (plasmon resonance) gives
rise to the localization of extremely intense electromagnetic fields which can incre-
ment the Raman signal from themolecule of several orders ofmagnitude. Besides the
amplification of Raman intensity, the light confinement caused by the nanostructures
can be exploited as a local probe for the study of biosystems.

Some of the current trends in SERS research and applications in several fields of
research will be reviewed in the final Section of the chapter. We will mainly focus
on aspects that are relevant for the presentation of this work of thesis.

2.1 Optical Vibrational Spectroscopy of Molecules

In biophysical studies, a key role for the interpretation of the behavior of biosystems
and the interaction of their components is played by the structural investigation of
biomolecules. Probing the structural properties of macromolecules such as proteins
or nucleic acids, as well as unraveling the organization of molecular aggregates on
the nanometric scale is fundamental for understanding the biofunctionality of these
systems.

The natural approach to this problem is the diffraction of coherent beams of
X-rays and neutrons from ordered crystal of biomolecules [Fra1979, Sun1997].
Indeed, the structure of DNA was first disclosed through X-ray diffraction, lead-
ing Watson and Crick to the Nobel Prize for Medicine in 1962 [W1953]. Diffraction
is based on the interference between beams reflected by different crystal planes in
ordered systems. Unfortunately, the crystallization of complex biomacromolecules,
such as proteins, is not trivial to obtain [McP1976]. Crystallization also implies
a change in the molecular biochemical environment: biomolecules are necessarily
investigated in a form that is very different from the native one, often preventing
to understand their biofunctionality. Novel techniques, such as coherent diffrac-
tion imaging [Mia2008], allow the direct reconstruction of the image of single
nanoscaled structures, but they require highly intense and coherent X-ray beam
sources [Cha2011]. A significant boost to the application of diffraction has come
from the availability of new brilliant sources such as neutron sources and third gen-
eration synchrotrons. Overall, diffraction is a demanding approach for the structural
study of molecules, requiring a careful sample preparation, very difficult data anal-
ysis procedures and peculiar experimental setups, which are not currently available
at laboratory level.

An indirect approach to the problem is represented by optical vibrational spectro-
scopies [Col1975]. When investigating molecular systems, the study of light-matter
interaction can allow accessing different kind of information, from the identification
of elemental composition and chemical species to the comprehension of the structural
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organization of molecules. The analysis of Raman and IR spectra provides a direct
and complete set of information about the molecular/lattice dynamics of the system
and in particular about the vibrational dynamics. For this reason, these techniques can
be also exploited to obtain information about the chemical composition of a sample.
Indeed, the vibrational spectrum, that is the sequence of both frequencies and relative
intensities of the spectral features (vibrational fingerprint), is molecule-specific but
also basically bond-specific. Moreover, Raman and infrared (IR) spectroscopies can
give insight into the structure of the system, through conformational spectroscopic
markers [GP1977, Pet2003]. An important example is the spectroscopic signature
of amide modes, which can be used to infer the secondary and tertiary structure of
proteins [Man2012, Pic2012, Sig2016].

Summarizing, optical vibrational spectroscopies offer several advantages for the
study of biomolecules and biosystems, and in particular:

• the low energies involved in the physical process make these techniques suitable
for the study of delicate samples, as nanostructured systems or biomatter;

• optical vibrational experiments are easy to realize with laboratory table-top setups;
• as alreadymentioned, they can provide the direct chemical identification of species
in the sample through the molecular vibrational fingerprint;

• they allow infering structural information about the system by observing spectro-
scopic conformationalmarkers, which can be either specific peaks or other spectral
characteristics as the peak width.

RamanScattering and IR absorption differ for themechanismof light-matter inter-
action they are based on. If a system is illuminated with electromagnetic radiation,
different processes can take place: the incident photons can either be absorbed, or
scattered, or they can be transmitted without interacting with the sample. In absorp-
tion processes, only one photon is involved: it is absorbed, indeed, if its energy is
resonant with a proper excitation in the system. Typical vibrational energies match
the energies of photons in the infrared spectral range. Therefore, IR photons will be
absorbed and induce a vibrational transition in the system, as shown in the scheme in
Fig. 2.1. Scattering processes involve two photons: the first is absorbed and excites
the system to an intermediate state, the second is reemitted in the deexcitation. If the
system relaxes to the initial level, which is usually the ground state, the emitted pho-
tonwill have the same energy as the absorbed one: this is a Rayleigh elastic scattering
process. Raman inelastic scattering takes place when the final state is different from
the initial one. In this case, the energy difference between the incident and scattered
photons provides the energy spacing of the vibrational levels of the system.

In the next Sect. 2.1.1, a thorough theoretical description of the Raman effect
will be presented. We anticipate that the electromagnetic radiation couples with the
induced dipole moment in IR absorption and polarizability in Raman scattering.
Both these microscopic quantities are modulated by the interatomic vibrations (see
for example Eq. (2.4)). For this reason, Raman and IR can be considered to some
extent complementary techniques, as their selection rules are mutually exclusive
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Fig. 2.1 Schematic representation of vibrational absorption and scattering processes

in centrosymmetric media, and generally lead to different kind of spectra. When
comparingRaman and IR absorption techniques, the advantages of employing visible
radiation for vibrational spectroscopy must be highlighted. Visible light enables
indeed to collect Raman signal from a very small scattering volume, diffraction-
limited to a few hundreds of nanometers, and allows spectroscopic imaging with sub-
micrometric resolution. Moreover, Raman measurements can be performed in water
solution,which is not possible using IRdue to the superimpositionofwater absorption
peaks with the molecular fingerprint of organic molecules. For the same reason, IR
experiments often need to be performed in controlled atmosphere, as the absorption
fromwatermolecules in the air is likely to cause noise in themeasurement. Finally, the
availability of high performance instrumentation for working with visible light has
to be considered: with visible radiation, lenses can be used instead of mirrors, lasers
represent brilliant light sources with reasonable costs, and the availability of position
sensitive photodetectors (like Peltier-cooled CCDs) allow to simultaneously acquire
signal at different spectral components, without requiring a preliminar treatment of
the signal as necessary in the case of Fourier transformed IR spectroscopy.

2.1.1 Theory of Raman Scattering

Semiclassical Description

The semiclassical explanation of Raman spectroscopy is straightforward: when an
electric field is applied to a molecule, a dipole moment μind is generated in the
system, which depends on the incoming electric field. If this not too strong, a lin-
ear relationship between dipole and field can be assumed. Being α defined as the
polarizability of the system, we have:

μind(ω) = αE0 cos(ωt) (2.1)
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This oscillating dipole acts as a source of electromagnetic field, which, assumingα as
a constant, emits radiation at the frequency ω (Rayleigh elastic scattered radiation).
If we consider a molecule, the polarizability can be tuned by the internal degrees of
freedom and energy transfer can occur from the external electromagnetic field and
the molecule. For simplicity, let us consider a biatomic molecule which vibrates at�
frequency: the interatomic distance will vary in time with respect to the equilibrium
distance R0, causing therefore a change in the polarizability, which can be expanded
in Taylor series:

α(R) = α(R0) + ∂α

∂R

∣
∣
∣
∣
R=R0

(R − R0) = α0 + α′(R0)(R − R0) (2.2)

The deformation associated with this normal vibrational motion is R = R0 +
ρcos(�t) and therefore:

α(t) = α0 + α′(R0)ρ cos(�t) = α0 + α1 cos(�t) (2.3)

From Eqs. (2.1), (2.3) we can derive:

μind(ω) = α0E0 cos(ωt) + α1E0

2
[cos((ω + �)t) + cos((ω − �)t)] (2.4)

The effect of molecular vibration is the emission of radiation at a different fre-
quency with respect to the exciting field, namely at ω ± �. This inelastic scattering
process is calledRaman effect. Raman intensity is tipicallymuch lower thanRayleigh
scattering, as α1 � α0.

In the case of a solid system we can propose a treatment in which we explicitly
include the dependence on the k vector of the field. Let us consider a crystal impinged
by a field E(r, t) = E(k,ω) cos(k · r − ωt). One can derive the expression of the
polarization induced in the material P(r, t) = P(k,ω) cos(k · r − ωt). Once again,
if the electric field is not too intense, we can assume its linear dependence on the
external field. Therefore, including the dependence on the electric field wavevector
k and on the lattice displacement Q in the expression of the polarizability α, we
obtain:

P(k,ω) cos(k · r − ωt) = α(k,ω,Q)E(k,ω) cos(k · r − ωt) (2.5)

and therefore
P(k,ω) = α(k,ω,Q)E(k,ω) (2.6)

The lattice displacement can be expressed as a function of the phonon frequency �

and wavevector q asQ(r, t) = Q(q,�) cos(q · r − �t). As explained in the molec-
ular case, the polarizability of the system depends on the atomic positions, and we
can therefore expand the polarizability as a Taylor series in Q:
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α(k,ω,Q) = α0(k,ω) +
(

∂α

∂Q

)

0

Q(r, t) + ... (2.7)

and we find the polarizability once again (see Eq. (2.2)) to be composed of a static
and a dynamic part, which is here q-dependent. Using the same arguments presented
for the molecular case, we find that the induced polarization contains terms causing
the emission of radiation at different frequencies with respect to the exciting field,
namely at ω ± �, with an associated wavevector k ± q:

P(r, t,Q) = α0(k, ω)E(k, ω) cos(k · r − ωt) + 1

2

(
∂α

∂Q

)

0
Q(q, ω) cos(q · r − ωt)E(k, ω)·

·{cos[(k + q) · r − (ω + �)] + cos[(k − q) · r − (ω − �)]}
(2.8)

This expression demonstrates that a simple semiclassical description allows to
account for Raman effect, satisfying both the conservation of energy and the conser-
vation of momentum.

Quantum Description

Even though the classical explanation allows for an intuitive comprehension of
Raman effect, for a more rigorous description quantum mechanics is needed
[CK2007].

The process can be schematized as a transition of the molecule from the funda-
mental state to a virtual energy level due to the absorption of a photon of energy hν
(see Fig. 2.1). This intermediate virtual state can be considered a quantum state with a
lifetime so small that it cannot be directlymeasured: consequently, due toHeisenberg
principle, its energy indetermination is huge. For this reason, in the first transition,
a violation of the conservation of energy is possible. In the second transition, the
molecule relaxes to a stationary state. In the complete process, where the excitation
is immediately followed by the disexcitation, the conservation of energy of course
holds. If the final state of the molecule relaxation is an excited vibrational level, the
emitted photon (Stokes photon) will have an evergy of hνSt = h(ν − νvib) (hνvib is
the energy spacing between the initial and final vibrational states). If, at the beginning
of the process, the molecule occupies an excited vibrational state, it can relax to the
ground state emitting an Antistokes photon, with the energy of hνASt = h(ν + νvib).

It is possible to derive the expression of the quantum Raman cross section by
considering the radiation-molecule interaction as a perturbation of the system com-
posed by non-interacting molecule and electromagnetic field. Let us consider the
radiation-matter interaction that can be obtained in the minimal coupling conditions,
and assume that the system is unperturbed for t → ±∞. For these values of t , we
can write the Hamiltonian of the system as the sum of a molecular and a radiation
term:

Ĥ0 = Ĥrad + Ĥmol (2.9)

Ĥmol =
∑

i

p2i
2mi

+ �({ri }) Ĥrad =
∑

k,λ

�ωk,λ

(

nk,λ + 1

2

)

(2.10)
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where the radiative term is decomposed into a sum of plane waves: k identifies
the wavevector and λ is one of the two independent polarizations ε̂λ of a certain
mode. The scattering process consists of the absorption of an incident photon with
wavevector k, polarization ε̂ and energy �ω = �kc and in the emission of a scattered
photon with wavevector k′, polarization ε̂′ and energy �ω′ = �k ′c.

The molecule-radiation interaction hamiltonian is

V̂int = V̂1 + V̂2 (2.11)

where

V̂1 =
∑

i

qi
mic

pi · Ai V̂2 =
∑

i

q2
i

2mic2
A2
i (2.12)

with Ai vector potential operator:

Ai =
∑

k,λ

√

2π�c2

Vωk

(

ak,λe
ik·r + a+

k,λe
−ik·r) (2.13)

a+
k,λ and ak,λ are the creation and distruction operators of photons with k wavevector
and λ polarization.

As said before, when t → ±∞ the system occupies stationary states, which are
eigenstates of the unperturbed hamiltonian:

Ĥ0

∣
∣i

〉 = Ei

∣
∣i

〉 Ĥ0

∣
∣ f

〉 = E f

∣
∣ f

〉

As at these times, the molecule and the electromagnetic field do not interact,
∣
∣i

〉

and
∣
∣ f

〉

can be obtained from the tensor product of the molecule and field eigenstates:

∣
∣i

〉 = ∣
∣1k,λ, 0k′,λ′

〉∣
∣A

〉 ∣
∣ f

〉 = ∣
∣0k,λ, 1k′,λ′

〉∣
∣B

〉

where

Ĥmol

∣
∣A

〉 = EA

∣
∣A

〉 Ĥmol

∣
∣B

〉 = EB

∣
∣B

〉

Ĥrad

∣
∣1k,λ, 0k′,λ′

〉 = �ω
∣
∣1k,λ, 0k′,λ′

〉 Ĥrad

∣
∣0k,λ, 1k′,λ′

〉 = �ω′∣∣0k,λ, 1k′,λ′
〉

Therefore:
Ei = EA + �ω E f = EB + �ω′

The transition probability from
∣
∣i

〉

to
∣
∣ f

〉

per unit time is given by Fermi’s golden
rule:

W f i = 2π

�

∣
∣
〈

f
∣
∣V̂int

∣
∣i

〉∣
∣
2
δ(E f − Ei ) (2.14)
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where
〈

f
∣
∣V̂int

∣
∣i

〉

is an element of the transition matrix

〈

f
∣
∣Ŝ∣

∣i
〉 = δ f i + 〈

f
∣
∣V̂int

∣
∣i

〉 +
∑

l �=i

〈

f
∣
∣V̂int

∣
∣l
〉〈

l
∣
∣V̂int

∣
∣i

〉

Ei − El
+ ... (2.15)

at different perturbation orders.
The vector potential A depends linearly on ak,λ and a+

k,λ. When applied to an
eigenstate of the field, it gives a linear combination of states, each one differing from
the initial state for one unity of a single occupational number nk,λ. The A matrix
element for the scattering therefore vanishes, as the final state differs from the initial
one for the value of two occupational numbers (nk,λ and nk′,λ′). On the contrary, we
have for A2

i the following expression:

A2
i = 2π�c2

V

∑

k,λ;k′,λ′

1√
ωkωk ′

(

ak′,λ′ak,λe
i(k+k′)·ri + a+

k′,λ′a+
k,λe

−i(k+k′)·ri +

+ ak′,λ′a+
k,λe

i(k−k′)·ri + a+
k′,λ′ak,λe

−i(k−k′)·ri
)

ε̂∗
k′,λ′ · ε̂k,λ (2.16)

From this expression, non-zero terms arise in the transition matrix, and they are
associated to the scattering process.

The transition matrix for the scattering processes is therefore given by the second-
order terms:

〈

f
∣
∣Ŝ∣

∣i
〉 = K (1)(A2

i ) + K (2)(Ai ) (2.17)

where

K (1)(A2
i ) = 〈

f
∣
∣
∑

i

q2
i

2mic2
A2
i

∣
∣i

〉

(2.18)

K (2)(Ai ) =
∑

l �=i

〈

f
∣
∣
∑

i
qi
mi c

pi · Ai

∣
∣l
〉 〈

l
∣
∣
∑

i
qi
mi c

pi · Ai

∣
∣i

〉

Ei − El
(2.19)

We therefore have K (1)(A2
i ), the second order of the interaction, and K (2)(Ai ), the

first order in the interaction and second in the perturbation expansion.
If dipole approximation holds, e−ik·ri 	 1, and we take into account the

expression (2.16):
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K (1)(A2i ) = π�

V

1√
ωkωk′

ε̂∗
k′,λ′ · ε̂k,λ ×

×
∑

i

q2i
mi

〈

B
∣
∣
〈

0k,λ, 1k′,λ′
∣
∣(ak,λa

+
k′,λ′ + a+

k′,λ′ak,λ)e−i(k−k′)·ri ∣∣1k,λ, 0k′,λ′
〉∣
∣A

〉

= π�

V

1√
ωkωk′

ε̂∗
k′,λ′ · ε̂k,λ δBA

∑

i

q2i
2mi

(2.20)

The expression for K (1)(A2
i ) is zero for transitions in which the molecular state

changes,
(∣
∣A

〉 �= ∣
∣B

〉)

, as in the case of Raman scattering.
In the calculation of K (2)(Ai ), it is necessary to take into account the two different

possible intermediate states
∣
∣l
〉

that will give rise to non-zero terms:

∣
∣l
〉 = ∣

∣0k,λ, 0k′,λ′
〉∣
∣I

〉 ∣
∣l
〉 = ∣

∣1k,λ, 1k′,λ′
〉∣
∣I

〉

where
∣
∣I

〉

is the intermediate state for the molecule. Therefore, we have:

K (2)(Ai ) =
∑

I

〈

B
∣
∣
〈

0k,λ, 1k′,λ′
∣
∣ V̂1

∣
∣0k,λ, 0k′,λ′

〉∣
∣I

〉〈

I
∣
∣
〈

0k,λ, 0k′,λ′
∣
∣ V̂1

∣
∣1k,λ, 0k′,λ′

〉∣
∣A

〉

EA + �ω − EI
+

+
〈

B
∣
∣
〈

0k,λ, 1k′,λ′
∣
∣ V̂1

∣
∣1k,λ, 1k′,λ′

〉∣
∣I

〉〈

I
∣
∣
〈

1k,λ, 1k′,λ′
∣
∣ V̂1

∣
∣1k,λ, 0k′,λ′

〉∣
∣A

〉

EA − EI − �ω′
(2.21)

Using for V̂1 the expression (2.12), the (2.21) becomes:

K (2)(Ai ) = 2π�
√

ωkωk ′

V
εk′,λ′ · PBA · εk,λ (2.22)

where we have implicitly defined the expression for the polarizability tensor:

PBA =
∑

I

μBI μI A

EA + �ω − EI
+ μI A μBI

EA − EI − �ω′ (2.23)

based on the dipole moment expression μ = ∑

i qiri .
From (2.14) the transition probability per unit time can be derived:

W f i = (2π)3�

V 2
ωkωk ′

∣
∣εk′,λ′ · PBA · εk,λ

∣
∣
2
δ(E f − Ei ) (2.24)

Introducing the final density of states for the photon:

ρ(k′)dk′ = V

(2π)3
k ′2dk ′d� (2.25)
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and the incident flux of photons �inc = c
V , it is possible to write the expression of

the scattering cross section for a photon with wavevector between k′ and k′ + �k′:

dσ = W f i ρ(k′)dk′

�inc
= �ckk ′3∣∣εk′,λ′ · PBA · εk,λ

∣
∣
2
δ(E f − Ei )dk

′d� (2.26)

and the differential cross section:

∂2σ

∂�∂E ′ = kk ′3∣∣εk′,λ′ · PBA · εk,λ

∣
∣
2
δ(E f − Ei ) (2.27)

Eventually, we can sum all the possible molecular states satisfying the conserva-
tion of energy EB − EA = �(ω − ω′), multiplying the initial states by their proba-
bility, given by Boltzmann distribution

P(A) = e− EA
kB T

∑

I e
− EI

kB T

(2.28)

In this way, we obtain the Raman scattering cross section, which is independent on
the molecular states involved in the process:

∂2σ

∂�∂E ′ = kk ′3 ∑

A

P(A)
∑

B

∣
∣εk′,λ′ · PBA · εk,λ

∣
∣
2
δ(EA − EB − ��ω) (2.29)

Notice in expression (2.29) the dependence on the forth power of the radiation
frequency (k 	 k ′ and ν ∝ k) and on the system polarizability, PBA, also depending
on light polarization. As this effect is a second order process, it will be obscured
by the possible first order resonant processes, such as rotovibrational transitions
(energies comparable with IR photons) or electronic transitions (typical energies
comparable to UV photons). Taking these aspects into account, the more useful
spectral region to perform Raman spectroscopy is the visible-near infrared range.
Resonant Raman occurs when the denominator in expression (2.23) is close to zero:
from a physical point of view, this means that the initial transition in the Raman
process does not target a virtual state but an electronic excited state in the system.
The theoretical description of this effect is rather complex, and will therefore be
omitted here [Lon2002]. Similarly, if the exciting photon has an energy sufficient to
induce an electronic transition in the system, a fluorescent disexcitation process can
take place. This involves a non radiative transition to the ground vibrational level in
the excited electronic state, which is followed by the relaxation to the fundamental
electronic level with the emission of a photon. Fluorescence processes give rise to
broad and intense spectral features superimposed to the Stokes region of the Raman
spectrum.

We have discussed above the advantages of Raman spectroscopy, which presents
as an ideal technique for studying biomolecules and investigating biosystems.
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Unfortunately, the drawback of the intrinsically low signal intensity prevents the
application of this technique in several real scientific problems. One important exam-
ple is the case of biosensing, that is revealing the presence of specific biomolecules at
low concentration in a solution or amixture. The detection limit, that is the concentra-
tion threshold necessary to trace the presence of a molecule, depends on molecular
weight and Raman activity, but is typically restricted to the micromolar range of
concentration, far beyond the biologically relevant thresholds.

Moreover, in the study of biosystems a nanometric spatial resolution is desir-
able for probing specific processes occurring in precise locations, for example in
a particular region of a cell or on its membrane. For this reason, the micrometric
spatial resolution achievable in conventional Raman spectroscopy and imaging is
not sufficient.

This limitation can be substantially overcome with Surface Enhanced Raman
Scattering, which exploits plasmonic excitations for the nanoscale confinement of
strong electromagnetic fields close to the surface of metallic nanostructures. On one
hand, this enhances the intensity of both the incident and scattered fields, resulting in
a remarkable increase of the Raman signal frommolecules located close to the metal.
On the other hand, as signal enhancement depends on the local fields (nanometer-
close to the surface) the use of SERS necessarily boosts the spatial resolution of the
spectroscopic investigation to the nanoscale.

Another indirect advantage of employing plasmonic nanostructures for molecular
spectroscopy is the effect of fluorescence quenching, typically occurring tomolecules
due to their proximity to the metal surface [Kne2007]. Moreover, the intense surface
enhanced Raman signal can easily overstep the fluorescent background typical of
many biological environments.

2.2 Surface Enhanced Raman Scattering

The phenomenon of Surface Enhanced Raman Scattering (SERS) consists of a strong
increment ofRaman intensity fromamolecule located close to a nano-curvedmetallic
surface. This enhancement of the spectroscopic signal can reach 8-9 orders of mag-
nitude per single molecule [Sti2008]. Since its first observation in 1974 [Fle1974],
different possible explanations for SERS effect have been proposed, some of them
focusing on the metallic nature of the substrate, some on the surface chemistry of the
system [Jen2008]. Nowadays SERS enhancement is usually ascribed to two main
mechanisms [Kne2006, Sti2008].

The first is the electromagnetic mechanism: this is related to the presence of the
metal surface. When electromagnetic radiation, tipically in the ultraviolet-visible
or near infrared spectral ranges, illuminates a metallic nanostructure, the collective
oscillation of free electrons in themetal can be excited. This excitation, called surface
plasmon, causes the localization of strong electromagnetic fields at the metal sur-
face, impinging the molecules and thus incrementing their Raman signal. As Raman
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scattering is proportional to the square of the induced dipole moment, which is in
turn proportional to the magnitude of the incident electromagnetic field E , a g factor
of 10 in the amplification of the local field intensity can reflect as g4 = 104 on the
spectroscopic signal enhancement. This is the reason of the quantitative importance
of electromagnetic SERS mechanism.

The second enhancement mechanism is the chemical effect, which deals with the
changes in the polarizability of the molecule due to its proximity to the metal and
to the possibility of chemical binding. This second effect is less important from a
quantitative point of view, as it tipically contributes to the enhancement of inten-
sity up to two orders of magnitude [Sti2008]. Nevertheless, the chance of exploiting
the molecular hybridization with the substrate can lead to interesting applications.
Among these, it is worth mentioning SERS from non-metallic substrates, semicon-
ductors in particular [Wan2012], and the recently reported Photoinduced Enhanced
Raman Spectroscopy (PIERS) [BP2016] (see Sect. 2.3.3).

A very important parameter to be introduced when dealing with SERS is the
enhancement factor (EF), which can give a quantification of SERS efficiency in
incrementing the spectroscopic signal of a given molecule. Enhancement factors
can be differently calculed (for comprehensive discussion on the subject, see Ref.
[Le 2007]), but we are here adopting the most common and straightforward defini-
tion, which is the following:

EF = ISERS

IRaman

NRaman

NSERS
(2.30)

that is, the ratio between SERS and Raman intensity per single molecule.
Since its discovery, the field of SERS has experienced dramatic growth, demon-

strating its power as an analytical tool for the sensitive and selective detection of
molecules adsorbed on noble metal nanostructures [Sti2008, Das2012]. Other inter-
esting applications involve the possibility of spectroscopically tracing functional-
ized metal nanoparticles in their interaction with biosystems and cells [Hu2007,
Son2012].

2.2.1 Electromagnetic Mechanism

Noble metal nanostructures have gained much attention in the last decades, thanks to
their peculiar optoelectronic properties [KV1995]. In particular, the collective oscil-
lation of free electrons in the metallic nanostructure can be excited using UV-visible
or near infrared light. This excitation is referred to as surface plasmon resonance, and
it strongly depends on the material, size and shape of the nanostructure sustaining it.

The plasmonic nature of metallic nanoparticles results in intense absorption and
scattering of light. Moreover, the coupling between electromagnetic radiation and
surface plasmons can give rise to a strong amplification of the optical fields close
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Fig. 2.2 a Illustration of the localized surface plasmon resonance effect. b Extinction efficiency
(ratio of cross section to effective area) of a spherical silver nanoparticle of 35 nm radius in vacuum
|E |2 contours for a wavelength corresponding to the plasmon extinction maximum. Peak |E |2 =
85. Reproduced with permission from Ref. [Sti2008]

to the metal surface. These enhanced fields are responsible for the remarkable
enhancement of Raman signal of molecules located in close proximity of the metal
surface (see Fig. 2.2).

As nanoparticle sizes are typically much smaller than the wavelength of light in
UV-visible spectral ranges, localized surface plasmons can lead to the three dimen-
sional confinement of light in sub-wavelength volumes. This property is originated
from the coupling of photonswith the electronic excitations inside the nanostructures.

Surface plasmons eigenmodes are solutions of Helmholtz equation:

∇ × ∇ × E(r,ω) − ω2

c2
ε(r,ω)E(r,ω) = 0 (2.31)

given the proper boundary conditions [NH2012].
If we assume that the size of the nanoparticles sustaining the plasmonic excita-

tion is smaller than the metal’s skin depth d, with d = λ/(4π
√

ε), we can use the
quasi-static approximation. This means that we can neglect retardation effects by
assuming that all the points of the nanoparticle will respond simultaneously to the
perturbation of the external field. The whole free electron gas will therefore be peri-
odically displaced, with the same phase, with respect to the stationary crystal lattice
of the particle, as represented in Fig. 2.2a.

In the quasi-static approximation, Helmholtz equation (2.31) takes the simpler
form of Laplace equation. Its solutions are quasi-static near fields: for example, the
electric field of an oscillating dipole p

E (rn, t) = 1

4πε0

{

k2 (n × p) × n
eikr

r
+ [

3n(n · p) − p
]
(
1

r3
− ik

r

)

eikr
}

eiωt

(2.32)
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reduces in the near-field zone kr � 1 to the following:

E (rn, t) = 1

4πε0

[

3n(n · p) − p
] eiωt

r3
(2.33)

This is the electrostatic field of a static point dipole, oscillating in timewith harmonic
dependence eiωt . In the quasi-static limit, the electric field can be represented by
E = −∇� with the potential � satisfying Laplace equation

∇2� = 0 (2.34)

and the boundary conditions between the metal and the dielectric material surround-
ing the nanoparticle. This expressions are general and can be solved for different
geometries of the system: here we will focus on the simple case of a spherical
nanoparticle, also considering that spherical nanocolloids are the building block of
our SERS active substrates, as will be discussed in the next chapters.

Single Spherical Nanoparticle Plasmonics

Let us consider a single spherical nanoparticle of radius a, small enough to assume the
quasi-static approximation. Let ε1(ω) be the complex dielectric constant of the metal
and ε2 the dielectric constant of the medium surrounding the nanoparticle, assumed
to be real and independent on the radiation frequency. Given the symmetry of the
system, it is convenient to express Laplace equation 2.34 in spherical coordinates
(r, θ,ϕ):

1

r2 sin θ

[

sin θ
∂

∂r

(

r2
∂

∂r

)

+ ∂

∂θ

(

sin θ
∂

∂θ

)

+ 1

sin θ

∂2

∂ϕ2

]

�(r, θ,ϕ) = 0

(2.35)
The solutions have the form

�(r, θ,ϕ) =
∑

l,m

bl,m�l,m(r, θ,ϕ) (2.36)

where bl,m are constant coefficients, to be determined from the boundary conditions,
and the functions �l,m are linear combination of the Legendre functions Pm

l e Qm
l :

�l,m =
{

rl

r−l−1

}{

Pm
l (cos θ)

Qm
l (cos θ)

} {

eimϕ

e−imϕ

}

(2.37)

Boundary conditions imply the continuity of the tangential electric fields and of
the normal components of the electric displacements D = ε jE at the nanoparticle
surface.
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Therefore:
[
∂�1

∂θ

]

r=a

=
[
∂�2

∂θ

]

r=a

ε1

[
∂�1

∂r

]

r=a

= ε2

[
∂�2

∂r

]

r=a

(2.38)

where �1 is the electric potential inside the sphere, �2 = �0 + �scatter is the exter-
nal potential, consisting of the potential of the incident and of the scattered fields.
Assuming the incident electric field to be an x-polarized plane wave, we have
�0 = −E0x = −E0r P0

1 (cos θ). From the boundary conditions (2.38) we have:

�1 = −E0
3ε2

ε1 + 2ε2
r cos θ

�2 = −E0r cos θ + E0
ε1 − ε2

ε1 + 2ε2
a3

cos θ

r2
(2.39)

Solutions for �1, �2 are independent of the azimuthal angle ϕ because of the sym-
metry implied by the choice of the incident field.

Finally, we can calculate the expression for the electric field from E = −∇� and
we obtain

E1 = E0
3ε2

ε1 + 2ε2
(cos θnr − sin θnθ) = E0

3ε2
ε1 + 2ε2

nx (2.40)

E2 = E0(cos θnr − sin θnθ) + ε1 − ε2

ε1 + 2ε2

a3

r3
E0 (2 cos θnr + sin θnθ) (2.41)

We notice that the electric field inside the nanoparticle (2.40) is homogeneous and
non-zero. This is unexpected for a conductor but, as said before, we are considering a
nanoparticle with a size smaller than the metal’s skin depth for the given wavelength.

Another interesting feature of the solutions is that the scattered field (second term
in Eq. (2.41)) has the form of an electrostatic field generated by a dipole p, located
at the center of the sphere. This dipole is induced by the external field E0 and has
the value

p = ε2 α(ω)E0 (2.42)

being α the polarizability of the nanoparticle:

α(ω) = 4πε0 a
3 ε1(ω) − ε2

ε1(ω) + 2ε2
(2.43)

where ε1(ω) and ε′
1(ω) are the real and imaginary part of themetal dielectric constant,

while we assumed the dielectric constant of the surrounding medium ε2 to be real
and independent from the frequency.
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Notice that the polarizability diverges when the real part of the dielectric constant
of the metal ε′

1 equals −2ε2 and its imaginary part ε′′
1 is negligible. For noble metals

like gold and silver, this condition is satisfied in the near ultraviolet and visible
spectral ranges.

The scattering cross section for a small sphere can be easily derived by the ratio
between the power radiated by the dipole

P = |p|2
4πε0ε2

n32ω
4

3c3
(2.44)

and the incident plane wave intensity |E0|2:

σscatt = k4

6πε20
|α(ω)|2 (2.45)

being k = ωn2
c the wavevector in the surrounding medium [NH2012].

Figure 2.3 shows the normalized resonance of the scattering cross section for a
single nanosphere made of gold or silver and surrounded by different dielectrics.
The resonance is redshifted with increasing the dielectric constant of the medium
surrounding the nanosphere.

Beside the electromagnetic scattering, another important effect to consider, when
dealing with electromagnetic radiation impinging on a metallic nanoparticle, is
absorption. The power dissipated by the nanoparticle can be calculated using Poynt-
ing theorem, considering the nanosphere as a point dipole p

Pabs =
(ω

2

)

Im
[

p · E∗
0

]

(2.46)

Fig. 2.3 Scattering cross section, normalized to a6 (therefore hiding the dependence on the Np
radius), for gold or silver Nps surrounded by different dielectric media. Solid line: vacuum (n = 1);
dashed line: water (n = 1.33); dotted line: glass (n = 1.5). Data from reference [NH2012]
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Using the expression p = ε2αE0, having assumed ε2 as real and constant, we obtain
the absorption cross section

σabs = k

ε0
Im[α(ω)] (2.47)

The absorption cross section scales as a3, while the scattering cross section is
proportional to a6: for this reason, for small nanoparticle sizes absorption will be the
dominant phenomenon.

In the quasi-static approximation we are neglecting the generation, by the exciting
fields, of electric multipolar modes. These are non radiative excitations which do
not contribute to the scattering: therefore, they do not contribute to the local field
enhancement which is crucial for SERS. For nanoparticle sizesmuch smaller than the
wavelength of the incident light, these effects can indeed be neglected with respect to
the plasmonic dipole, and the argument here exposed is correct. In the case of more
complex nanostructures, we cannot assume that all the points of the nanostructure
will respond simultaneously to the external perturbation: retardation effects have to
be considered and therefore multipolar modes need to be accounted for.

In summary, in order to optimize the SERS activity of our system, the size of the
metallic features has to be carefully considered. Indeed, it has to be small enough
with respect to the wavelength of the exciting light, in order to avoid the excitation of
multipolar plasmonic modes. On the other hand, the metallic nanostructured features
need to be big enough for the scattering contribution to dominate on the absorption
phenomena.

Interparticle Coupling Effects

We have seen that the illumination of metal nanoparticles with electromagnetic UV-
visible radiation can excite localized plasmons inside the metal. From an experimen-
tal point of view, there is a limited interest in the study of the behavior of single non
interacting, isolated nanoparticles, as real devices often imply the use of nanoparti-
cle assemblies, such as ordered or disordered nanostructure arrays, or nanoparticle
aggregates [Fas2014]. As previously discussed, if we consider particles with a diam-
eter d much smaller than the wavelength λ of the exciting light (d � λ), each excited
nanoparticle will act as an electric dipole. For this reason, in these kind of systems
two types of electromagnetic interactions between particles can be distinguished:
near-field and far-field coupling [Mai2002, PS2008].

For very short interparticle spacing�, as in the case of nearly touching nanoparti-
cles (� ∼ d), the near-field coupling is the most relevant effect [HS2004, Zhu2004].
In this case, the interaction of the nanostructures is driven by the electrostatic field.
The single nanoparticle plasmon resonance is modified by the near-field interaction
and typically broadened and redshifted [PS2008].

For particle spacings � 
 d, � ∼ λ, far-field dipolar interactions are dominant.
In this kind of interparticle couplings, interference effects can modify the plasmon
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resonance profile of each nanostructure. These collective resonances can be excited
by illuminating the nanoparticle assembly with a broad beam of light [Lin2001].

While single, non interacting nanoparticles contribute almost linearly to SERS
signal, both near- and far-field interparticle coupling effects can interestingly modify
the local field distribution leading to higher signal enhancement [Zhu2004]. An
important example is the case of SERS from colloidal systems: in nanoparticle
based substrates, indeed, the strong enhancement of near-fields at the interstices
between closely packed nanoparticles, called “hot-spots”, are the main responsible
of the increment of the spectroscopic signal [Li2003, Gun2001, Ale2009]. There-
fore, nanoparticle aggregation is often induced to grant a high performance of the
substrate by multiplying the number of hot-spots in the structure [Fas2014]. One- or
two-dimensional arrays of far-field coupled metal nanoparticles can also give rise to
high enhancements of SERS signal [Yan2009] and show other interesting features,
connected with their regular geometry [Dom2016].

Near field coupling When nanoparticles are brought close enough to each other,
an efficient near-field interaction is expected. Its effect will be a modification of
the plasmon resonance of the system, as the electrostatic interaction between the
nanostructures will determine a collective response to an external exciting field.

The simplest system that can be studied in this framework is a dimer of metallic
nanoparticles. Pioneering works have demonstrated a strong anisotropy in the scat-
tering spectra of nanoparticle dimers illuminated with differently polarized light
[Tam2002] and a strong dependence of the effect on the interparticle distance
[Rec2003]. As will be illustrated in the next Sect. 4.3, the recent advances in fabrica-
tion technologies have allowed to gain excellent control on the nanoscaled features
of noble metal nanostructures [Di 1997, CK2012]. This enables a thorough inves-
tigation of the near-field coupling effect in simple systems as the pairs of identical
nanoparticles designed by Rechberger and coworkers [Rec2003].

In their experimental work, they studied the influence of the interparticle distance
on the plasmonic behavior of dimers illuminated by light polarized parallel (panel a
of Fig. 2.4) or orthogonal (panel b) to the interparticle axis. In the case of polarization
parallel to the dimer axis, as the center-to-center distance diminished, the plasmon
resonance of the nanoparticles broadened and shifted towards lower frequencies.
The same occurred for polarization orthogonal to the interparticle axis, but in this
case the plasmon resonance was blueshifted at decreasing the interparticle distance.
This anisotropic electromagnetic response was found to be more pronounced as the
nanoparticles were brought closer to each other.

A simple qualitative explanation of the result is possible within a dipole-dipole
interaction model, as it is sketched in the right panels of Fig. 2.4. Electromagnetic
radiation, resonant with the plasmonic excitation in a single nanoparticle, causes
the displacement of the electron cloud and localizes surface charges which will feel
electrostatic repulsion (panel c). When a second nanoparticle is placed nearby, the
polarization causes the arising of additional forces acting on both of the particles.
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Fig. 2.4 Effect of near field coupling on dimers of cylindrical nanoparticles (150 nm diameter, 17
nm height). Left panels: extinction (= log(1/transmission)) spectra of an array of Au nanoparticle
pairs with the interparticle center-to-center distances as the parameter. The polarization direction
of the exciting light is a parallel to interparticle axis and b orthogonal to it. Right panels: sketch
to illustrate the electromagnetic interaction between closely spaced nanoparticles, c an isolated
particle, d a dimer with the polarization of the exciting field parallel to the interparticle axis and e
orthogonal to it. Adapted with permission from Ref. [Rec2003]

Different configurations are possible: if the field is parallel to the interparticle axis,
charges of opposite sign will face on the sides of the two nanoparticles (panel d),
and will weaken the repulsive forces acting on the free charges. This will lead to a
lower resonance frequency (panel a). In the other case, when the field is normal to
the dimer axis, the charge distribution of both the particles will increase the repulsive
forces on the charges, leading to a blueshift of the plasmon resonance (panel b).

Probably the most striking characteristic of metallic nanoparticles is their capa-
bility of confining electromagnetic fields far beyond the diffraction limit, because
of their coupling with electronic excitations inside matter. This effect becomes even
more pronounced in near-field coupled nanostructure assemblies, as the fields can
be here shrinked in very small volumes, in correspondence of the hot-spots between
close-packed nanoparticles. This paves the way for interesting applications. Exper-
imental studies on chains of near-field coupled metallic nanoparticles, for example,
revealed their collective electromagnetic behavior, demonstrating their potential in
acting as linear waveguides for electromagnetic radiation below the diffraction limit
[Kre1999, Mai2002].
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Fig. 2.5 Raman intensity
versus nanoparticle coverage
for different diameters D of
the gold nanoparticles. The
relative standard deviation of
each datapoint was found
within 101%. Reproduced
with permission from Ref.
[Zhu2004]

Hot-spots between shortly spaced nanoparticles are of enormous importance also
in SERS, because the local field enhancement is much more pronounced in these
zones [Eno2004, HS2004]. Early experimental works studied the SERS response
of substrates made of gold nanoparticles, functionalized with the test molecule 4-
aminothiophenol and differently assembled on glass substrates [Zhu2004]. Zhu and
coworkers demonstrated that, as shown in Fig. 2.5, at low coverage of nanoparticles
on the glass surface, the spectroscopic intensity was proportional to the density of
nanoparticles on the substrate, being the total spectrum the sum of the contribution
of isolated nanoparticles, thus suggesting a negligible interparticle coupling. A sharp
nonlinear increase of SERS intensitywas revealed at high surface coverages, witness-
ing the pivotal role of interparticle coupling when the nanoparticles were positioned
close enough to each other.

The spectroscopic signal coming from molecules located inside the hot-spots is
remarkably incremented with respect to the contribution of molecules located on
other parts of the metal surface [JH2004, Fan2008]. Trapping molecules between
aggregated nanostructures is indeed the strategy that led to the observation of single-
molecule SERS [Kne1997, Xu1999]. For this reason, in order to obtain high signal
enhancements, the formation of hot-spots on SERS substrates is pursued using dif-
ferent approaches [Kle2013], either by inducing nanoparticle aggregation [Fas2014,
Pic2014] or by fabricating refined nanostructures designed to contain hot-spots
[Jeo2016], such as self-similar chains of nanoparticles [Li2003, Col2015] or gold
nanostars [Ind2014, Chi2014].

Far field coupling: plasmonic gratingsWhen metal nanoparticles are organized in
arrays with rather long periodicity (� 
 d, where d is the size of the nanoparticle),
there is the possibility that each particle plasmon resonance couples with the other
particles’ via far field radiative dipole coupling. In these “plasmonic gratings”, the
coupling can lead to shifts in the plasmon energies [Lin2001, PS2008] and changes
in Raman intensities [Chu2011]. These effects are particularly interesting when
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Fig. 2.6 Radiative coupling
between the particles in a
chain. The applied electric
field is polarized
perpendicular to the axis of
the chain. Blue petals are
dipole-like radiative electric
field. Red caps close to the
surface of the particles are
the near-field. In panel a,
polarization of the applied
electric field parallel to the
axis of the chain leads to a
weak radiative coupling
between the particles in the
chain. In panel b,
polarization of the applied
electric field perpendicular to
the axis of the chain leads to
a strong radiative coupling
between the particles in the
chain. Reproduced with
permission from Ref.
[PS2008]

considering nanoparticles disposed in arrays with interparticle distances close to
the wavelength of the plasmon resonance.

Probably the first experimental work highlighting the importance of radiative
dipole coupling in metal nanoparticle one- or two-dimensional arrays, at least in
the visible spectral range, is the paper by Schatz and coworkers [Hay2003]. They
presented evidences of a blueshift of the plasmon resonance peak occurring upon
decreasing the pitch � of the array. Computational investigations showed that the
effect was caused by radiative dipolar coupling between the nanoparticles. Further
theoretical work on these systems demonstrated that the design of arrays with� ∼ λ,
close to the plasmon resonance wavelength, could optimize the coupling because of
the hybridization of the local plasmonic excitation with the photonic modes of the
array [ZS2005, Kne2006, PS2008].

The polarization of the exciting field plays an important role in the diffractive
coupling of nanostructure arrays [PS2008, Vec2009]. Indeed, as as illustrated in
Fig. 2.6, the emission of the nanoparticles, acting as dipolar antennas, is maximum
in the direction normal to the dipole. For this reason, if we consider the model sys-
tem of a one-dimensional chain of regularly spaced nanoparticles, the configuration
that enhances the radiative coupling in the chain is the illumination with an elec-
tromagnetic wave propagating with both wavevector and electric field orthogonal to
the chain (panel b of Fig. 2.6). It is interesting to notice that the near field coupling
would be optimized instead with the electric field parallel to the chain, which would
induce an electric charge displacement along the interparticle axis (panel a).
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SERS E4 Dependence on the Local Field Enhancement

When a molecule is located close to a polarizable system, as for example a metallic
nanoparticle, the electromagnetic interaction between these objects will affect the
Raman scattering of the molecule [Jen2008]. If the polarizability of molecule and
nanoparticle are respectively αmol and αnp, the total polarizability of the system can
be derived by Silberstein’s equations [Sil1917, Jen2002].

α‖ = αmol + αnp + 4αmolαnp/R3

1 − 4αmolαnp/R6
(2.48)

α⊥ = αmol + αnp − 2αmolαnp/R3

1 − αmolαnp/R6
(2.49)

with R center-to-center distance between the molecule and the nanoparticle. α‖
accounts for the case in which the external field is parallel to the axis between the
molecule and the nanoparticle, α⊥ for the field polarized perpendicularly to it.

As already mentioned, the Raman scattering intensity depends on the derivative
of polarizability

IR ∝ ∣
∣

∂α

∂Qmol

∣
∣
2

(2.50)

where Qmol are the normal vibrational modes of the molecule. We can reasonably
assume that the nanoparticle polarizability is unaffected by the molecular normal
modes. We have indeed αnp 
 αmol . Hence we derive:
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∂Qmol
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mol + 4αnpα
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(2.52)
where α′

mol = ∂αmol
∂Qmol

. Simplyfing the expressions above, we have

∂α‖
∂Qmol

= α′
mol(1 + 2αnp/R3)2

(1 − 4αnpαmol/R6)2
(2.53)

∂α⊥
∂Qmol

= α′
mol(1 − αnp/R3)2

(1 − αnpαmol/R6)2
(2.54)

Raman intensities result then proportional to the squaremodulus of these expressions:
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IR ‖ ∝ ∣
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(2.55)

IR ⊥ ∝ ∣
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)2

× (1 − αnp/R3)4

(1 − αnpαmol/R6)4
(2.56)

The denominators in Eqs. (2.55), (2.56) are close to 1, given that αmol � αnp. We
can therefore derive the local field enhancement:

Eloc
‖ = g‖(R)E0 Eloc

⊥ = g⊥(R)E0 (2.57)

with

g‖ = 1 + 2αnp

R3
g⊥ = 1 − αnp

R3
(2.58)

and we have for the Raman intensity

IR ‖ ∝ I mol
R |g‖(R)|4 IR ⊥ ∝ I mol

R |g⊥(R)|4 (2.59)

where we have defined I mol
R =

(
∂αmol
∂Qmol

)2
as the Raman intensity of the isolated

molecule. We have therefore demonstrated that the electromagnetic contribution
to SERS signal is proportional to the fourth power of the local field enhancement
induced by the proximity of the molecule to the polarizable nanoparticle. This is
true in both of the considered configurations, although the constant factors in Eq.
(2.58) lead to larger enhancements for fields parallel to the molecule-nanoparticle
axis. This is a simple dipole coupling model which needs to be integrated with other
more refined methods for a more realistic evaluation of the enhanced local fields
around metallic nanostructures. Among these, the most common are discrete dipole
approximation (DDA) or finite difference time domain (FDTD) methods.

2.2.2 Chemical Mechanism

Ever since the discovery of SERS, a participated debate regarding the origin of this
effect spread in the scientific community [Ott1984, Mos1985]. A thorough compre-
hension of the effect was reached several decades later but the “plasmonic view”,
relating SERS enhancement to the electromagnetic behavior ofmetal nanostructures,
has generally been accepted from the beginning [Mos1985, Sch2006a].

However, several features of SERS spectra (e.g. the dissimilarity between surface
enhanced and conventional Raman spectra in terms of band frequencies and relative
intensities, the dependence of the SERS spectral shape on the metal substrate the
polarizing voltage, etc.) could not be explained in the framework of electromagnetic
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Fig. 2.7 Illustration of the different types of enhancement mechanism in SERS. A is the electro-
magnetic enhancement mechanism discussed in the previous Section; B1 and B2 are, respectively,
the non-resonant and resonant charge transfer enhancement mechanisms, which depend on the
interaction of molecule and metal; C is the molecular resonance chemical enhancement. Inspired
by Ref. [Jen2008]

enhancement [Osa1994]. These experimental results thus suggested that a relevant
role is played by chemical and electronic interactions between the molecule and
the metallic substrate [Ott1984, Ott2005]. These aspects constitute what is called
chemical enhancement.

In order to introduce chemical enhancement, wemight first of all define as “chem-
ical” effects all the phenomena contributing to the increment of SERS signal through
the interaction of the molecule with the metal substrate. To simplify, the chemical
mechanism of SERS includes all the not plasmon-related sources of enhancement.
Chemical enhancement does not arise in the case of metal substrates only and is
indeed considered the responsible for SERS signal from molecules located on semi-
conductor nanostructures [Sun2007, Wan2012] or graphene [Lin2015].

Summarizing, we might state that, as illustrated in Fig. 2.7, in the molecule-metal
system three sources of enhancement have to be considered:

• the metal nanostructure provides electromagnetic enhancement, as discussed in
the previous Sect. 2.2.1 (see panel a in Fig. 2.7);

• the vibronic excitations in the molecule can also increment the spectroscopic
signal (panel c): this is a resonant Raman process and is often reported as SERRS
(Surface Enhanced Resonant Raman Scattering);

• the interaction betweenmetal and molecule (panels B1 and B2) can cause on one
hand a change in the molecular polarizability, and on the other hand the arising of
new metal-to-molecule or molecule-to-metal charge transfer resonances.

The last two aspects are usually grouped together as chemical effects.

Molecular resonance enhancement Regarding the resonant molecular contribu-
tion, it is worth remembering that large Raman cross sections do not necessarily
imply large enhancement factors. The enhancement factor is defined as in Eq. (2.30)
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and therefore, if we consider a single molecule, EF = ISERS/IRaman . As the res-
onant excitation affects the spectroscopic intensity in the case of both Raman and
SERS, onemight think that themechanism depicted in Fig. 2.7c will not contribute to
SERS enhancement factor. An important exception is the case of strongly fluorescent
molecules: in this case, in the isolated molecule fluorescence process competes with
resonant Raman and can prevent its observation [Le 2012]. When the molecule is
proximal to a metal surface, fluorescence can undergo a quenching [Cha1974] and
favor the Raman process, an effect that would strongly contribute to the molecular
resonance chemical EF [Mos2013].

Metal-molecule charge transfer effects Different models are used to describe
enhancement mechanisms based on the metal-molecule interaction. The discrimina-
tion between non-resonant or resonant effects is nowadays well accepted [Jen2008,
Kne2016].

The “static charge transfer” mechanism points out the formation of a metal-ligand
complex, which drives modifications of the molecular polarizability. These changes
are therefore not connected with any resonant excitation in the system [Jen2008] but
can cause the increment of the Raman cross section of the molecule [Kne2016].

The “resonant charge transfer” model involves the formation of new intermediate
electronic levels in the ligand-metal complex [Lom1986]. This leads to the onset of
new metal-to-molecule or molecule-to-metal charge transfer excitations, as it often
happens in coordination complexes of transition metals [Ott1992, Mos2013]. As
the Fermi level of metals lies between the energy of the highest occupied and the
lowest unoccupied molecular orbitals (HOMO and LUMO), the formation of the
ligand metal complex allows new transitions. Usually, the HOMO-LUMO transition
corresponds to photon energies in the ultraviolet range, while these new transition
channels are active at lower energies, and can be excited with visible photons. This
phenomenon can take place upon interaction of the molecules with noble metals, but
also with transition metals or semiconductors [Wan2012].

The last – and probably more discussed – phenomenon to account for is the
“transient charge transfer” [Mos2013]. According to this model, Raman scattering
occurs through temporary transfer of hot electrons or electron-hole pairs out of the
metal on the adsorbed molecule [Ott1984]. These theories state that the excitation of
plasmons in the metal nanostructure creates “ballistic” (hot) electrons [Mic1999] or
electron-hole pairs [Pet1986] that, interacting with the adsorbate, eventually cause
an increment of SERS signal due to the coupling of the molecular vibrations with
the plasmonic transition dipole.

Disentanglement of enhancement contributions Theoretical approaches using
electronic structure methods [Jen2008], among which time-dependent density func-
tional theory (TDDFT), have been employed to study and interpret chemical effects.
A quantitative prediction of chemical enhancement has not yet been achieved, also
because of some limitations of the modelling [MJ2009, Moo2012], but a com-
bined theoretical and experimental work can contribute to the comprehension of
the observed spectral response [Val2013].
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It is rather complex to disentangle the electromagnetic and chemical contributions
to SERS enhancement in real problems. According to some descriptions of SERS
effect, it is in facts impossible to separate the plasmon-, charge transfer- or resonance-
based contribution to signal enhancement [LB2009]. In some cases, dedicated the-
oretical and experimental studies allowed to rule out some possibilities, or at least
indicating the dominant enhancement mechanism [Osa1994, Bai2006, Val2013].
Among these works, it is worth mentioning the pioneering paper by Osawa and
coworkers [Osa1994], who focused on the case of 4-aminothiophenol on silver, and
pointed at the Herzberg-Teller contribution for an interpretation of charge-transfer
processes.

A unified view of SERS Even though SERS enhancement mechanisms – and chem-
ical effects in particular – are subject of extended debate, probably because of the
common perception that the physics underlying SERS is not yet completely under-
stood [Mos2013],much scientificwork of the last decades has contributed to a unified
description of SERS enhancement. Among these approaches, we recall the work of
Lombardi and Birke [Lom1986], who derived a unified expression for the polariz-
ability of the molecule-metal system, and hence an expression for SERS intensity,
expanding the calculation of Albrecht [Alb1961] using the vibronic charge transfer
coupling model, based on Herzberg-Teller theory [LB2008]. They considered the
coupling between molecule and metal by including the filled and unfilled levels of
the metal conduction band in the Herzberg Teller expansion [LB2009].

According to Lombardi and Birke, the polarizability of a molecule-metal system
is a function of three terms, each of which is a sum over all the possible excitation-
disexcitation transitions, and can be expressed as follows:

α = A + B + C (2.60)

where A depends upon the Franck-Condon integrals, which typically accounts for
resonant Raman contribution, and vanishes far from resonance. Only totally sym-
metric Raman modes are allowed by this term. B and C represent Herzberg-Teller
contributions and depend on molecule-to-metal and metal-to-molecule charge trans-
fer transitions respectively. Herzberg-Teller coupling allows these charge transfer
transitions at the expense of molecular ones. These terms also include transitions to
both totally and non-totally symmetric vibrational modes. The resulting intensity can
be enhanced by plasmon or charge-transfer resonances. The analytic expressions for
these terms are rather complex, but are simplified when the excitation wavelength is
in the region of charge transfer or molecular resonances (in addition to the plasmon
resonance). The expression for one of the addend in the sum giving rise to B and
C is

RI FK (ω) = μK I μFK hI F 〈i |Qk | f 〉
((ε1(ω) + 2ε2)2 + (ε′

1)
2)(ω2

FK − ω2 + γ2
FK )(ω2

I K − ω2 + γ2
I K )

(2.61)
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where μI J is the electronic transition moment between the states I and J , h is
the Herzberg Teller coupling constant. Here, I , F and K indicate the ground state,
the charge transfer state and an excited molecular state for the hybrid molecule-
metal system. At the denominator, the first term depicts the plasmon resonance when
ε1(ω) = −2ε2 (this is the expression for a sphericalmetal nanoparticle,modifications
are needed for more complex nanoarchitectures); the second term, which may be
potential (Fermi energy) dependent, represents charge transfer resonance at ω =
ωFK , while the third represents a molecular resonance at ω = ωI K . SERS intensity
is proportional to the square of the polarizability and therefore, for a single term in
(2.60), to |RI FK (ω)|2.

In order to sort out the different contributions to the enhancement factor, the
authors have defined an expression for the “degree of charge transfer” for vibrational
mode [LB2009]. This approach leads to some interesting theoretical predictions in
electrochemical SERS measurements at varying the metal potential and, therefore,
its Fermi energy. Moreover, it can be generalized for non-plasmonic substrates, such
as semiconductors [LB2014].

2.3 Current Trends in Surface Enhanced Raman Scattering

Ever since its discovery, SERS has represented an incredibly promising ultrasensitive
spectroscopy. The applications of this technique are various, ranging from sensing
and biosensing [Cia2014], to generic analytical analyses [Sch2014], without for-
getting the possible implementation of traceable nanostructures to be exploited in
biophysics and nanomedicine [Pet2003, Fas2016]. A detailed analysis of the state
of the art on SERS and its applications would be a huge work and goes beyond the
purpose of this thesis. For this reason, wewill focus our review of the literature on the
topics that are relevant for the discussion of the results reported in the next chapters.

First of all, for having SERS, a metallic nanostructured substrate is needed. In
the last few decades, an enormous effort of the scientific community was devoted
to the design and the implementation of rational plasmonic substrates [Fan2011].
These play a key role in SERS experiments, since the local field enhancement, and
thus the system efficiency in the spectroscopic revelation of molecular species, basi-
cally depend on the nanoarchitecture. High SERS intensities are obtained from the
structure’s hot-spots, i.e. small volumes where the field is enormously incremented,
as in the interstices between closely packed Nps [Mos2013].

Dlott and coworkers [Fan2008] have quantified the distribution of site SERS
enhancements on a substrate made of silver Nps, demonstrating that the 24% of the
signal measured in the overall experiment came from only 63 sites over one mil-
lion. The field enhancement at these hot-spots critically depends on the interparticle
distance, a quantity hardly controllable at the subnanometer scale. The crucial point
is in general to find a good compromise between strong SERS enhancement and
signal reproducibility. This can be pursued by specific statistical analysis, ensem-
ble measurements on Np aggregates [Dom2016] or by using expressly designed
measurement protocols [Str2007].
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Since the SERS-active systems we have investigated are fabricated from colloidal
dispersion of gold and silver nanoparticles, we will focus the discussion on the state
of the art about nanoparticle-based SERS substrates [Fan2010, Fas2014]. This is
presented in Sect. 2.3.1.

Highly efficient SERS substrates can be employed for ultrasensitive molecular
detection. The first spectroscopic observations of single molecules were actually
achieved with SERS [Kne1997, Xu1999], paving the way to what has now become
a wide field of research. Ultrasensitive SERS is important for applications in sensing
(e.g. for pollutants, explosives, drugs, etc.) and biosensing (e.g. for revealing proteins,
genes, etc. which might be related to specific diseases) but also for studying the
dynamical properties and the interaction with light of single molecules [BC2003,
Ben2016].

SERS is a spectroscopic technique and, as conventional Raman spectroscopy,
can provide information beyond the bare molecular identification, allowing to infere
also structural information on the organization of analytes on the nanostructured
metal substrate at varying environmental parameters [Lef1999, Cot2015]. The strong
dependence of the signal enhancement on the molecular position with respect to the
surface often prevents a straightforward analysis of the microscopic state of the
system. For this reason, SERS experiments need to be carefully designed.

Nevertheless, they are ideal for studying specific biochemical or biophysical pro-
cesses, as for example target-receptor biorecognition on cell membranes [Fas2016],
or protein-DNA interaction [Kim2011, Li2014]. This is because of the intrinsic
nanoscale nature of SERS effect, which involves near-field enhancement and charge
transfer processes occurring few nanometers away from the metal surface and can
therefore be used to probe physicochemical and biophysical phenomena taking place
in the very same region, with an uncommonly high sensitivity [Kne2002].

This potentiality can also be exploited for inducing the selective interaction of
properly functionalized SERS-active nanostructures with specific cells or tissues
[QN2008]. SERS-active systems are often employed for the diagnosis and treatment
of cancer. Their functionalization typically includes two types of molecules: one is
a Raman label and the other is a biomolecule, able to interact with specific cellular
receptors. The selective targeting of cancer cells can be used for cancer imaging
[Sch2009] or for single cell diagnosis [Pal2015, Fas2016]. Moreover, therapeutic
features can be added to these nanosystems [Sal2015]: for example, the biomolecules
can be substituted with drugs [Fas2018], or the plasmon-enhanced absorption can be
used for photothermal cancer therapy, i.e. illuminating the Nps inside the cells and
killing them with the local temperature increase [Lu2010].

An emerging interest in SERS community involves the use of non-metallic sub-
strates, such as semiconductor nanostructures [Wan2011] or graphene [Xu2012].
First observations of SERS effect from the surface of a GaP semiconductor nanopar-
ticle are dated back to 1988 [Hay1988]. Since then, increasing interest has been shown
in extending the range of materials available as substrates for surface-enhanced
Raman scattering [Wan2012]. Being semiconductors plasmon-free, with the very
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rare exception of heavily doped crystals [Bal2015], signal enhancement in these sys-
tems is mainly connected with resonant and non-resonant charge transfer processes
[LB2014].

2.3.1 Nanoparticle-Based SERS Substrates

The arising interest in the field of surface enhanced spectroscopies is undoubtedly
connected to some recently developed techniques that allow the manipulation of
matter at the nanoscale. For example, nanoparticles of various shape, size andmaterial
can nowadays be fabricated and their organization on solid substrates can be achieved
with a high degree of precision. In general, two different approaches can be employed
for the preparation of metal nanostructures for plasmonic applications. They are
generally described as “bottom-up” and “top-down” methods.

In the first case, wet chemistry approaches are employed to induce the reduction
of Ag- or Au-containing ion complexes [LM1982] into colloidal form. The final
product are Nps of spherical or more complex shape dispersed in a solvent, usually
water. Recent preparation protocols allow a great control on their final size, shape and
composition [Sch2011a, Sam2013, KV2008]. These Nps are usually stabilized in
solution by an organic capping layer, providing a sufficient surface charge to prevent
Np aggregation.

The second approach employs lithography techniques such as electron beam
lithography (EBL), colloidal lithography, or ultraviolet photolithography to design a
nanoscaled pattern inside which gold or silver are evaporated [Col2009, Hul1999].
In recent years, many different approaches in plasmonic substrate fabrication have
shown competitive results in local field enhancement and SERS [De 2013, Jeo2016]:
however, these novel techniques are often a rational combination of the two methods
exposed above [Dom2016].

Colloidal metal Nps are probably the most common building block for efficient
SERS substrates. Np aggregation is in particular crucial, as the small interstices
between closely packed Nps, known as hot-spots, are responsible of most of the
signal enhancement [Fan2008, TS2012]. Therefore, Np aggregation is often induced
to grant a high performance of the plasmonic system by increasing the number of
hot-spots in the structure [Paz2012, Sha2013]. Np aggregates are also characterized
by broad surface plasmon resonances that usually result in a great versatility when
used as plasmonic substrates [Gri1995, GP2007].

Electrodynamic calculations [ZS2005] and early experimental results [Yan2009]
have shown a further enhancement in the plasmonic response of Nps when they
are regularly disposed in one-dimensional or two-dimensional arrays. The further
enhancement of the local field in specific sites of the array is related to the coupling
of the Np-array photonic modes with the Np surface plasmon resonance [Gia2010,
Aus2012].

Np aggregation: why The essential role of interparticle coupling in plasmonic has
been discussed in the previous Section: one of the pioneering papers highlighting the
role of interparticle coupling in SERS response of Np-based substrates is the one by
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Zhu and coworkers [Zhu2004] (see also Fig. 2.5 and related comment). By studying
substratesmadeof immobilized goldNps on a siliconwafer, the authors demonstrated
that Raman intensity (and, therefore, SERS enhancement factor) grows non-linearly
at decreasing the average interparticle distance, hence suggesting that the maximum
SERS intensity can be achieved in the limit of nearly touching nanoparticles. Indeed,
single molecule SERS was first reported from molecules trapped in hot-spots in Np
aggregates dispersed in solution [Kne1997].

To simplify, there are three main good reasons to induce Np aggregation:
(1) higher local field intensity: as Nps are brought closer to each other, the incre-
ment of the local field with respect to the incident one typically scales by a factor
10 (or more) from a single Np to a Np dimer, the simplest Np aggregate achiev-
able [HS2004]. As SERS approximately scales with the fourth power of the local
field enhancement, this causes a significant gain in the spectroscopic intensity from
molecules located inside interparticle hot-spots;
(2) increased hot-spot density: as demonstrated by different works studying small
Np aggregates, SERS enhancement factor grows linearlywith the number of interpar-
ticle gaps in the cluster [Paz2012, Sha2013]. Therefore, strong enhancement factors
can be reached by employing substrates made of Np clusters with high coordination
number (i.e. number of aggregated particles in the structure) as illustrated in Fig. 2.8;
(3) broadband plasmon resonance: the plasmon resonance profile depends on the
size, shape and material of the Np considered. Typically, the surface plasmon res-
onance (SPR) peak for single Nps is in the blue-green region of the visible spec-
trum (with the exception of longitudinal modes in single nanorods which, however,
show a strong polarization dependence). In order to avoid analyte damaging, longer
excitation wavelengths for Raman experiments are usually preferred. Colloidal Np

Fig. 2.8 a Optical response of Np clusters (single Np diameter: 50nm) with different coordination
number, from 1 to 7. Darkfield scattering optical spectra measured on single Np aggregates are
plotted next to their SEM images. b SERS enhancement factor versus coordination number. EF
was estimated by functionalizing the clusterswith benzenethiol and bymeasuring the intensity of the
ring breathing band indicated by the arrow (inset). Adapted with permission from Ref. [Paz2012]
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aggregation grants an overall homogeneous substrate for which the plasmon reso-
nance can extend from the visible to the near IR spectral region [Paz2012, Yan2011]
and with typically weak polarization dependence, especially for high coordination
numbers. There is another advantage of broadband SPR for SERS, that is the pos-
sibility of comparable local field enhancement both for the incoming and for the
Raman scattered fields: a narrow plasmonic excitation, indeed, could provide a high
enhancement for the laser field (λ0) but not for the scattered one (λRaman > λ0).

Np aggregation: how Colloidal Np aggregation can be induced in solution by con-
trolling the ionic strength of the dispersion [Bad2010]. It is known, for example, that
salt is a good aggregating agent, as it neutralizes the electrostatic repulsion among
Nps. If this is weak enough, Np aggregation can also happen spontaneously and
irreversibly (see Fig. 3.5 and relative explanation): in this case, inside the solution a
precipitate will probably be visibile. In a similar way, the aggregation of Nps with
proper functionalization (typically with peptides) can be realized by changing the
pH of the solution: this is an example of a controllable parameter, which can be used
as a reversible switch between the single Np and the Np aggregate states [SM2007].
The same holds for temperature-mediated reversible aggregation of Nps linked by
complementary DNA strands [Sto2000].

Np organization into clusters on substrate is similar, and can simply be achieved
by the Np self-assembling [Fas2014, Liu2014]. Typically, the controlled evaporation
of the solvent is induced from a droplet of Np colloidal dispersion deposited on a
substrate. In this case, average interparticle distances can become considerably small
(of the order of few nanometers: see Fig. 3.6) and generally depend on themodulus of
the surface charge of the dispersed Nps, that is, the higher the electrostatic repulsion
among Nps, the less compact the aggregation and larger the interparticle distance
[Fas2014, Fas2018]. Other techniques based on self-assembly use the functionaliza-
tion of the substrate to immobilize the Nps via electrostatic interaction [Zhu2004,
Bai2006].

The specific approach of molecular driven self-assembly is also worth mention-
ing. The idea in this case is to use the interaction of molecules with the metal Np
surface as a sort of “glue”, to selectively induce theNp organization. The effect can be
based once again on electrostatic forces [Yan2009] or on more stable, covalent bind-
ing [Dom2016]. Molecular mediated assembly can be combined with lithography
techniques to further guide the Np aggregation [Alb2013, Dom2016]. A particular
case of molecular driven assembly is the DNA-origami based technique for control-
ling the Np organization [Tha2014]. In this case, the location of Nps is controlled
by the deterministic spatial conformation of complementary DNA strands, precisely
designed to bind or capture the Nps into specific sites [Low1999, Hun2010].

Plasmonic Grating Effect

In recent years, a strong interest has raised around the collective electromagnetic
behavior of one- (1D) or two-dimensional (2D) gratings of metallic nanostructures
[Gia2010]. Some computational calculations reported indeed further enhancement
of the local field close to the nanostructures in arrays due to the coupling between
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the localized SPR and the photonic mode of the grating, if the nanostructures are
coupled in the far field regime [ZS2005, Kne2006]. A narrowing of the plasmonic
band from Nps in array is revealed when comparing its profile to the one obtained
from the single Np [ZS2005, Li2009]. This can result in a further tunability of the
SPR, which can allow the optimization of SERS response [Alv2007].

The ideaof a plasmonic gratingbenefitingof both localized excitations anddiffrac-
tive coupling among nanostructures has been studied in arrays of metal nanoantennas
with different geometry on different dielectric and conductive substrates [Yan2009,
Aug2010, Aus2012]. Diffractive coupling is typically optimized when the pitch of
the array becomes closer to the wavelength of light in the medium surrounding the
nanostructures (� ∼ λ/n) [Aug2010].

As previously discussed, the narrowing of the SPR band is not convenient for
SERS experiments, as it would result in a difference in field enhancement for the
incident and the scatteredfield.Recent theoretical [Lu2015b] and experimentalworks
[Yan2009, Lu2015a] have underlined the role of local disorder in the broadening of
the SPR band in these nanostructures organized in 1D or 2D arrays. In particular,
Yan et al. [Yan2009] have demonstrated an improvement of SERS performance of
self-assembled, disordered gold Np cluster when they are disposed into ordered
arrays [Yan2011] due to what they call multiple scale field enhancement. Indeed, the
single Nps are near-field coupled to each other inside the Np cluster, which is further
coupled (on a longer distance scale) to the other clusters in the array (see Fig. 2.9).

Fig. 2.9 a Fabrication protocol and b AuNp functionalization for the preparation of Np cluster
arrays c with various Np diameter (d = 40nm (d), d = 60nm (e), d = 80nm (f)) for a binding site
of 200nm. Reproduced with permission from Ref. [Yan2011]
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Fig. 2.10 a SEM image of
the macro-periodic
micro-random grating (1D
array of aggregated
nanoplates) fabricated
according to [Lu2015b]; b
extinction spectra of this
structure compared with a
conventional silver grating of
the same size and c SERS
spectra acquired on the
macro-periodic
micro-random structure
compared with the
conventional Ag grating.
Figure adapted with
permission from [Lu2015a]

On the other hand, Lu et al. [Lu2015a] have demonstrated the role of disorder
by a comparative study of SERS performances on a silver grating (1D array of
Ag stripes) and on a structure made of silver nanoplates randomly arranged on
a grating pattern of the same size (macro-periodic, micro-random structure). The
periodicity of these structures is comparable to the wavelength used for spectroscopy
(see Fig. 2.10). The broadband SPR (panel b of the figure) in these structures is due
to the hybridization of localized plasmonic excitations in the aggregated nanoplates,
while a further enhancement in the local field is caused by the collective modes of
the grating, which the authors describe as “propagating Bloch-plasmonic” modes,
and this is confirmed by the polarization-dependent SERS response of the structure.

The intriguing possibility of disposing Np-aggregates in arrays has been explored
for 2D periodic arrays with submicrometer pitch [Yan2009, Yan2011]. More recent
works focused on the possibility of fabricating mesoscopic arrays of Np aggregates
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[Alb2013, Dom2016]. The high density of hot-spots on each binding site represents
an intriguing possibility for ultrasensitive enhancement [Alb2013]. Moreover, the
collective coupling of the plasmonic array, which has to be optimized by tuning the
grating periodicity with the used laser wavelength, can further contribute to near field
enhancement and therefore to the SERS efficiency of the system.

There is another important advantage of substrates with regular, mesoscopic
geometry for SERS applications. Indeed, these nanostructures can easily be checked
by visual inspection with a microscope, which facilitates the implementation of
automatized measurement protocols [Alb2013]. They could also be easily inserted
into microfluidic devices for cellular diagnostic applications.

2.3.2 SERS Applications in Nanomedicine

An extraordinary potentiality of SERS is the possibility to detect spectroscopic sig-
nal from very small volumes, much smaller than the diffraction limited scattering
volumes of conventional Raman spectroscopy. For this reason, one of the natural
applications of SERS-active systems has been, since the very early era of SERS, bio-
physics. Indeed, biophysical investigations are often interested in monitoring rare
biochemical processes occurring in precise locations (e.g. in the proximity of certain
molecular receptors, coding DNA sequences, etc.) and at low analyte concentration.
The capability to detect specific biomolecules at low concentration in blood, bodily
fluids or exhaled breath is of great interest for nanomedicine [Dom2012]. Moreover,
the interaction of plasmonic, SERS-active nanostructureswith single cells holds great
promise for the early detection and treatment of cancer [Fas2016].

In general, a nanosensor is a system constituted by a suitable biofunctional layer,
which enables the interaction with the biologically relevant target (e.g. a specific
molecule or a cell) and by a recognizable element, which provides a signal containing
information on the interaction with the target. The detected signal can be various:
interesting results have been reported with electrochemical [Hay2014], mechanical
[Arl2011], magnetic [MI2014] or optical nanosensors [Sto1998, DS2012].

In SERS, the recognizable element is obviously the metal Np, which can be
labelled with a Raman active molecule and further functionalized with the biofunc-
tional layer [Doe2007, Fas2016]. Another possibility is the direct spectroscopic
study of the biofunctional layer, without any additional labelling. This is sometimes
inconvenient because of the low Raman activity of certain biomolecules or the dif-
ficulties in binding them directly to the metal surface. An interesting exception are
aptamer-based SERS sensors [Li2014, Cot2015]. Once the nanosensor is prepared,
its interaction with the biosystem of interest needs to be investigated.

In the case of biomolecular sensing, it is sometimes possible to directly measure
the spectrumof themolecule to detect, and to straightforwardly recognize its presence
inside the sample. Often, it is not trivial to perform a direct spectroscopic detection
of specific molecules at low concentration, due to the presence of the biolayer. This,
covering the Np, increments the distance of the analyte from the nanostructured
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substrate. Nevertheless, the formation of specific bonds between the nanosensor and
the molecule to detect [Dom2012] or conformational changes in the biofunctional
layer, induced by the presence of the analyte [Cot2015], can change the SERS spec-
trum of the sensor and act as control parameters. In other cases, the nanosensor is
designed to monitor the presence of the analyte by strong intensity fluctuations, as
in the case of gene detection performed by DNA assembly: here, the presence of the
analyte induces the aggregation of Nps and the formation of hot-spots, resulting in a
higher SERS intensity [Pic2014].

As for the interaction with cells, SERS nanosensors are often used to bind specif-
ically to targeted molecular receptors on the cell membrane [Sch2006b, Fas2016].
In other cases, Nps can be transferred inside cells via sonoporation or endocytosis
and can be used to monitor some properties of the cell, as for example the pH, using
the modifications to the spectroscopic signal [Kne2007]. Once the Nps are located
inside or in proximity of a cell, theranostic applications can be performed relying on
the Np plasmonic properties, as happens for plasmonic photothermal therapy.

Biomarker Detection

One of the goals inmodernmedicine for the effective treatment ofmany diseases is to
monitor their appearence and to assess their stage promptly, even before their physi-
ological manifestation [Sal2015]. The problem of early diagnosis of cancer and other
relevant pathologies can be address by monitoring the presence, inside the human
body, of specific biomarkers [MR2014]. Biomarkers are molecules, such as mutant
proteins or modified DNA and RNA sequences, vesicles produced by cells (e.g. exo-
somes), or circulating tumor cells (CTCs), that can provide information beyond the
standard clinical parameters [SR2007]. The correlation between the development of
pathologies and the concentration of certain biomarkers in blood or in bodily fluids
is the subject of a wide field of research [Pep2001, SR2007].

Biomarkers detection can be performed with different techniques, among which
the most common are the traditional fluorescence label-based immunological meth-
ods, as the enzyme-linked immunosorbent assay (ELISA) [Chi2015, Nim2016]. The
sensitivity of the technique is here of crucial importance: lowering the concentration
threshold for revealing the presence of a biomarker would impact on the diagnosis
of the disease and, therefore, on the effectiveness of the treatment. The employment
of nanoparticle-based sensors holds great promise for developing novel biosensing
methods [Pal2015] or improving the sensitivity of traditional assays, as in the case
of “plasmonic ELISA” by De La Rica and Stevens [DS2012].

SERS based nanosensors have proved to be competitive in the detection of specific
molecules at sub-picomolar concentration [Dom2012]. Moreover, the combination
of SERS active Nps with microfluidic devices has allowed great improvements in
the detection of CTCs inside human blood. In the work by Pallaoro et al. [Pal2015],
SERSnanotagswere functionalized to selectively bind to cancer cell receptors,which
were then separated by the normal cells via Raman activated cell-sorting [Doc2011]
based on SERS signal.
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Therapeutic Drug Monitoring

Therapeutic drug monitoring (TDM) consists of the determination of a drug concen-
tration inside a biologicalmatrix (e.g. plasma, blood, etc.) as a function of time during
the patient treatment period, starting from administration. A precise interpretation of
the results is required in relation to the target range and the pharmacokinetics of the
drug, in order to proceed to a personalized redosage of the drug, depending on the
patient response. Not all drugs require such a precise monitoring, because for most
of them the concentration threshold for effective therapeutic action and the one for
toxicity usually differ significantly (i.e. the drug has wide therapeutic range). TDM is
required for drugs with a very narrow therapeutic window, which practically means
that a slight overdosage will be easily causing significant side-effects, as typically
happens for chemotherapeutic drugs.

Serious consequences for drug under- or overdosing may be avoided by TDM.
Unfortunately, the current methods for this analysis are time-consuming and expen-
sive. In this framework, point-of care SERS sensors can overcome the difficulties and
long time required for the execution of multi-step analyses like high performance
liquid chromatography (HPLC) andmass spectrometry. Interesting results have been
recently obtained using microfluidic devices on SERS detection of various farma-
ceutical compounds in urine and blood [Ack2007, Str2007, WC2014], also in the
specific case of methotrexate, an antifolate drug for cancer treatment on which we
will focus in the next chapters [Hid2014].

Selective Interaction of Nps with Cells

Surface enhanced Raman scattering is an ideal candidate for the study of cells and
tissues with very high spatial resolution. Spectroscopic imaging, diagnostics and
theranostics, i.e. the combination of diagnosis and therapy, can be performed at
single cell level with a high level of control on both the sample and the interpretation
of the results [Ste2013, Gal2014].

• Tissue and cell imaging Raman spectroscopy is a label free technique which
allows monitoring the chemical composition of samples, through the recognition
of molecular vibrational fingerprints. As discussed above, however, Raman spec-
troscopy suffers from the small cross section of Raman process and the consequent
low signal intensity. This, from an experimental point of view, means that it requires
long acquisition times.

Moreover, the spatial resolution of Raman imaging is controlled by the diffraction
limit in the visible range (∼200 nm at best). There are several approaches that can
be used to improve the performances of Raman, as for example the use of Coher-
ent Stokes/Antistokes Raman microSpectroscopy (CSRS/CARS), which involves
two-photon coherent processes that can upgrade both the intensity and the spatial
resolution [EX2008, Yon2015].



2.3 Current Trends in Surface Enhanced Raman Scattering 45

A further possibility is represented by TERS, Tip Enhanced Raman Scattering:
here, a metallic nanostructured tip is mounted on a scanning probe microscope and
used to map the morphology of a sample while collecting the colocalized surface-
enhanced spectroscopic signal [Stö2000]. This technique leads to remarkable results
in imaging cell membranes, but it is limited to surface investigation [Neu2006].
Moreover, the scanning probe approach usually requires very long acquisition times.

Another suitable approach is investigating cells and tissues by collecting signal
from subdiffractive confined volumes, nanometer-close to a SERS-active substrate.
SERS provides high spectroscopic intensity and the possibility of label-free investi-
gation [Gre2011]. Obviously, the essential drawback of SERS-based imaging is the
necessity of inducing the interaction of the cell with a SERS-active substrate, which
might perturbate the cellular activity. Examples in this respect are nanostructured
macroscopic metal substrates for cell growth [Zit2015] or, more commonly, metallic
Nps to be introduced inside the cells [Kne2007].

In SERS cellular imaging, as actually happens in all SERS applications, the design
of a proper metal nanostructured substrate is crucial. Considerations are not limited
to the performances in signal enhancement and reproducibility: in biophysical appli-
cations, the effects on the cell of the nanosystem are to be carefully monitored.
Cytotoxicity is a very important issue in these studies. In the case of metal Nps that
are localized onto or internalized inside cells, it typically depends on the Npmaterial,
its capping layer - if it is present -, and on the Np concentration [Ste2013, Mat2010,
DK2013]. In order to limit the Np cytotoxicity, usually gold Nps are preferred to sil-
ver ones; for the same reason, and to improve the Np stability, they are often coated
with an organic, biocompatible capping layer [Mat2010, Fra2015].

The capping layer can act as a spectroscopic label [Hu2007], also enabling to probe
the cell conditions, by monitoring modifications to the reported molecule induced by
molecular binding events or a change in the cellular environment, as in the case of
intracellular pHmapping reported by Kneipp and coworkers [Kne2007]. The molec-
ular layer can also facilitate the interaction of the Nps with cells [DK2013]. Gregas et
al., for example, demonstrated that charged Nps are more easily internalized inside
cells the neutral-charged ones [Gre2011]. Moreover, the Np biofunctionalization is
often exploited for inducing the selective interaction of the Nps with certain recep-
tors on the membrane or inside the cells: to this aim, peptide, protein or antibody
are used for the Np conjugation, with interesting results [Sch2006b]. Finally, time
resolved SERS imaging gives the possibility of following the molecular pathways
inside the cell by the simultaneous optical tracking and spectroscopic analysis of
gold Nps [And2011].

• Single-cell diagnostics Given the potentialities of SERS in the study of cells
[Ste2013], and given the results already obtained in the discrimination between nor-
mal and cancer cells from their Raman spectral features [Doc2011, Gal2014], a
considerable interest has raised in developing highly sensitive SERS-based methods
of cancer diagnosis at single cell level. This approach seems promising for early
cancer detection, as it is possible to design strategies for simple and fast screening
protocols for single cells [Pal2011, Fas2016].
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A possible approach for SERS based diagnosis is the functionalization of SERS-
labelledNpswith a specificmolecule to target cellularmarkers that are overexpressed
on cancer cellmembrane [Sam2011]. The selective biorecognition of the SERSactive
Nps is induced by incubating cell cultures with a suitable nanovector. Many exam-
ples of such strategy involve protein-antigen interaction [Sch2011b]. Starting from
this idea, the group of Moskovits developed a protocol for distinguishing cancerous
epithelium prostate cells from normal cells [Pal2011]. Protein/antigen interaction is
not the only type of biorecognition which can be exploited in this respect. Indeed,
protein-based nanovectors can suffer from a lack of stability of the biolayer, as it
has been demonstrated that these nanosensors are highly sensible to environmental
conditions (e.g. temperature, pH) and are subject to assembly with other proteins
in complex biological media like serum [Ehr2009], therefore inhibiting the specific
biorecognition of the target receptors [Sal2013].

An alternative to protein based nanosensors is represented by the choice of other
smaller, more stable molecules, like folic acid [Luc2000]. The overexpression of
folate binding protein of different types has been widely studied in the last decades
[Des2012], and folate-functionalized nanovectors have been synthesized [Boc2013,
Li2013]. We have recently developed a folate nanovector-based procedure for single
cell screening [Fas2016]. We demonstrated that folate-Nps bind to different types of
cells with different efficiency, which were found to reflect folate-receptor expression
level on the cell membranes. This is described in Chap.5.

Single cell SERS diagnostics can be combined with other tools like microfluidics
to achieve additional features to the diagnosis. An example is SERS-base cell sorting
and separation [Doc2011, Pal2015].

• SERS and theranostics Theranostics is the combination of diagnosis and
therapy, performed within the same process. In nanomedicine, a common approach
to theranostics is the design of nanosystems composed by a recognizable element,
which is often a biolayer able to selectively interact with morbid or cancer tissues,
and a therapeutic element, which can be activated by external stimuli once in contact
with the target cell. In recent years, several kind of theranostic nanovectors have been
designed. Some of them are based on therapeutic drugs, which are either loaded onto
the Np surface [Bes2016, Fas2018] or transported inside vescicles and then released
locally in a controlled way. This happens through pH gradients [Cho2005] or by
targeting the nanovescicle with ultrasounds [Lin2014].
In other cases, the therapeutic action of the nanovectors relies on the nanomaterial
intrinsic properties, as it happens for metal Nps employed in plasmonic photothermal
cancer therapy [Hua2008]. Once the Nps are located inside or in close proximity of
cancer cells, the illumination with light (usually in the near IR spectral range), which
is strongly absorbed, has the effect of increasing of the temperature of the Np and its
environment, which eventually kills the cells [Boc2013].
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The traceability of these nanovector, during their interaction with cells, is to be
considered. To this aim, theranostic nanovectors are often conjugated with labels
like fluorescent molecules. In the case of SERS active systems, the location of
the nanovectors can be monitored following their spectroscopic signal [Fas2016,
Fas2018].

2.3.3 Non Metallic Substrates: SERS from Semiconductor
Nanostructures

As discussed in this Section, the applications of SERS active nanostructures range
from the spectroscopic detection of molecules at ultra-low concentrations, to the
study of molecular adsorbates on different surfaces, to the fabrication of suitably
functionalized nanosystems, capable to target specific kind of cells and to act as drug
carriers for biomedical applications. In this framework, some drawbacks of the use of
metal nanostructures need to be considered. Among them, the cytotoxicity of metal
nanoparticles has been widely studied [Fra2015]. Moreover, there is a limited choice
in the chemical functionalization approaches that can be used to bind molecules to a
metallic surface [NS2008].

In recent years, the scientific community has expressed interest in studying SERS
effect from non-metallic nanostructures, excluding the well understood plasmonic
excitation from thepicture and focusingonunderstanding - andbetter controlling - the
charge transfer (CT) enhancement mechanism [Wan2012, LB2014]. In this respect,
a possibility can be the implementation of semiconducting nanostructures. Despite a
less intense enhancement of the spectroscopic signal, indeed, this approach implies
some interesting advantages. First of all, a lower cytotoxicity of semiconducting
nanostructures would facilitate the application of these systems in drug delivery or
nanomedicine. Then, a wider choice of molecules can be conjugated to semiconduc-
tor surfaces. Moreover, the functionalization of semiconductor nanostructures with
organic molecules and the study of molecule-to-surface CT processes are of great
interest for applications (e.g. photovoltaic [Wan2015] or electrochemical [Cat2012]).

Semiconductor nanostructures are intriguing systems, because of their poten-
tial in exhibiting unique physical and chemical properties compared to their bulk
counterparts [Arb2007]. In particular, nanowires, which are filamentary crystals, are
characterized by high surface-to-volume ratio, which can cause their crystallization
in phases that are not stable in the bulk form, with effects on electronic and opti-
cal properties, due to the change in the bandstructure [Fon2007]. Many efforts have
been devoted to improving of the tunability of optical and electronic properties of
the nanowires. In this framework, different approaches have been developed. Some
of them act on the nature of the materials, for example by implementing doping or
utilizing alloys in order to tune the carrier density [Ass2013]. An important possi-
bility is also to focus on the crystalline structure, by introducing mechanical strains
(e.g. in core-shell systems [Hau2015]) derived by the combined presence of different
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materials in the same nanostructured object. Another approach involves the covering
of the nanowire inorganic scaffold with an organic molecular layer [Cat2012].

Functionalized semiconductor nanostructures offer great advantages from differ-
ent points of view. First of all, the molecular covering acts as a passivating layer,
preventing the surface oxidation and the formation of defects which could result
in compromised carrier mobility [San1987]. Secondly, such hybrid materials can
present different characteristics with respect to the bare semiconductor [Yaf2013],
resulting in improved performances of the nanowires for applications and devices
[Odo2013]. In this framework, a better understanding of the dynamic CT phenomena
occurring at the molecule/semiconductor interface is crucial for the optimized design
of such systems.
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Chapter 3
Investigation on Nanoparticles and Their
Molecular Functionalization

The essential building blocks of SERS-active systems we have studied are noble
metal nanoparticles (Nps). They constitute the metallic substrate crucially contribut-
ing to SERS amplification thanks to the enhancement of the local electromagnetic
field. Nowadays, Nps of various shape, size and material can be fabricated with a
high degree of precision [Sch2011, Sam2013, KV2008] and their chemical proper-
ties can be tuned by employing different ligands [Per2009, Vit2011, Car2017]. In
addition, nanolithography techniques as electron beam lithography (EBL) and pho-
tolithography (PL) allow to manipulate metallic and non-metallic substrates and to
engineer their chemical properties at the nanoscale [Col2009, Hul1999].

Spherical, water dispersed Nps are probably the simplest SERS substrate avail-
able. Nevertheless, their low-cost and readiness, along with the possibility to form
hot-spots by inducing their aggregation, leading to huge local field intensity, repre-
sent a great advantage for applications. For these reasons, in terms of performances
they can be considered competitive with the other most refinely fabricated nanosys-
tems. Nanoparticles used for SERS application are typically sized between 20 and
100nm. This aspect is interesting for biological applications, as the small Np size
facilitates the interaction with living cells [Kne2010].

For what concern SERS purposes, the essential feature of these nanostructures
is their surface plasmon resonance (SPR), which directly affects the Np optical
response. As discussed in Chap. 2, the plasmon resonance is strongly influenced
by shape and size of the nanostructure, as well as its material and dielectric environ-
ment. These aspects need to be controlled for SERS substrate preparation. It is also
important to test the stability of the nanostructures both in the colloidal and in the
solid form (i.e. organized on a substrate), because it is well known that Np uncon-
trolled aggregation can result in a strong modification of the nanostructure SPR,
due to the hybridization of the single Np plasmonic modes [Nor2004, Sön2005].
Hence, a thorough characterization of the Nps implies the combined use of different
techiniques.
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In particular, one can obtain information on a number of characteristics of the Np,
among which:

• size and morphology
When the Nps are in dispersed in solution, dynamic light scattering (DLS)
presents as a straightforward technique for monitoring their hydrodynamic radius
[BP1976]. On the other hand, when investigating metallic nanostructures in the
solid form (i.e. fixed on a dried sample) electron microscopies such as Scan-
ning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM)
are more appropriate. In particular, TEM allows achieving better resolution but
requires a rather demanding sample preparation, while SEM is more versatile.
Scanning probe microscopies are also useful, primarily for their non desruptivity:
among these, Atomic Force Microscopy (AFM) can be performed at ambient con-
ditions (without the need of a vacuum environment) and also in liquid, provided
that the Nps are bound to a substrate [Dom2016].

• surface charge
The ζ-potential is the electric potential around a Np in solution, relative to a
point in the bulk fluid away from the Np surface. It is a key indicator of the
stability of colloidal dispersions. The magnitude of the ζ-potential indicates the
degree of electrostatic repulsion between adjacent, similarly charged particles in
a dispersion. For molecules and particles that are small enough, a high ζ-potential
will confer stability and the dispersion will resist aggregation [Hun2013].

• plasmon resonance and dielectric environment
UV-Visible measurements are the most direct approach to investigate the plas-
mon resonance of metal nanostructures. Extinction measurements can be easily
performed on nanocolloids in suspension to monitor their SPR: in the case of
spherical Nps (with diameters d = 20 ÷ 100nm), the plasmon peak of silver col-
loids is centered in the blue region of the spectrum, while for gold Nps it is found in
the green region. The SPR peak is sensitive to the Np dielectric environment, and
its frequency shift is often used to control the molecular conjugation of the Nps,
as it happens in SPR sensors [NC2002]. Np aggregation dramatically influences
the plasmon resonance. Typically, hybridized inter-Np plasmonic modes cause
the appearence of a large peak at lower frequency, with respect to single Np SPR,
resulting in an overall broadening of the plasmon band [Nor2002].

• molecular conjugation
For what concerns the binding or location of molecules on the Np surface, indirect
information can be deduced from the frequency shift of the plasmonic peak. UV-
Visible spectra also contain absorption bands relative to the electronic excitations
of most of the organic molecules. Other elemental techniques for surface investi-
gation, such as photoemission spectroscopy, can be employed for monitoring the
chemical processes occurring at the metal surface [Bat2012]. However, more pre-
cise structural information can be derived from surface enhanced spectroscopies.
Surface Enhanced Infrared Absorption (SEIRA) and SERS techniques can pro-
vide information on the molecular environment surrounding the Nps, including
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Fig. 3.1 4-aminothiophenol
and its possible conjugations

structural signatures indicating the molecular organization, the orientation on the
substrate, etc. [Cot2015].

Wewill here present the results concerning the functionalization of different noble
metal nanocolloids and the characterization procedures which allowed us to study
these systems. In Sect. 3.1, as an example, we will examine the covalent function-
alization of Nps with the well-known ligand 4-aminothiophenol (4ATP), which was
also used as a test probe for the design of SERS substrates described in Chap.4.
Beside its stability, the main advantage of using this molecule is the fact that 4ATP is
a hetero-bifunctional linker. Indeed, as shown in Fig. 3.1, thiol group (−SH) allows
to realize a simple covalent bond with a metal (e.g. S-Ag, S-Au), while the exposed
amine group (−NH2) enables the further conjugation with other organic molecules.

In the following Sect. 3.2, the biofunctionalization of 4ATP-Nps with folate and
antifolate molecules via amide bond will be probed with SERS: the structural infor-
mation, that can be indirectly inferred from the spectroscopic analysis, are of great
relevance for the application of these systems in the nanomedical context.

3.1 Model Functionalization with 4ATP Linker

3.1.1 Preparation and Control Characterization

The preparation of 4ATP conjugated Nps is a rather simple process, as the function-
alization of noble metal surfaces with molecules exposing a thiol group takes place
spontaneously via S-Au or S-Ag covalent binding. To do so, we have purchased
water-dispersed, citrate stabilized gold and silver nanocolloids of 60 and 100nm
size (Ted Pella Inc., Redding, CA). An ethanol solution of 4ATP at the concentration
of 0.1mg/mL was prepared and added to the water-dispersed colloid in a volume of
5µL (see panel a of Fig. 3.3). The relatively high concentration of 4ATP in solution
ensured that the final dispersion contained enough molecules to reach the complete
covering of the Np surface. The number of molecules needed was estimated from
geometrical considerations. The covalent binding of 4ATP molecules on the Np sur-
face was followed over time by monitoring the sensitive localized SPR absorption
modes with UV-Vis absorption measurements as a function of time (see Fig. 3.2).
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Fig. 3.2 UV-Visible absorption acquired on a solution of AuNps (60nm diameter) as a function
of time, while monitoring their functionalization with 4ATP molecules (absorption bands of 4ATP
are well visible below 300nm wavelength). In the inset, the zoom allows monitoring the shift of
the plasmonic peak of the Nps upon chemical conjugation

The change in the local dielectric environment at the metallic interface, occurring
upon binding of the 4ATP molecules, caused the single particle plasmonic peak to
broaden and red-shift [HV2001, Yos2009, Dom2011].

The absorption band for 60nm diameter AgNps shifted indeed from 430nm for
bare (as purchased, citrate capped) Nps to 445nm for conjugated Nps (in the case
of 100nm Nps, the peak shifted from 497nm to 534nm). Similarly, the plasmonic
peak of AuNps shifted from 535nm to 538.5nm. This phenomenology is commonly
observed in plasmonic nanostructure conjugation protocols, although the absolute
plasmon frequencies and the amount of the shifts obviously change from sample to
sample. Since we can reasonably assume that the red-shift is roughly proportional to
the number of molecules adsorbed onto the Nps, we can state that, at the maximum
shift, the Np surface covering by 4ATP molecules is complete (i.e., the surface is
“saturated”). Considering the steric hindrance of 4ATP molecules, we estimate that
about 5000–10000 4ATPmolecules can fully cover a single 60nmNp (15000–30000
for a 100nm Np) [HV2001].

The complete functionalization of Nps with 4ATP typically takes place over few
(2.5) hours. The following preparation step is the purification of the obtained nanocol-
loid. To do so, the samples were dialyzed against deionized (MilliQ) water for 12
hours, to eliminate from the suspension the residual 4ATP molecules, not bound to
the Np surface, and the Np citrate capping agent (panel b in Fig. 3.3).

As explained in previous Sections, ζ potential and DLS measurements can assess
the size and the stability of the dispersed Nps. Generally, a low absolute value (neg-
ative or positive) of the ζ potential in a nanocolloid indicates a very low electrostatic
repulsion among the Nps, which tend to aggregate (threshold value for the stability is
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Fig. 3.3 Schematic sketch illustrating the process of nanoparticle functionalization with 4-ATP
molecules

Fig. 3.4 ζ potential measurement on 4ATP functionalized AuNps (60nm diameter)

∼ ±30mV). When purchased, the nanocolloids are very stable dispersions, but once
the Nps are functionalized with 4ATP, as can be seen in Fig. 3.4 in the case of AuNps
(60nm diameter), the value of ζ potential decreases to−10mV. As a result the 4ATP-
AuNps, which size is initially centered around∼60nm (see Fig. 3.5, black spectrum),
aggregate in larger structures: this is witnessed by the retarded DLS measurements,
performed on the same sample during the following 12hours (Fig. 3.5).

The 4ATP conjugated, purified colloidswere then induced to self-organize in clus-
ters on the surface of a coverslip glass. Water evaporation took place in a climatized
chamber at 45◦C. The aggregation of the Nps in mesoscopic clusters on the substrate
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Fig. 3.5 DLS measurements on 4ATP functionalized AuNps (60nm diameter) as the reaction was
completed (2.5h) and after 2, 4 and 12h

Fig. 3.6 SEM image of a 60nm nanoparticle cluster showing the typical interparticle distance
(approximately 5–7nm)

was observed by SEM imaging, as shown in Fig. 3.6. The clusters are closely packed,
with a very small interparticle spacing (5–7nm, comparable with the instrumental
resolution considering the non-conductive nature of the glass substrate). This sug-
gests a very high density of hot-spots in the structure. SERS measurements were
performed on these dried, stable samples. A more detailed discussion about the field
enhancement and signal amplification provided by these substrates, in relation with
the aggregate morphology, will be presented in Chap. 4.
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3.1.2 SERS Versus Raman Spectrum

In Fig. 3.7, we compare surface-enhanced Raman spectra acquired on representative
4ATP-Np clusters (solid lines) with the Raman spectrum of bulk 4ATP (dashed
spectrum). For sake of visualization, the spectral intensities were normalized to the
most intense spectroscopic band on the range. The 4ATP-Nps functionalization via S-
metal covalent bond is witnessed by the disappearance of the Raman band assigned
to the S-H stretching of the thiol group, around 2560cm−1[Fas2014, Dom2011].
Marked differences are noticeable between the SERS spectrum of 4ATP from the
mesoscopic Np clusters and its conventional Raman signature, particularly when
comparing the spectral intensities (see the caption of Fig. 3.7). Indeed, all peaks
exhibit a huge enhancement with a strong spectral weight redistribution.

In particular, SERS spectra feature around 1400cm−1a large and intense spectral
structure with two main bands, ascribed to C–C stretching and C–H bending in the
molecule [Osa1994]. These are hardly detectable in the Raman spectrum in Fig. 3.7.
Moreover, all the SERSbands exhibit an appreciable red-shift (typically 15–20cm−1)
with respect to the conventional Raman peaks. This is an expected characteristic of
SERS spectra [Osa1994]. The frequency of the main Raman and SERS bands was
estimatedwith a Lorentzian fitting procedure (see Fig. 3.8). The results of the analysis
are reported in Table3.1, together with the assignment and mode symmetry.

The different measured intensities were found to be related primarily, as expected,
to the Np material. It is well known, indeed, that silver substrates provide higher
enhancements with respect to their gold counterparts: in our case, the difference is

Fig. 3.7 Raman and SERS spectra of 4-aminothiophenol, obtained by bulk 4ATP and by 60nm
4ATP-AuNps and by 60nm, 100nm4ATP-AgNps, respectively. Spectra are normalized to the height
of the most intense band (C-S stretching, at 1078cm−1). Scale factors of 106 for 4ATP-Au and of
108 for 4ATP-Au, with respect to the bulk 4ATP spectrum, are to be considered. The spectral region
shown here includes the most intense spectroscopic signature of 4ATP, for both SERS and Raman
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Fig. 3.8 Fitting of Raman spectrum of 4ATP in powder (bulk) form (left) and SERS spectra
obtained on a cluster of aggregated 4ATP-AuNps (right). Similar results are obtained for SERS
from Ag substrates

Table 3.1 Frequency of the principal Raman and SERS band of 4ATP estimated through a careful
fitting procedure (see Fig. 3.8). The band assigment is reported, together with the indication of the
vibrational mode symmetry (C2v) for the benzene ring, according to Refs. [Osa1994, Kho2012]. In
detail: ν, stretching; γ and δ, bending; ρ, rocking

Raman frequency (cm−1) SERS frequency (cm−1) Assignment

– 1006 γ(CCC), γ(CC) (a1)

1089 1078 ν(CS) (a1)

– 1138 δ(CH) (b2)

1170 1174 δ(CH) (a1)

1206 –

– 1388 ρ(CH) + ν(CC) (b2)

– 1434 ν(CC) + ρ(CH) (b2)

1590 1574 ν(CC) (b2)

1597 1590 ν(CC) (a1)

1620 1628 ρ(NH2)

2560 – ν(SH)

on average of 2 orders of magnitude (see the next Chapter). In the case of AgNps
of different diameter, the changes in intensity seemed to be related to the different
cluster morphologies rather than to the Np diameters (see Sect. 4.1 for a thorough
discussion).

The most evident difference among SERS spectra in Fig. 3.7 is related to the rel-
ative intensity of the bands in the spectrum. The peaks of the modes with b2 symme-
try (in particular the ones centered at 1138, 1388, 1343cm−1and the low frequency
component of the CC stretching band at 1574cm−1) seem to experience variable
enhancement. This is related to the physical mechanism of signal amplification. For
4ATP molecules bound to nanostructured silver or gold, the enhancement of the b2



3.1 Model Functionalization with 4ATP Linker 65

bands has been the subject of a heated debate. Indeed, someworks suggested the aris-
ing of the bands to be related with 4ATP photodimerization via azo bond [Hua2010]
or to be pH sensitive when the measurements are performed in solution [Kim2012].
Nevertheless, there seem to be a strong consensus around the idea of a Herzberg
Teller charge transfer enhancement of these bands [Osa1994, Bai2006]. In agree-
ment with this hypothesis, the paper of Zheng and coworkers [Zho2006] ascribed
the appearence of b2 bands to the compression of 4ATP molecules in Np interstices
and suggested that the metal bound both the thiol and the NH2 ends of the molecule.
This was confirmed by Moskovits and coworkers, with the observation of alternat-
ing appearance of these modes when reversibly tuning the inteparticle distance of
4ATP-Nps [Kim2010, Kim2011]. In summary, we think that the CT mechanism is
responsible for the enhancement of b2 peaks, being the effect probably modulated by
the molecular orientation with respect to the surface and by the width of the inter-Np
gap.

To summarize, SERS spectra intrinsically show several differences with respect
to their Raman analogues:

• Enhanced intensity The remarkable amplification of SERS intensity is straightfor-
wardly observable, as very short acquisition times in SERS experiments, compared
to conventional Raman ones, lead to very good signal to noise ratios. This effect
can be quantitatively estimated by calculating SERS enhancement factor EF :
several approaches to this problem are possible [Le 2007], but the most common
definition for EF is given by Eq.2.30. EF is there defined as the ratio between
SERS and Raman intensity, obtained by peak integration, normalized to the single
molecule contribution. In our Np-aggregates, it is of the order of 109 for silver
Nps and of 107 for gold Nps. Enhancement factors can be used to quantify SERS
efficiency of different substrates, and will be deeply discussed in the next Chapter.

• New bands Raman and SERS spectra are not discriminated just for their different
intensity. Indeed, SERS experiments are characterized by a strong modification of
the system under investigation, due to the molecular proximity to a metal surface.
This can cause a relaxation of Raman scattering selection rules, and the appearence
in SERS spectrum of bands which are not detectable in the conventional Raman
signature of the molecule [Kne2006].

• Frequency shift For the same reasons, the bands commonly undergo a frequency
shift. This can be related to charge transfer mechanisms that can modify the elec-
tronic polarizability and/or the strength of chemical bonds inside the molecule
[Kho2012].

• Intensity ratio As discussed in the case of b2 modes of 4ATP, the intensity ratio
between specific peaks can undergo a certain variability in SERS experiments. This
is related to the different signal amplification mechanisms in SERS. Nevertheless,
electromagnetic-enhanced peaks always show reproducible intensity ratios, and
constitute the stable scaffold of the SERS spectroscopic response of themolecules.
In other words, the SERS fingerprint of a molecule, although different from the
Raman one, can be identified, provided to expect a certain intrinsic variability,
generally related to the CT processes.
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3.2 Further Conjugation: Folate and Antifolates

As described in the previous Section, functionalizing noble metal Nps with 4ATP
SERS probe enables the possibility of further chemical conjugation via the forma-
tion of an amide bond, exploiting the NH2 group exposed by 4ATP. This is useful for
applications implying the interaction of SERS-active nanostructures with cells. Sev-
eral approaches for the biofunctionalization of SERS-labelled nanostructures have
been reported in the literature. Often, they rely on the physisorption of biologically
relevant molecules, that are conjugated through electrostatic interaction, hydrogen
bond or similar interactions [Wan2014]. Nevertheless, for bioapplications a stable
functionalization, based on a covalent bond, is usually preferable.

Taking these aspects into account, we have developed a procedure for binding
folic acid to our 4ATP-AuNp, via amide bond [Fas2016]. This folate nanovector was
designed for cancer diagnostics applications, that are thoroughlydescribed inChap.5.
The functionalization approach, described in the following paragraph3.2.1, can be
extended to molecules similar to folate, as folate binding competitors, as antifolate
drugs. If properly employed, these antifolates can add therapeutic features to the
nanovector: their cytotoxicity, for example, can be exploited for the selective elim-
ination of targeted cancer cells [Far1948]. We will show that a SERS spectroscopic
characterization of the system can be exploited for monitoring the functionaliza-
tion procedure, also in terms of a quantitative analysis of folate/antifolate binding
efficiency.

3.2.1 Nanovector Functionalization: The Case of Folate

The functionalizationprotocol for the preparationof folate/antifolate conjugated ther-
anostic nanovectors is herein presented in detail: we provide the complete description
and characterization results in the case of FA. As cytotoxic agents, we have chosen
antifolates primarily because of their structural similarity to folate: this is also the
reason for their toxic action against cancer cells. Indeed, they are recognized by the
cellular receptors as folate molecules and, once internalized inside the cells, they
bind irreversibly to the enzymes responsible for folate metabolism, eventually lead-
ing the cell to death [Wib2013, Che2013]. Owing to the similarity between folate and
antifolates, the present protocol can be adopted, without substantial modifications,
for antifolate conjugation.

Nanovector Preparation

The functionalization reaction employed for the nanovector preparation takes place
in water, without the addition of any other solvent: avoiding contamination is a great
advantage for the application of this system in the treatment of cells.

A solution of folic acid (FA) is prepared in MilliQ water (c = 8 · 10−3M) and is
stirred at each step to avoid FA precipitation. The molecule of FA contains two
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carboxylic groups (−COOH), which constitute the reactive electrophilic centers
involved in the nanovector biofunctionalization.

The conjugation of FA is achieved with the activation of these groups by means
of 2 cross-linker specific molecules, that react with FA in sequence: EDC (1-ethyl-3-
[-dimethylaminopropyl]carbodiimidehydrochloride) is a “coupling” reagent, which
forms a highly unstable intermediate (O-Acilisourea active ester). Subsequently
another activator,NHS (N-hydroxy-succinimide) reacts to form a less labile complex
(activated ester succinate). In order to ensure the activation of the carboxylic groups
of FA, EDC and NHS are added to the folate solution with the ratios FA/EDC (1:1)
and EDC/NHS (3:1) [Cos2010]. The final solution is incubated for 30minutes at
room temperature (25◦C) to form the stable covalent adduct FA-NHS.

The last stage is the reaction between the FA-NHS adduct and the functionalized
4ATP-AuNps, prepared as described in Sect. 3.1.1. FA is kept in excess to favor the
most efficient covering of theNps. It is important to stress that the reaction of covalent
functionalization between FA and 4ATP does not occur with a stoichiometric ratio
of 1:1 as a result of steric hindrance. The reaction is carried out at 4◦C, for 12hours.
Then, the solution is dialyzed for 24hours against MilliQ water in order to remove
the residual FA. During dyalisis, the presence of FA in the dialysis water can be
monitored over time by means UV-Visible absorption spectroscopy.

Chemical details As already explained, the reaction mechanism discussed above
requires a first activation, of one of the carboxyl groups of FA, by the reactive portion
of EDC (carbon-heteroatom double bond) (Fig. 3.9).

Fig. 3.9 1, 2 nucleophilic addition

This is a 1, 2 nucleophilic addition (i.e., a π bond is removed in favor of the
formation of 2 new covalent bonds). The intermediate that is formed is an active
“high-energy” ester. Then, the second activation of the carboxylic group via NHS
takes place. This molecule is used in organic synthesis and in biochemical reactions,
mostly assisted by a coupling reagent as EDC, chosen here. The activated acids can
react with amines to form, for example, amides, while an ordinary carboxylic acid
reacting with an amine can form a salt compound only.

In the second step, the intermediate O-acilisourea active ester undergoes a SN2
substitution reaction (i.e. a reaction where a bond is broken and a new bond is formed
simultaneously, in the absence of the carbocationic intermediate), where EDC is
substituted with NHS to form a NHS ester. Therefore, the carbonyl carbon of FA is
now electrophilic enough to be attacked by a nucleophilic agent which, in our case,
is the amino group of 4ATP (Fig. 3.10).
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Fig. 3.10 First SN2 reaction

The last step can be summarized in a second SN2 nucleophilic substitutionwhich,
if occurring at slightly basic pH, allows the release of NHS by breaking a second
ester bond, with the formation of an amide bond. The group R’ in Fig. 3.11 obviously
represents 4ATP. The complex FA-4ATP-Np results therefore successfully formed.

Fig. 3.11 Second SN2 reaction

A sketch of the two main steps of the Np functionalization reaction is shown
in Fig. 3.12. As can be noticed, the final structure of the nanovector there schema-
tized is one of the possible binding configurations (being thought the most probable
[Man2010]) involving the two carboxyl groups of folic acid. Both the configurations
constitute an oriented binding, as the interacting part of the folate molecule, the het-
erocyclic part, is the farthest from the Np, being left externally with respect to the
Np surface, ready for biointeractions.

Fig. 3.12 Main steps of the gold nanoparticle functionalization: AuNp are firstly conjugated with
the Raman reporter 4ATP (1), than conjugated to folic acid (2). The sketch of the final structure is
a result of one of the possible oriented binding configurations involving the carboxilic moieties of
folic acid. In such configurations the folate pteroyl group is kept exposed to water and free to bind
to membrane receptors
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Fig. 3.13 Optical absorption
of the nanovector:
UV-Visible spectra of bulk
folic acid (wine, dotted line)
and of the complete
nanovector dispersion at low
concentration (solid red
line). Inset: shift of the
plasmonic peak of AuNps at
different steps of the
functionalization: bare Np
(gray, dotted), 4ATP-Np
(blue, solid) and
FA-4ATP-Np (red, solid
line). Spectra in the inset are
normalized to the plasmonic
peak intensity

Fig. 3.14 Nanovector
characterization during the
functionalization. Panel a ζ
Potential measurements at
different intermediate
functionalization steps. Panel
b Dynamic Light Scattering
size measurement of bare Np
(gray, dashed) compared to
FA-4ATP-Np (black, solid
line). The final size
distribution is centered
around 70nm, as revealed
also by FESEM
measurements shown in
panel c. The latter image was
acquired from a Np
deposition on a glass slide,
without any metallization of
the substrate, at low voltage
(1kV) to avoid sample
degradation
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Control Characterization

After preparation, the folate nanovector was characterized in solution. First of all,
its optical absorption was monitored with UV-Visible spectroscopy, as shown in
Fig. 3.13. In the absorption spectra,we can recognize the presence of folate absorption
bands aswell as the plasmonic peak of the conjugatedNps, which is shifted compared
to one detected on bare Np and 4ATP-Np. This is due to the change in the dielectric
environment at the Np surface related to the FA biofunctionalization. The final size
and colloidal stability of the nanovector were then tested by ζ potential and DLS
measurements. The results are shown in Fig. 3.14.

Owing to the conjugation with FA, the nanovector is highly stable in water solu-
tion, as witnessed by a high negative value (−38mV) of its ζ potential. This implies
that the nanovector aggregation will be prevented by the Np surface charge. Indeed,
DLS measurements detected a size distribution centred around 70nm diameter (see
Fig. 3.14b). This result for a single Np size is compatible with estimates obtained
by SEM imaging (panel c). Similar results on the nanovector dispersed in PBS and
even in cell culture medium imply a remarkable stability and a nice versatility of the
system [Fas2016].

A complementary spectroscopic characterization was obtained by Fourier trans-
form infrared absorption measurements performed at different steps of functional-
ization and shown in Fig. 3.15. The spectrum of the complete nanovector features
an extra peak (highlighted by the arrow in the Figure) with respect to the signature

Fig. 3.15 FTIR measurements on folic acid bulk (a), 4ATP-Nps (b) and FA-4ATP-Nps (c). The
red arrow highlights the absorption band assigned to the carbonyl group of folic acid
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of 4ATP-Nps (panel b): this can be related to the FA shell. The new band indeed
corresponds to the IR absorption peak assigned to the carbonyl group (−CONH−
in the case of FA-4ATP-Np complex) [Sha2010]. It is centered around 1700cm−1:
slight intensity modification and frequency shifts in the nanovector spectrum (panel
c) with respect to the bulk (panel a) are ascribed to the gold Np surface enhanced
infrared absorption effect [Bai2009].

3.2.2 SERS Signature of Folate/Antifolate Nanovectors

Representative SERS spectra acquired on assemblies of functionalized FA-4ATP-
AuNps and 4ATP-AuNps are displayed in Fig. 3.16. The main recognizeable spec-
troscopic fingerprint on both spectra can be ascribed to the 4ATP linker. As a refer-
ence, we reported the conventional Raman fingerprint of 4ATP and folic acid in the
bulk form in Fig. 3.17. The predominance of the 4ATP signature, with respect to the
one of folic acid, can be motivated by several reasons: (i) the higher distance of FA
molecules from the Np surface, which lowers the signal enhancement; (ii) the lower
Raman cross section of FA and (iii) the lower amount of FA molecules. According
to our estimate, indeed, the covalent conjugation between FA and 4ATP onto the Np
surface occurrs with a stoichiometric ratio of around 1:6 (see the next Section).

SERS spectra on FA conjugated 4ATP-AuNps feature rather weak but clear and
reproducible modifications with respect to the 4ATP-Nps spectroscopic reference.
Literature on SERS spectroscopy has demonstrated that few cm−1shifts of specific
peaks, aswell as reproducible changes in the lineshapes of SERSbands, can be related
to chemical conjugation events. This is particularly true in the case of widely studied
molecular SERS probes as 4ATP [Kho2012, Güh2015]. In benzene-like molecules,
in particular, the phenyl ring C–C stretching Raman mode results in a strong intense
SERS band observed around 1580cm−1and composed of two distinct components
with different symmetry (see Table3.1). This band is particularly susceptible to the
type of chemical substituents in themolecule and their electronic properties [Jia2005,
Bai2006, Dav2013, Sch1977, TS1988].

Fig. 3.16 SERS spectra
acquired on 4ATP-AuNps
(blue) and FA-4ATP-Nps
(red) aggregated on a glass
substrate
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Fig. 3.17 Raman signatures
of the molecular constituents
of the FA-4ATP-AuNp
nanovector

Starting from these considerations, we have focused on the C–C stretching band
to perform a high resolution spectral analysis comparing the signature of FA bio-
conjugated and reference 4ATP-Nps. Signal was acquired using a 100× objective
upon illumination of the sample with 1mW incident power of a 633nm HeNe laser.
A diffraction grating with 1800 groves/mm ensured a spectral resolution better than
1cm−1. The average SERS spectra were obtained by mediating several sets of spec-
tra acquired from different, 2 µm spaced points in a two-dimensional scan, typically
over a 16 × 16 µm2 area on the sample. Measurements on distinct points did not
differ in the spectral shape but by an overall intensity factor: this is expected in a
self-assembled SERS substrate, as will be discussed in the next chapter. The average
spectra of FA conjugated and reference 4ATP-Nps are displayed in Fig. 3.18.

It is revealed that folate conjugation induces a strong change in the relative
weight of the two band components, that are highlighted in the spectra in Fig. 3.18
(νa = 1568.0 ± 1.0cm−1, νs = 1586.7 ± 0.4cm−1). This change increases the rel-
ative weight of the low frequency component in the biofunctionalized sample. As
previouslymentioned, the two band components are assigned to different symmetries
of the C–C stretching mode [Kho2012], being the low frequency one assigned to the
antisymmetric vibration, the high frequency to the symmetric one. It is well known
that a change in the relative weight of these two spectral components is associated
to a modification in the charge distribution in the molecule. This can be driven by a
mechanical stress or, more commonly, by the onset of charge transfer processes due
tomolecular modifications [Kho2012, Güh2015] as in our case, because of 4ATP-FA
covalent binding. In particular, as displayed in the simplified scheme in Fig. 3.19,
the modification of the primary aromatic amine occurring upon the formation of the
amide bond triggers the mesomeric delocalization of the amide nitrogen lone pair
and hence the occurrence of multiple aromatic resonance structures [SF2010].

By comparing the spectra in Fig. 3.18 it is also possible to distinguish some side
bands. These are less intense spectral structures reproducibly detected in the case of
folate and antifolate functionalization (see also Fig. 3.23 in the next paragraph and
related comment). References from literature [Ren2011, Hid2014] and conventional
Raman signal of folic acid (see Fig. 3.17) allow to ascribe these peaks to the SERS
signature of folate and antifolate molecules.
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Fig. 3.18 High resolution SERS spectra of the spectral region around the C–C stretching band
acquired on 4ATP-AuNps (blue) and on FA-4ATP-AuNps (red). The fitting curve (solid line) is
superimposed to the experimental data (scatter plot). Dashed-dotted and dotted lines identify the
two main spectral components revealed in the fitting (lorentzian curves). They are assigned to the
antisymmetric and symmetric modes of C–C stretching, respectively

Fig. 3.19 The typical resonance structures of acetanilide are shown. These derive from the non-
bonding valence electron pair of the aromatic amino substituent diverted to the adjacent carbonyl
group of the amide bond, and provide in turn an electronic delocalization change along the Raman
active aromatic CC bonds

As anticipated in Sect. 3.1, employing SERS for investigating metal Np function-
alization has the advantage, compared to other techniques, of granting the specific
identification of themolecular species that are in close proximity to themetal surface.
In fortunate cases, SERS can allow the direct monitoring of chemical conjugation
through the appearence of new peaks related to the formed chemical bond. This is for
example the case of diazotization (with the formation of a N=N bond) [Dom2012].
Unluckily, in the case of 4ATP-folate conjugation, such an approach would imply
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the binding to involve the pteroyl part of the molecule (see Fig. 5.4), which is the
one involved in the biorecognition of folate by cellular receptors [Che2013]. On
the contrary, folate conjugation via amide bond, involving one of the two carboxile
groups of the molecule, ensures not only the structural integrity of the ligand moi-
ety driving the interaction with receptors, but also the correct molecular orientation
which optimizes this interaction, as deeply discussed in Chap. 5.

Folate Substitution with Antifolate Drugs

In principle, the functionalization approach illustrated is very general and can be
adopted for inducing the conjugation of 4ATP-AuNps, via amide bond, also with
molecules different from folate. Here we present the results obtained in the binding
of 4ATP-AuNps with antifolate drugs aminopterin (AMT) and methotrexate (MTX),
as sketched in Fig. 3.20. The results obtained by applying these systems for cancer
theranostics purposes will be discussed in Sect. 5.3.

Here, we will focus in particular on the SERS characterization of these nanovec-
tors. The functionalization strategy adopted for these conjugations is chosen because
it grants an enhanced interaction with folate cellular receptors due to the oriented
binding of folate/antifolate molecules on the Np surface (see Sect. 5.3). As already
discussed, the identification of a SERSmarker for the conjugation of folate/antifolate
via amide bond is difficultly achievable. Nevertheless, a careful SERS analysis
allowed to point out the success of the biofunctionalization and demonstrated even-
tually that SERS signal can provide information on the efficiency of folate/antifolate
binding to the 4ATP-Nps, without requiring the employment of more demanding
methods, such as UV-Visible based titration assays.

The control characterization previously described was performed on all the func-
tionalized samples with positive results. As an example, we have reported in Fig. 3.21
the results of UV-Visible absorption measurements, showing the shift of the plas-

Fig. 3.20 Sketch illustrating
the possibilities of chemical
conjugation of 4ATP-Nps
with folate and antifolate
drugs
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Fig. 3.21 UV-Visible absorption measurements witnessing the shift of the plasmonic peak of
AuNps upon different steps of functionalization: bare AuNp (black), 4ATP-AuNp (blue), FA-4ATP-
AuNp (red), AMT-4ATP-AuNp (green), MTX-4ATP-AuNp (gray). Data have been normalized to
the maximum of the plasmonic peak intensity, and dashed vertical lines mark the shift of the peak
center

monic peak at different steps of the Np functionalization process. After checking the
sample preparation, we have focused on the characterization of the SERS response:
the results are reported in Fig. 3.22. The spectra were obtained from the average of
10 independent acquisitions and are normalized to the maximum intensity detected

Fig. 3.22 Experimental data (scatter) and fit (solid line) relative to the high resolution analysis of the
band centered around 1580cm−1in the cases of 4ATP-AuNps (blue), FA-4ATP-AuNps (red), AMT-
4ATP-AuNps (green), MTX-4ATP-AuNps (gray). Data are normalized to the maximum detected
intensity. The data reported are the mean of 10 acquisitions performed with the same experimental
conditions (see the previous paragraph)
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Fig. 3.23 Experimental data (scatter) and cumulative fit (red solid line) of the SERS spectrum
acquired on AMT-4ATP-AuNps assemblies. All the spectral components of the fit are plotted in
green. The high intensity components of the C–C stretching of 4ATP are evident, while the weaker
bands at the side of the spectral structure are to be ascribed to the SERS signature of AMT

(see the previous paragraph for experimental details on the measurement protocol).
The spectra show analogue modifications in the case of folate-, aminopterin- and
methotrexate-conjugated samples, in terms of both the modification to the strong
C–C band and the appearence of other weak spectral structures close to the C–C
stretching peak. These become evident by fitting this spectral region (see Fig. 3.23).
In the case of methotrexate conjugation, the changes in the spectral shape and the
appearence of the sidebands are weaker, but can still be recognized.

In our opinion, the differences between the spectra of FA-,AMT- andMTX-4ATP-
AuNps evident in Fig. 3.22, depend on a different binding efficiency for the various
folate/antifolate molecules, due to a different yield of the chemical functionalization
reaction. This is qualitatively confirmed by UV-Visible absorption measuremens
presented in Fig. 3.21, showing a weaker shift for the MTX-4ATP-AuNps bands. To
bring further support to our hypothesis, we have compared SERS results with another
titration approach, based on UV-Visible absorption spectroscopy.

Molecular Conjugation Efficiency and Semiquantitative SERS

The binding efficiency in the folate/antifolate bioconjugation reaction was tested
by realizing titration experiments, and counting the number of folate/antifolate
molecules actually bound to the amines of the 4ATP molecules on the Np surface.
Considerations based on steric hindrance arguments, estimating the covering of a
4ATP-AuNp with FA molecules, had led us to the rough estimate of approximately
2300 folate molecules bound to a single Np, at best. This estimate is in agreement
with the results obtained experimentally.
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The number of conjugated folic acid molecules was derived from the difference in
the number of available 4ATPmolecules before and after folate functionalization. The
number of 4ATP primary amines (and therefore unconjugated 4ATP molecules) was
quantified by using Coomassie Brilliant Blue (CBB) dye standard addition method
[Cou2009].

ACBBsolution at pH2.2was prepared in (H2O,MeOH,CH3COOH)with (80, 15,
5%) proportions respectively. The Np suspension was sonicated for typically 2min
in a sonicator bath, then CBB was gradually added until saturation. At each addition
step, the suspension was incubated for 10min at room temperature in the dark, then
followed by centrifugation at 3900 rpm for 15min. The absorbance of free CBB in
the supernatant was measured by UV-Visible spectrophotometry at λ = 610nmwith
a 1cm cell. Measurements were performed in triplicates.

Every CBB molecule is able to bind one single primary amine site [Cou2009].
Therefore, the amount of CBB bound to form the 4ATP-CBB complex is directly
equivalent to the amount of 4ATP groups available on the Nps surface. This allows
as well an indirect quantification of FA attached on the Nps, from the difference
between the results obtained before and after FA conjugation. The number of FA
molecules per Np is calculated from the following equation

N = (nc1 − nc2) · NA

C
(3.1)

where nc1, nc2 are the molar amounts of CBB bound to 4ATP-AuNps and to FA-
4ATP-AuNps, estimated from the black and red trends in Fig. 3.24, respectively; NA

is the Avogadro number, and C is the number of AuNps.

Fig. 3.24 Titration of 4ATP primary amine groups available on the AuNps surface: supernatant
absorbance is reported in function of the amount of CBB added to the Np dispersion. The red
(FA-4ATP-AuNps) and black (4ATP-AuNps) lines are the linear titration fits before and after CBB
saturation. The intersection corresponds to the critical saturation value, which determined the max-
imum amount of bound CBB
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Accordingly, themean number of 4ATPmolecules bound to a singleAuNp N4AT P

was estimated to be 12000 ± 1000. Similarly, the average number of tethered FA
molecules NFA was quantified as equal to 1900 ± 200 molecules per nanovector.
We can define the conjugation efficiency as the ratio of 4ATP molecules actually
bound to folate, with respect to the total:

rti tr |FA = NFA

N4AT P
= (1.6 ± 0.3) · 10−1

The same experimental procedure, performed with a different dye molecule
(Orange II) led to a similar result in the case of aminopterin conjugation. Indeed,
according to our estimate N4AT P = 14600 ± 1500 and NAMT = 2760 ± 300. There-
fore,

rti tr |AMT = NAMT

N4AT P
= (1.9 ± 0.4) · 10−1

In studying the effect of folate conjugation on 4ATP-AuNps SERS signature,
the most evident feature is the change in the spectral shape of the C–C stretching
band, due to the modification to the relative weight of the two spectral components
of the peak. In Fig. 3.25 we have evidenced the fit spectral components relative to
the C–C stretching peak in the reference case of 4ATP-AuNps and in the cases
of functionalized samples. An effective way to quantify the spectral modification
occurring upon folate/antifolate binding is to calculate the intensity ratio ρ between

1500 1520 1540 1560 1580 1600 1620 16401500 1520 1540 1560 1580 1600 1620 1640

Raman shift (cm-1)Raman shift (cm-1)

Fig. 3.25 The spectral components of the fit used for the quantitative SERS analysis are evidenced
for the four samples: 4ATP-AuNps (a), FA-4ATP-AuNps (b), AMT-4ATP-AuNps (c), and MTX-
4ATP-AuNps (d). Scatter plot are experimental data
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the antysimmetric (low frequency) and symmetric (high frequency) components of
the band. From data analysis on the four samples (Fig. 3.25), we derive that

ρFA = 3.16 ± 0.36 ρAMT = 3.79 ± 0.51 ρMT X = 2.12 ± 0.41

We can then define a SERS titration factor as

rSERS = ρconj

ρ4AT P
= Ianti/Isym |conj

Ianti/Isym |4AT P

leading to the following estimates:

rSERS|FA = 3.5 ± 0.4 rSERS|AMT = 4.2 ± 0.5 rSERS|MT X = 2.3 ± 0.4

It is now possible to compare the two different titration estimates, and we find:

αFA =
[
rSERS

rti tr

]
FA

= 21.7 ± 6.5 αAMT =
[
rSERS

rti tr

]
AMT

= 21.9 ± 6.6

The ratio between rti tr and rSERS is in very good agreement for the two samples,
which suggest we can use the estimate for inferring the conjugation efficiency in the
case of MTX

rti tr |MT X = rSERS|MT X

〈α〉 = (1.1 ± 0.5) · 10−1

Methotrexate is characterized by a lower yield of the chemical conjugation reac-
tion (approximately 1 conjugated molecule every 10 4ATP free amine groups) with
respect to FA (1:6) and AMT (1:5).

Concluding, these results suggest the possibility of using SERS analysis to quan-
titatively estimate the efficiency of the bioconjugation in this kind of systems. This
is a great advantage from an experimental point of view. Indeed, while UV-Visible-
based titration assays need to be performed on massive samples (volumes of Np
solution employed here are of the order of 1mL), SERS can give reliable results on
samples at least 100 times smaller. This means that SERS characterization can be
easily performed on the very same Np dispersion used for cell treatment, enhancing
the control and reproducibility of the final result.

3.3 Experimental Details

In this Section, most of the experimental details and instrumental setups used are
presented.These apply also to the followingChapters.Any further details are reported
in specific discussions.
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UV-visible absorptionmeasurementsTheNpmolecular conjugationwas estimated
by monitoring the changes in the optical absorption spectra and in particular in
the frequency position of the Np localized surface plasmon resonance. The UV-
Visible absorption measurements were performed on the Np dispersion at room
temperature (RT) using a double beam Jasco V-570 spectrophotometer, set with a
0.5nm bandwidth.
Dynamic light scattering Dynamic light scattering (DLS) was used to characterize
the size distribution of the Nps in solution. Our Malvern NanoZetaSizer apparatus is
equipped with a 5mW HeNe laser (Malvern Instruments Ltd, UK) and uses quasi-
backscatter detection, ı.e. the scattered light is collected at an angle of 173◦, the
backscattering being less sensitive to multiple scattering effects. The CONTIN algo-
rithm was emplyed for analyzing the measured autocorrelation functions in order
to obtain the size distributions. Decay times are used to determine the distribution
of the diffusion coefficients D of the particles, which in turn are converted to a dis-
tribution of apparent hydrodynamic radii RH using the Stokes Einstein relationship
RH = KBT/6πηD, where KBT is the thermal energy and η the solvent viscosity.
The reported radius values are the average of several measurements and are obtained
from intensity-weighted distributions.

ζ potential The ζ potential of the suspended Nps was measured at 25.0◦C tem-
perature (0.1◦C, T accuracy), adopting the Phase Analysis Light Scattering (PALS)
technique of a Malvern NanoZetaSizer apparatus (Malvern Instruments Ltd, UK).
This enables the measurement of the electrophoretic mobility, and from this the ζ
potential, whichwe provided herein in the Helmholtz/Smoluchowski approximation.
The measurements were performed employing a palladium electrode dip cell ZEN
1002 (Malvern, UK). The runs were set up in triplicate, each consisting of at least
30 sub-runs.

Infrared measurements The infrared characterization was performed at RT on
150× 150µm2 microsized regions using a JASCO Irtron IRT-30 Fourier Trans-
form infrared (FTIR) microscope, equipped with a nitrogen cooled MCT detec-
tor, a Cassegrain objective 16×. The acquisition was set up in transmission mode,
512scans, with a spectral resolution of 4cm−1. The microscope is coupled with a
FTIR/410 Jasco spectrometer equipped with a conductive ceramic coil mounted in
a water-cooled copper jacket source and a KBr beamsplitter. The optical path was
purged continuously with gaseous nitrogen. For the microFTIR measurements, the
Np solution was dried at 37◦C on CaF2 substrates.

Raman/SERS measurements Raman measurements were performed employing
a Horiba HR-Evolution microspectrometer, equipped with a 25mW He-Ne laser
(632.8nm wavelength) and a set of neutral power attenuating filters. The spectrom-
eter is coupled with a confocal microscope equipped with a set of objectives at
different magnifications (50 × −0.50NA and 100 × −0.8NA were typically used
for SERS experiments). A 600 lines per mm diffraction grating ensured a spec-
tral resolution better than 3cm−1. Spectroscopic maps, i.e. measurements acquired
systematically on two-dimensional scans, were acquired by employing a software
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controlledmapping stagewith submicrometric precision. Keeping fixed focusing and
confocal diaphragm, a constant scattering volume can be assumed whose transverse
surface is defined by the laser spot on the sample (approximately 3 and 1 µm for the
50× and 100× respectively). Exploiting the high confocality of the setup, micromet-
ric sampling along the optical axis can also be realized (see for example Fig. 5.7 in the
following Chapter). All the spectroscopic data are herein presented after processing,
which consisted of a polynomial baseline subtraction (usually 3rddegree) performed
with the acquisition software, LabSpec 6.1. Fitting and other types of quantitative
data analysis were performed with OriginPro 8.1 software.

Atomic Force Microscopy Tapping-mode AFM images, using a cantilever with a
spring constant, k = 42N/m, a scan rate of 0.3 ÷ 0.7Hz and an extremely sharp tip
(nominal radius of curvature of 2nm), were recorded by anAtomic ForceMicroscope
Dimension Icon Bruker equipped with a Nanoscope V Controller (c/o SNN-Lab-
Sapienza Nanoscience & Nanotechnology Lab). All the AFM images shown herein
are accompanied with a colour bar for the height scale. Data analysis was performed
by NanoScope Analysis Version 1.4 (Bruker Corporation).
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Chapter 4
Nanoparticle-Based SERS Substrates
for Molecular Sensing Applications

As already discussed in the introductory chapters, the wide interest and research
focused on plasmonic nanostructures for near field coupling and enhanced field
confinement has paved the way for the development of numerous specific applica-
tions in diverse fields, from sensors technology to medical diagnostics. Among these
applications, plasmonic substrates for SERS spectroscopy, sensing and SERS-based
chemical analysis have attracted much interest [Sti2008, Kne1997, SN2012].

Although single, isolated metallic Nps induce strong and predictable scattered
field profiles and can therefore enhance predictably also the Raman signal, the huge
enhancement factors necessary to approach the single molecule spectroscopic limit
are only produced by the very close proximity of multiple metal Nps, shrinking the
enhanced fields in the so-called hot-spots [Kne2006]. Fromdimers [Fra2012] tomore
complex architectures [Yan2009], inter-particle plasmonics give rise to a modified,
broader surface plasmon resonance (SPR) that results in better performances and a
bigger versatility of the SERS system. The plasmonic behavior underlying SERS has
indeed shown a strong dependence upon both size and shape ofNp clusters [Yos2010,
ZW2012].

In this Chapter, we describe the development of SERS active substrates based on
the aggregation of colloidal silver and gold nanoparticles. We will mostly focus on
the influence of the metal nanoarchitecture on SERS efficiency, investigating there-
fore the characteristics of the substrate which positively affect the electromagnetic
enhancement in these systems. Of course, as already mentioned, the Np material
choice also plays an important role in the final performance of the SERS substrate,
being higher (typically, a couple of orders of magnitude) in the case of AgNps.
AuNps are usually preferred for their better chemical stability, which makes them
better candidates for the preparation of SERS substrates when this requires multiple
fabrication steps. The plasmonic performace of the systems considered was tested
by functionalizing the substrates with the conventional SERS label 4ATP.

In the first Sect. 4.1, we begin our analysis by focusing on Np self-assembly
from a water dispersion [Fas2014]. As discussed in Chap.3, Nps tend to aggregate
in microscopic, disordered clusters, typically formed by layers of superimposed
Nps. A combined microscopic (AFM) and spectroscopic investigation allowed to
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correlate the morphological parameters of the Np cluster with its SERS efficiency,
and pointed out a linear increase of the maximum SERS intensity revealed on a
cluster with its surface area, up to very large values (∼30 µm2). The number of Np
layers composing the aggregate also plays a role in the SERS response of the system.
The outlined results coherently point out a cooperative plasmonic effect of the entire
Np aggregate, up to the mesoscopic scale, in enhancing the local field and producing
the overall SERS response.

In order to support our interpretation of the experimental data, we also carried
out electromagnetic simulations on multilayer Np structures, described in Sect. 4.2.
For these electrodynamics simulations we employed a finite difference time domain
(FDTD) software. The FDTD simulation of a complex structure such as a micro-
sized, self-assembled (i.e. disordered) Np cluster, containing thousands of Nps, can
hardly be achieved with common computational resources. Nevertheless, the effect
of multiple Np layers can be monitored by simulating a simpler structure, as a mul-
tilayered assembly of Nps organized in a regular, simple cubic crystal lattice. Our
simulations indeed led to a qualitative validation of our interpretation.

The final Sect. 4.3 is dedicated to the development of SERS substrates based
on a template-guided self-assembly approach. Considering the influence on SERS
efficiency of the self-assembled cluster morphology, we induced the Np spontaneous
aggregation inside mesoscopic cavities prepared using electron beam lithography
(EBL). For this multi-step preparation protocol, we used gold Nps instead of silver
ones for their higher chemical stability. EBL-driven self-assembly granted a good
control on the aggregate morphologies, therefore boosting the signal reproducibility
of the system, while reaching overall a high enhancement factor [Dom2016].

4.1 Self-assembledMesoscopic Silver Nanoparticle Clusters

In studying the SERS response from mesoscopic, disordered Np clusters obtained
by self-assembly, one of the key points to monitor is the relationship between the
aggregate morphology and its SERS efficiency. This is indeed the path to follow for
the design of high performance, reproducible SERS substrates [DJ2014].

The first insight on the role of the local plasmonic nanoarchitecture in the SERS
response of diverse noble metal systems was provided by some pioneering works
exploiting scanning probe microscopy in conjunction with Raman spectroscopy
[BC2009, Van1993, NE1997]. Despite these considerable efforts, a clear framework
and specific engineering recipes are still far from being identified. Our approach
exploits as well a synergic high resolution topographic micro-Raman and Atomic
Force Microscopy (AFM) investigation. Probing this correlation, we can associate
the SERS spectroscopic efficiency, based on local field enhancement, through far
field optical illumination/detection measurements, with the corresponding nanoscale
morphology of the plasmonic substrate.

The system investigated in this study consists of microsized Np clusters obtained
by the self-organization of AgNps functionalized with the well known SERS probe
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Fig. 4.1 SEM image of a
60nm nanoparticle cluster
showing the typical
micrometric cluster size

4ATP [Osa1994, Bai2006]. AgNps with 60 and 100nm nominal diameters are func-
tionalized in solution, as described in Sect. 3.1.1. Their self-organization in clusters
takes place during the environmentally controlled water evaporation, once a droplet
of Np dispersion is deposited on a clean glass slide. The straightforward and well
reproducible process is sketched in Fig. 3.3. The self-assembly process has the great
advantage of being a very simple and cheap method for inducing the Np aggregation.
It has been shown that self-assembled Np aggregates represent hot-spot rich, high
performance SERS-active substrates [Liu2014, Fas2014].

At the end of the drying process, the so-obtained plasmonic systems were ana-
lyzed by scanning electron microscopy and X-ray microanalysis. These revealed
the presence of self-assembled, microsized clusters made of 4ATP functionalized
AgNps on the glass slide (see Figs. 4.1 and 3.6). Regardless of the Np diameter, all
the sample showed a similar distribution of typical cluster sizes and a similar, close
packing organization of the Nps, with interparticle distances typically of 5–7nm (see
the inset of Fig. 3.6).

4.1.1 Coupled AFM and Raman Analysis

Since the local field enhancement is directly linked to the plasmonic response of
the metallic substrate, the EM SERS enhancement is affected by even the smallest
peculiarity or difference in the Np assembly from cluster to cluster, as these changes
will affect the collective electronic excitation in the structure (SPR). Unraveling the
correlation between Np aggregate morphologies and their SERS activity is therefore
a pivotal challenge towards the development of performing and efficient sensing
devices. To enlighten this relationship, AFM measurements were carried out on
several samples with clusters providing different extents of EM-enhancement.
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The Np clusters obtained by self-assembly exhibited a consistent morphology
regardless of the different size of the Nps used. The typical cluster height ranged
between 2 and 3 layers of Nps, where larger areas favored the thicker configura-
tion. Self-assembled particle aggregates are disordered on a large scale and feature
interparticle junctions and crevices which are expected to strongly affect the local
field distribution and, therefore, the SERS signal enhancement. The wide dispersion
observed on the investigated cluster population in terms of particle number and over-
all geometry results from both the randomness of the self-assembly process and the
intrinsic size-dispersion of the nanocolloid used (<20%).

On several samples, both spatially resolved Raman and AFMmeasurements were
carried out on the same clusters using a fine grating as a reference to identify the
cluster positions. The use of a red exciting laser is not suitable for observing SERS
from isolated AgNps, which display a SPR in the green region of the spectrum, as
witnessed by the optical absorption of functionalized AgNps in water dispersion (see
Fig. 3.2). The comparison between AFM topography and Raman maps collected on
the same sample surface revealed indeed the absence of a detectable SERS signal
from single Nps. Instead, a strong SERS activity was revealed in correspondence of
micrometric Np aggregates. This is expected, since it is known that a pronounced
red-shift of the SPR is driven by Np aggregation [Lu2005].

The AFM topography and the corresponding Raman intensity map acquired on
a representative, 100nm Np cluster are shown in Fig. 4.2. The Raman map was
produced by integrating the acquired spectrum over the C-S stretching band (∼1078
cm−1), that is known to be enhanced exclusively by EM mechanism [Osa1994,
Bai2006]. Consequently, the Raman intensity map can be considered a map of the
EM enhancement within the cluster. Notably, when the different spatial resolution of
Raman and AFM is accounted for, the shapes emerging from the two measurements
are well consistent. Such consistency has been thoroughly and successfully checked
for several aggregates, thus indicating that the cluster area can be estimated straight
from the Raman intensity maps.

Fig. 4.2 AFM topography (left) and Ramanmap of the EM-enhanced SERS signal (right) acquired
on amicrometric 100nm nanoparticle cluster. The point where the maximum intensity was acquired
is highlighted. The average cluster height is 2 stacking planes of Nps
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4.1.2 Dimensional Scale Effect on SERS Efficiency

The SERS EM enhancement produced by a Np cluster can be effectively quantified
by evaluating the integrated intensity of the C-S stretching band on the most intense
spectrum in the spectroscopic map of the aggregate, IMax . The values of IMax are
displayed in Fig. 4.3 as a function of the cluster area. Regardless of the diameter of
the Nps used, the experimental points seem to gather around two definite increasing
linear dependences.

Such a qualitative observation can be substantiated by a quantitative analysis. To
do so, we first calculated the quantity IMax/area for each experimental point. The
whole dataset was then analyzed using a simple cluster analysis algorithm, seeking
for a bipartition of the data which minimized the square deviation from the group
averages [Nil1967, But1986]. For these two separate groups, a linear fit was then
calculated, with the intercept value fixed at zero. The ratio between the slopes of the
two regression lines is ∼2.7, both data sets showing an excellent linear correlation
(R = 0.979 and 0.945, respectively).

Our hypothesis is that the double-slope linear dependence is to be ascribed to
the different average heights of the clusters. Indeed, AFMmeasurements on clusters
with similar areas (see arrows in Fig. 4.3) showed that the lower slope trend can be
associated to an average height of 2 Np planes, while the higher slope trend to 3 Np-
layer structures. These results suggest that the whole aggregate is participating to the
SERS response of any individual spot over the cluster surface. And this implies that,
apart from the specific nanoscale organization, the collective plasmonic response

Fig. 4.3 MaximumSERS intensity versus cluster area detectedon60nm(blue�) and100nm(green
�) Np clusters, respectively. The ratio of the slopes of the two linear regression curves obtained by
the two data subset (circled and not circled symbols), is ∼2.7, with correlation coefficients 0.979
(circled) and 0.945. The black arrows indicate clusters of similar area showing a two (lower fit) or
three Np-layer composition by AFM measurements
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of the whole structure drastically affects the EM signal enhancement. The evidence
that the linear trends do not depend upon the different Np diameters brings in further
support to this interpretation.

We might expect that the linear trend of IMax vs cluster area would bend down to
an asymptotic value for aggregates large enough. A threshold for the saturating size
can be estimated considering the propagation length of surface plasmon polaritons,
i.e. coupled plasmonic-photonic excitations that exist in correspondence of a planar
surface of contact between different materials. In the case of the silver-air interface,
a propagation length at the micron scale is expected for such excitations [NH2012].
Considering this, one could argue that the linear dependence of IMax from the cluster
area may not hold for the larger aggregates. Interestingly, such deviations become
actually more evident when the average intensity scattered from the whole aggregate,
Iave, is calculated. Although a linear increasing trend for Iave is found for cluster areas
smaller than ∼30 µm2, an almost constant value for larger aggregates is obtained
(Fig. 4.4).

The idea of the Np vertical assembly in layers influencing the SERS activity of
the cluster, suggested by the double slope in Fig. 4.3, is confirmed by the correlation
between AFM topography and SERS mapping (Fig. 4.2). This “more material, more
signal” relation might seem intuitive, but in this respect it is worth to stress that
the few-nm separation among Nps revealed by SEM would not allow, in principle,
radiation to cross the impingingNps layer and reach the layers below. This, unless the
light is coupled with an excitation inside matter, so that subdiffraction light focusing
can take place. The dependence of signal enhancement on the number of Np layers
thus suggests an effect of plasmonic waveguiding of radiation across the Np layers.
This effect can increase the number of molecular scatterers actually contributing to
the signal and, therefore, the overall SERS intensity.

To quantitatively investigate this effect, combining spectroscopic andmorpholog-
ical data, we calculated over the whole aggregate surface the local SERS enhance-

Fig. 4.4 Average SERS
intensity versus cluster area
for 60nm (blue �) and
100nm (green �) Np
clusters, made of three
(circled symbols) or two Np
layers. The lines are guides
for the eye
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ment factor, defined as EF = ISERS/IRaman where the intensities are normalized to
the single molecule contribution. Different EF values were found from aggregate
to aggregate, depending on the cluster morphology (typically, 108 < EF < 109).
Interestingly, the experimental values of the enhancement factor seem to increase
for clusters with higher number of planes, faster than the increase of Np number in
the cluster (which is in principle included in the normalization to single molecule
contribution). Therefore, higher clusters appear to benefit of other contributions to
th EF , beyond the increase in the number of scattering molecules.

These experimental results are confirmed by preliminary FDTD calculations
[KL1993] on multilayer structures of AgNps, where remarkable cooperative effects
are observed. The simulations were performed on Np ensembles organized in a cubic
lattice made of different Np layers. The results indeed show that going from 1 to 3
stacking Nps planes the EM enhancement rapidly increases, whereas for thicker
aggregates a saturation effect is observed. This effect is in agreement with the pic-
ture considering the cluster as a single plasmonic object. These results, which are
presented in detail in the next Sect. 4.2, confirm the strong interaction between the
localized Np SPR inside metal aggregates to be the main driver of SERS, but also
point out that the local field enhancement of SERS hot-spots may be more correctly
defined within the cluster assembly if we would consider it as a single near-field
optical connected entity.

In conclusion, a combined Raman and AFM investigation allowed to relate the
nanoscale morphology of plasmonic, self-assembled Np aggregates with the SERS
intensity these structure can provide. The results coherently pointed out a cooperative
effect of the complete Np cluster structure in the SERS response. Indeed, the maxi-
mum SERS intensity, as well as the average intensity scattered by the whole cluster,
grow linearly with the cluster area up to at least ∼30 µm2, which can be considered
the cluster dimension for optimal SERS performances. The cooperative effects and
the size scale at which they take place are consistent with the theoretical predictions
of the surface plasmonic polariton description. SERS efficiency also reveals to be
proportional to the number of Np layers composing the cluster, both locally (IMax )
and on average (Iave). These features clearly indicate that the cluster behaves as a
single plasmonic object, that is the SERS response of the structure is affected by the
whole aggregate geometry, in terms of both surface area and local height, up to a
size of 30 µm2 and a height of 3 Np planes.

These results can be the starting point for interesting developments. Indeed, on
one side, we provide a significant dataset that can be the basis for theoretical cal-
culations aimed at testing and modeling cooperative plasmonic behavior in large
structures made of multiple, near field coupled, nanosized objects. On the other side,
the preparation protocol based on self-assembly, which ensures the close packing of
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the Nps up to the micrometric scale, can be further optimized, for example by driving
the self-assembly into patterned, designed cavities of proper size. These two aspects
will be the subject of the following Sections.

4.2 FDTD Simulation: Theoretical Predictions

As discussed in Sect. 2.2, the electromagnetic mechanism of SERS enhancement
can be described with a classical approach, based on Maxwell’s equations. It can
be useful, for checking the working hypotheses on SERS results, to simulate the
electromagnetic behavior of the plasmonic substrate. We chose to perform such an
investigation to test the cooperative plasmonic behavior ofNps arranged inmultilayer
structures.

Electromagnetic simulations can be conveniently carried outwith the employment
of commercial softwares, like Lumerical FDTD Solutions,1 which we chose. This
software allows solving electrodynamics problems in a discrete space, by using the
FiniteDifferenceTimeDomain (FDTD)method [KL1993, HT2000]. It also provides
a Computer-Aided Design (CAD) environment for the easy three dimensional design
of the plasmonic system.

FDTD computational approach, which is described in the next paragraph, is ideal
for the study of structures with a high degree of spatial symmetry (e.g. ordered Np
layers), while the simulation of large disordered structures, like mesoscopic self-
assembled aggregates, is rather demanding in terms of computational resources. The
thorough electrodynamic study of these structures requires other methods, such as
those based on the discrete dipole approximation. Nevertheless, this is beyond the
purpose of our investigation. Indeed, the results obtained for ordered multilayer Np
structures are in qualitative agreement with our experimental results (see the previous
Sect. 4.1).

4.2.1 The FDTD Software

The FDTDmethod is a state-of-the-art algorithm for the direct resolution in terms of
space and time of problems in the field of electrodynamics and photonics [Ged2011,
Sul2013]. By exploiting the Fourier transform, the software automatically provides
the results in the frequency domain, which is essential for calculating physical prop-
erties like transmission and reflection of light.

FDTD algorithm solves Maxwell’s equations (4.1) in non-magnetic materials:

∂D
∂t

= ∇ × H D(ω) = ε0εr (ω)
∂H
∂t

= − 1

μ0
∇ × E (4.1)

1Lumerical FDTD Solutions, https://www.lumerical.com/tcad-products/fdtd/, last visited
01.11.2016

https://www.lumerical.com/tcad-products/fdtd/
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whereH,E andD are themagnetic and electric fields and the electrical displacement,
respectively, and εr (ω) is the relative dielectric constant.

In three-dimensional space, Maxwell’s equations are solved in terms of the six
components of the electromagnetic field: Ex , Ey , Ey , and Hx , Hy , Hz . Let us assume
the structure to be infinite along the z axis and the fields to be independent from z:

ε(ω, x, y, z) = ε(ω, x, y)
∂E
∂z

= ∂H
∂z

= 0 (4.2)

Then,Maxwell’s equations can be divided into two groups of independent equations,
composed by three vectorial quantities, which can be solved independently in the
x − y plane. These are usually referred to as transverse electric (TE) and transverse
magnetic (TM) equations. The components involved are the following:

TE → Ex , Ey, Hz TM → Hx , Hy, Ez (4.3)

For example, in the TM case, Maxwell’s equations become:

∂Dz

∂t
= ∂Hy

∂x
− ∂Hx

∂y
Dz(ω) = ε0εr (ω)Ez

∂Hx

∂t
= − 1

μ0

∂Ez

∂y

∂Hy

∂t
= 1

μ0

∂Ez

∂x
(4.4)

The FDTD method solves these TM, TE equations in a discrete space-time. Every
field component is calculated in a slightly different position inside a rectangular unit
cell of a cartesian computational grid, namely theYee cell (see Fig. 4.5). The solutions
obtained are automatically interpolated by the software to their values in the origin
of the cell (this procedure works well in cases where the presence of singularities
can be neglected).

Sources of electromagnetic radiation As explained above, the simulation software
works in the time domain to investigate the system response in the frequency domain.

Fig. 4.5 Example of a Yee
cell for the resolution of TM
equation with FDTD method
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Once defined the spectral range in which the investigation has to be performed,
Lumerical elaborates the parameters of the electromagnetic radiation pulse (duration,
shape) which are necessary for a complete response on the selected spectral range.
The incident radiation can either be a plane wave or a gaussian beam. Once these
parameters are defined, the user selects the total simulation time, which has to be long
enough to cover the whole electromagnetic response of the system, but reasonably
short in order to limit the simulation execution time.

MonitorsTheobservationof the electromagnetic behavior of the system is performed
by placing inside the Yee cell monitors (2D surfaces), lines (1D) or points (0D) in
which the value of the fields are detected. In this way, the spectral profiles of the
local fields can be exported. Moreover, monitors properly positioned can allow to
calculate macroscopic properties of the system like the transmission or reflection of
an incident electromagnetic wave.

System definition and discretization The design of the system in terms of mor-
phology and geometry can be performed in a CAD environment. The real-time
three-dimensional visualization of the object allows a simple control on the sim-
ulated structure. As for the material, its definition usually relies on a database con-
taining the optical properties of most of the common materials. In the simulation
presented here, we used the optical properties measured by Johnson and Christy
for gold [JC1972], and the results of Palik for silver [Pal1998]. Once the system is
defined, a proper discretization of space, necessarily cartesian, needs to be chosen.
The software authomatically sets a non-uniformdiscretization,with a thickenedmesh
in correspondance of materials with high values of absorbance or refraction index.
The mesh can be modified in order to deepen the investigation in areas containing
complex structures, in which a strong change/discontinuity of the fields is expected.

Boundary conditions The definition of the boundary conditions for the simulated
cell (necessarily of finite size) is of crucial importance. In this respect, several options
can be chosen, amongwhich themost common are the periodic boundary conditions,
useful for the simulation of infinite Np planes, and the PML conditions, which are
suitable for the simulation of isolated nanostructures and consist of placing a layer of
perfectly absorbentmaterial on the sides of the cell [Ber1994]. The selected boundary
conditions will affect the choice of the exciting source, which needs to be a plane
wave, or a gaussian beam, respectively. This will prevent the arising or artifacts from
diffraction effects.

Modeling a Multilayer Np Structure

The simulation of a systemofNps regularly arranged on an xy plane can be efficiently
performed using periodic boundary conditions. We chose first of all to simulate a
single, infinite plane of 60nmdiameter Nps in a cubic lattice, with interparticle gap of
2nm. For the simulation of this system, we located a 60nm sized sphere at the origin
of a 62nm sized cell (a square in the xy plane), and we placed periodic boundary
conditions in the x and y directions (see Fig. 4.6). As widely discussed in literature
[FS1996], this approach allows to simulate a plane wave incident in the z direction
on an infinite two dimensional (xy) grating of Nps.
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Fig. 4.6 Sketch of the important part of the FDTD cell used for investigating the electromagnetic
response of an infinite plane of Nps. Periodic boundary conditions allow to limit the simulation to
a single Np

With the same approach, infinite multilayer structures of Nps disposed in a cubic
lattice can be simulated by adding sequentially one or more Nps inside the cell
depicted in Fig. 4.6 along the z axis, with the same interparticle gap (in principle,
the Np spacing along z can be modified, but our aim here was to simulate a model
structure).

4.2.2 Results on Silver and Gold Np Multilayers

Silver: comparison with experiments The first purpose of the electromagnetic
simulation performed was to confirm, at least from a qualitative point of view, the
experimental results presented in the previous Sect. 4.1. In particular, we focused on
the data reported in Fig. 4.3: based on AFM experimental results, we had ascribed the
double linear trend of the maximum SERS intensity Imax measured on mesoscopic
AgNp clusters to the cooperative plasmonic behavior of the superimposed Np lay-
ers forming the aggregate, contributing to the determination of the electromagnetic
enhancement factor. In a simplified picture, we could ascribe the growing trend for
Imax , both depending on the area and on the number of layers, as the effect of the
incremented number of hot-spots in the cluster. Nevertheless, it is not trivial to pre-
dict how the local field distribution in such a large structure will contribute to SERS
signal enhancement.

We therefore simulated amultilayer ordered structure of AgNps with 60nm diam-
eter, as previously described. In Fig. 4.7, we have reported the trend of the electro-
magnetic enhancement factor (EF) in the system as a function of the number of Np
layers. This has been calculated as the sum of EF values inside the hot-spots (hs),
with the reasonable assumption that only hot-spots will significantly contribute to
SERS intensity [Fan2008, Mos2013]. Electromagnetic EF in these sites is estimated
from the fourth power of the local field enhancement g:

∑

hs

|g[hs]|4 =
∑

hs

|E/E0|4 (4.5)
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Fig. 4.7 Electromagnetic
enhancement factor for an
infinite multilayer structure
of AgNps, arranged in a
simple cubic crystal. EF was
estimated by exclusively
considering the hot-spot
contribution

With this definition, we are probably overestimating EF, as we are assuming the
Raman scattered field (λRaman) to undergo the same enhancement as the incident
field (λ0): this assumption implies a systematic error, due to the fact that we are
neglecting the wavelength-dependence of the electromagnetic scattering response.
Nevertheless, the (4.5) allows estimating the plasmonic behavior with considerations
that are independent on the spectral band chosen for SERS observations. Moreover,
experimental evidences show that to the neat plasmonic profiles estimated through
electromagnetic simulations usually correspond strongly broadened resonances in
real samples (due to irregularities in the geometry, impurities, etc.) leading, in real
plasmonic substrates, to a less sharpwavelenght-dependence of the scattering profile.

As evident from the plot in Fig. 4.7, the exciting wavelenght of 633nm seems
to be convenient to exploit the maximum local field enhancement. Moreover, the

Fig. 4.8 Panel a sketch to clarify the structures and labels simulated. Panelb local field amplification
g observed in the hot-spots of an infinite three-layer structure ofAgNps, arranged in the simple cubic
crystals. The spectral contribution of the different Np layers are highlighted. The laser wavelenght
λ0 is highlighted
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Fig. 4.9 Electromagnetic
enhancement factor for a
multilayer structure of
AuNps, arranged in a simple
cubic crystal, as a function of
the number of layers

Fig. 4.10 Spectral
dependence of the local field
enhancement g in the
hot-spots of a multilayer
structure of AuNps, arranged
in a simple cubic crystal.
Panel a the contribution from
hot-spots of the first Np layer
encountered by radiation is
plotted in the case of one-,
two- and three-layer
structure. Panel b
contribution to the local field
enhancement g of the first,
second and third Np plane
encountered by
electromagnetic radiation.
Np planes are labelled as in
Fig. 4.8a
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cooperative effect of superimposed Np planes leads to a remarkable growth of the
EF up to three Np planes (see also Fig. 4.8), actually reproducing the trend revealed
from experimental data. Then the value seem to stabilize around a lower value. The
ratio between the angular coefficients c 2, c 3 of the linear fits in Fig. 4.3 is actually
similar to the ratio between the simulated EF for 2 and 3 Np layers:

c 3
c 2

= 2.7
EF3

EF2
= 2.9

Gold: planning future design As will be discussed in Sect. 4.3, in order to improve
the signal reproducibility from self-assembled Np aggregates, we developed a
template-guided self-assembly strategy for better controlling the Np-aggregate mor-
phology, therefore enhancing the signal reproducibility. In order to optimize the
design of such structures, we conducted the same electromagnetic simulations dis-
cussed above on structures made of gold Nps. As can be seen from Fig. 4.9, a less
sharp dependence on the number of Np layers is revealed in gold based structures
(see also reference [Jeo2016]). Moreover, the plots in Fig. 4.10a highlight that the
enhancement factor in a one-layer Np structure is substantially homogeneous over
the whole region of Raman excitations (λRaman > λ0).

4.3 Electron Beam Lithography Driven Self-assembly

In the previous Sections, we have discussed the role of spontaneously assembled
mesoscopic architectures, as Np clusters self-assembled on solid supports, in provid-
ing a huge and size dependent enhancement of the SERS signal of test molecules con-
fined within (see Sect. 4.1). By behaving as single plasmonic objects, close packed,
micrometric sized Np aggregates illuminated by visible light induce the confinement
of an intense electromagnetic field at their surface that is used for exciting surface
enhanced Raman scattering of molecules nearby [Fas2014]. In the previous Sect. 4.1
we have discussed how the SERS intensity on these structures increases linearly with
the cluster area (up to ∼30 µm2), exhibiting different increase rate depending on the
aggregate thickness. Such an influence of the thickness on the SERS enhancement
allows to ascribe the increased variability of the Raman intensity revealed on larger
aggregates to their intrinsically higher inhomogeneity (variability in the number of
Np layers within a single cluster) [Fas2014, Fas2015].

Our results suggest that ordered, closely packed Np aggregates composed of a sin-
gleNp layer and displaying a few µm2 size can be easily recognized andmanipulated
within the resolution of an optical microscope. More importantly, they can provide
a good SERS signal enhancement, and a reduced variability in the spectral intensity
in a sampling over the whole substrate [Yan2009, Yan2011a, Alb2013]. However,
although micrometric assemblies are easy and cheap to generate, the reproducibil-
ity of giant signal enhancements is difficult to control in such completely random
structures.



4.3 Electron Beam Lithography Driven Self-assembly 99

Fig. 4.11 Schematic process flow of the template-assisted assembly of NCAs. After the developing
process, the e-beam patterning is followed by the functionalization of the exposed binding sites to
allow the chemical bonding guided self-assembly of NPs; the lift-off process leaves on the substrate
the particles patches of diameter d with a periodical spacing �

It is possible to induce the controlled assembly of colloidal Np into well defined
arrays, achievedwith excellent reproducibility using top-down lithographicmethods,
as focused ion beam (FIB) or electron beam lithography (EBL) [Utk2012, Bre2012].
EBL in particular has emerged in the last few years as a flexible and quick tool
to perform extensive nano- and micro-patterning, with the additional advantage,
with respect to FIB, of avoiding ion implantation into exposed sites [Utk2012].
Unfortunately, up to date, the control over the spatial resolution reached by EBL
patterning is typically limited to few nanometers. For this reason, it is tricky to
generate by EBL Np assemblies with interparticle gaps of less than ∼10nm. This
has a negative implication on the generated SERS intensities, which are significantly
smaller than those achieved in “chemically” assembled clusters of nearly touching
Nps [Yan2011b].

In order to reach challenging results inmolecular and cellular sensing, the nanofab-
rication method adopted needs to produce the close packed aggregation of strongly
packed Nps into clusters of defined morphology on a microscale area [Alb2013].
Proceeding from these considerations, we combined EBL and self-assembly strate-
gies [TK1993, MT2003, Pre2007] to develop a SERS substrate made of two-
dimensional arrays of mesoscopic Nps aggregates with well-defined shape, yielding
well-predictable SERS enhancement. The adopted procedure is sketched in Fig. 4.11.

Self-assembly, when it is guided into a designed template, can produce the aggre-
gation of AuNps into different, regular Nanoparticle Cluster Arrays (NCAs). These
NCA platforms are very promising for applications, provided the achievement of
a good reproducibility in terms of shape, size and thickness of the clustered Np
patches. As demonstrated, these morphological characteristics crucially affect the
induced optical - and, therefore, spectroscopic - response of the structures. A great
advantage of these systems is that the flexibility of the NCA fabrication approach
makes it straightforward to adjust the electromagnetic response of NCAs, varying the
value of the characteristic geometrical parameters [Yan2009, Yan2011a, Alb2013,
Kim2011].
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The first step to implement a successful NCA fabrication is the optimization of
the electron beam (e-beam) dose value with respect to the geometry adopted for the
lithographic NCA mask. There is a tradeoff among speed, complexity and accuracy
in the EBL writing of a desired mask. High energy e-beam is used for optimal
resolution, although electron scattering limits its application, particularly due to the
“proximity effect”, where electrons writing a feature at one location overexpose a
nearby feature, affecting the pattern geometry [Hu2006, Moh2012]. The second step
is to determine the optimal chemical derivatization protocol, to be used to induce
the aggregation of colloidal (typically, water dispersed) Nps into the EBL designed
patterns on the substrate. The aim of the procedure, as discussed above, is to ensure
a selective and tight packing of the Nps (60nm sized) into the printed pattern.

We have fabricated NCAs composed of microsized AuNp clusters, that can easily
be localized on the macroscopic substrate by optical imaging. However, in order to
gain detailed information on the shape of the patches and the ordering and thick-
ness within the Np aggregates we performed an accurate AFM analysis. The AFM,
optical and SERS combined imaging on the NCA, properly functionalized with a
SERS label, show an excellent correspondence between the spectroscopic and the
topographic array maps. The high enhancement factor and the quite good repro-
ducibility of the SERS sensing on our NCAs are promising for the implementation
of multiplexed sensing based on this kind of systems. Indeed, the regular, geometri-
cal planar distribution of the aggregates on the substrate allows to perform multiple
measurements on a single sample, with the possibility of enhancing the sensitivity
through a careful statistical analysis of the collected data.

4.3.1 Nanoparticle Cluster Array Preparation

Electron Beam Lithography EBL was performed using a Zeiss Auriga 405 Field
Emission Microscope equipped with a Raith Elphy Quantum EBL module (c/o
SNN-Lab-Sapienza Nanoscience & Nanotechnology Lab). The EBL patterns were
designed on (100)-oriented silicon wafers. Prior to the lithographic process, the
Si surface was cleaned in absolute ethanol (organic cleaning) and then sonicated
(mechanical cleaning) for 2min. Boiling in 1,1,1-trichloroethane for 10min and then
rinsing with ultrapure (milliQ) water followed. The treatment of the Si surface with
an oxidizing solution increases the number of the exposed Si-OH bonds, involved in
the linkage with Nps.

The positive resist AR P632.04 (purchased from ALLRESIST GmbH, Germany)
was spin-coated on the Si wafer to obtain a poly-methylmethacrylate (PMMA) film.
Preliminary tests allowed to establish a working protocol with a spin rate of 3000
r.p.m., that ensured the deposition of a thin and uniform solid polymer layer. After
the resist coating, the sample was baked in the oven at 120 ◦C for 1h. This thermal
annealing stabilizes the film structure by cross-linking the chemical groups. It also
removes the residual solvent and the stress built up in the resist during the spinning
session [HC2001].
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Atomic ForceMicroscopy (AFM)was performed to evaluate the thickness profiles
on the obtained sample. It revealed an almost constant resist thickness of ∼60nm
(see also Sect. 4.3.2). This controlled thickness guarantees an accurate result in the
lithography, yielding a regular, nicely defined micro-patterning of the substrate into
micrometric wells. As the thickness of the e-beam written PMMA is comparable or
smaller (Fig. 4.11) than the Nps diameter, once the substrate has been developed,
the surface has been functionalized and the particles have been deposited, the Nps
partially protrude out of the well, above the resist surface. This allowed a detailed
AFM investigation aimed at monitoring the effective immobilization and the packing
of the Nps on themasked PMMA surface. Therefore, AFM analysis allowed to check
the reproducibility of the whole substrate fabrication procedure at different steps of
the preparation.

The design of the patterns for the NCA realization was performed using the CAD
software of the EBLmodule. Each sample consists ofmultiple pattern configurations,
organized in sectors, each one featuring different sizes of the diameter of the binding
sites (d) and of the pitch of the array (�). The EBL working parameters were a step
size and line spacing of 24nm, a dwell time of 6 · 10−4 ms and two different area
dose values (100 and 20 µC/cm2). The dose is defined as the product of the beam
current by the beam dwell time, that is the time taken for the electrons to penetrate
the resist.

The substrates exposed to e-beamwere then treated with the developer AR 600-55
(ALLRESIST GmbH, Germany) for 60 s. This favors a high solubility of the resist
degradated by the e-beam writing. After this, the substrates were transferred into
the stopper bath AR 600-60 (ALLRESIST GmbH, Germany) for 30 s, to interrupt
the development process. Afterwards, the substrates were rinsed in milliQ water and
dried. After the development, the substrates were baked again for 30min to thermally
anneal the exposed regions, for reducing the unwanted chemical changes taking place
within the resist layer during the exposure [HC2001].

Nanoparticle cluster preparation and functionalization The self-assembly of
AuNps into clusters of the designed shape was induced through a chemical binding
strategy. The part of the silicon surface exposed by lithography was functionalized
using two different protocols, both aimed at the chemical anchoring of the Nps to
the substrate surface.

In the first protocol, the exposed Si surface was derivatized using an ethanol
solution of the organosilane 3-amino-propyltriethoxy-silane (APTS) (3%, incuba-
tion performed at RT for 90min). The treated substrates were then thoroughly rinsed
with ethanol and then baked at 110 ◦C for 10min to stabilize further the silanized sil-
icon silane. Afterwards, the further derivatization of the surface with glutaraldehyde
(Glu) was obtained by incubating the substrates in a 1%Glu solution for 30min at RT
(see also [HC2001]), and eventually purified by rinsing abundantlywithmilliQwater.
Exploiting the bifunctionality of the SERS 4-aminothiophenol probe, the aldehyde-
modified surfaces were conjugated with 4ATP [Dom2012] in water solution (0.05
g/l 4ATP, 1h incubation and then rinsing). Free thiol moieties resulted thus available
to covalently bind the AuNps on the exposed Si surfaces, allowing the controlled Np
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assembly into clusters. The same APTS-Glu chemical linking strategy was success-
fully adopted also to build up SERS biosensing platforms being sensitive and stable
in air and water environments [Dom2012]. In the second protocol, the thiol-driven
covalent bridging of the bare AuNp surface and the Si surface was instead promoted
directly by using a layer of 3-mercapto-propyltriethoxy-silane (MPTS) molecules.
The EBL exposed Si substrates were incubated with 3% MPTS solution in ethanol
for 90min, and thus rinsed and baked, as performed according to the first protocol. In
both cases, the nanocolloid incubation was performed with consecutive steps of Np
deposition (at 25 ◦C, for at least 3h) and thorough rinsing in milliQ water, to ensure
a high Np density to covalently bind to the silicon. At the end of the incubation,
the samples were rinsed and dried under pure nitrogen gas. The prepared samples
were stored at 4 ◦C and a good stability in the SERS signal was revealed by repeated
measurements on the same sample area. All the chemicals used for the preparation,
if not specified otherwise, were purchased from Sigma-Aldrich at analytical grade.
Each step of the preparation was checked by AFM (see the following Sect. 4.3.2).

For the SERS spectroscopy investigation, the surface of the NCAs obtained by
both protocols was labelled with the standard 4ATP probe through a three hours
incubation with a 0.05 g/l water solution of the molecule, again followed by rinsing
with milliQ water in order to remove the unbound molecules, and drying under
pure nitrogen gas [Dom2011]. In the spectroscopic maps presented in this Section,
the step of the scan was set at 0.5 µm. The intensity of a selected Raman/SERS
band (details are discussed in the following) was then calculated by integrating the
spectrum around the band frequency and plotted against the spatial coordinates.

4.3.2 Analysis of the Patterned Arrays

We have prepared four replicates per sector, each one consisting of a squared two
dimensional array of wells with variable size and pitch (d and�, respectively). Each
e-beam preparated sector - denoted by specific values of d and � - was identified
with a capital letter (see Fig. 4.12). In Fig. 4.12 we report the results of the AFM
analysis of the lithographically prepared patterns at two values of the area dose
(100 and 20 µC/cm2). Atomic force microscopy was performed in order to compare
the CAD nominal characteristics of the template patterns with the ones obtained
experimentally.

No significant discrepancies were revealed between the nominal and themeasured
�. On the contrary, nominal and experimental d values were found to be markedly
different for both doses (see Table4.1). These differences increased at smaller values
of �. When the higher dose was used, in particular, the correspondence between the
nominal and obtained masks was significantly degraded (see for example the well
size d, detected on the sectors with the higher � values, A and B in the following
Table4.1). As the Np binding size is the Si surface exposed at the bottom of the
well, the experimental value of d corresponds to the size of the Np cluster eventually
formed. InFig. 4.13we report theAFMimaging and the correspondingheight profiles
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Fig. 4.12 Arrangement of the designed sectors (four replicates for sector) together with the AFM
topography on a single representative sector (type a–f) lithographed using an area dose value of
100 µC/cm2 (row 1) and of 20 µC/cm2 (row 2). Reproduced with permission from [Dom2016]

Table 4.1 Geometric features of the different sectors realized at variable e-beamdose.Uncertainties
on the experimental d values are standard deviations calculated on 5 profiles for each sector. The
parameter � − d is critical for a successful design of the lithographic mask (see Sect. 3.1)

Sector Dose value � Nominal d � − d measured d

(µC/cm2) (µm) (µm) (µm) (µm)

(A,1) 100 10 0.500 9.500 0.70 ± 0.06

(A,2) 20 10 0.250 9.750 0.25 ± 0.02

(A,2)a 20 10 0.500 9.500 0.44 ± 0.03

(B,1) 100 2 0.500 1.500 0.87 ± 0.07

(B,2) 20 2 0.250 1.750 0.30 ± 0.03

(B,2)a 20 2 0.500 1.500 0.57 ± 0.04

(C,1) 100 1 0.500 0.500b “bowl”

(C,1)a 100 1 0.250 0.750 0.7 ± 0.1

(C,2) 20 1 0.250 0.750 0.33 ± 0.05

(D,1) 100 0.75 0.500 0.250 “bowl”

(D,2) 20 0.75 0.500 0.250c “bowl”

(D,2)a 20 0.75 0.250 0.500 0.23 ± 0.07

(E,1) 100 1 0.250 0.750 not
reproducible

(E,2) 20 1 0.125 0.850 0.040 (not
uniform)

(F,1) 100 0.50 0.250 0.250 “bowl”

(F,2) 20 0.50 0.125 0.375 0.040 (not
uniform)

aSectors with nominal d halved or doubled with respect to those shown in Fig. 4.12
bRS100
cRS20
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Fig. 4.13 AFM profiles monitor the thickness of the resist film after the spin-coating process (a),
and after the e-beam writing (100 µC/cm2 dose) on the sectors (A,1) and (B,1), corresponding to
the larger � = 10 µm (b) and the smaller � = 2 µm (c) (see Table)

acquired on sectors A an B, demonstrating the effect of the e-beam process at varying
doses on the resist coating the silicon substrates. As noticeable from theAFMprofiles
in Fig. 4.13b, c, despite the offset in the expected d values discussed above, the e-
beamwriting at the intense dose of 100 µC/cm2 resulted in symmetricwells, regularly
disposed on the thin resist film.

The enlargement of the single e-beam written site is called intraproximity and it
is caused by the strong electron scattering, degrading the polymer on a region wider
than expected [Hu2006]. At smaller values of the pitch �, the scattering can also
affect the shape of the sites: this is the interproximity effect [Hu2006]. Both these
phenomena generate and uneven and difficultly predictable degradation of the the
resist within individual sites, eventually affecting even the overall thickness of the
lithographed resist film (compare the profile scales in Fig. 4.13a–c).

While the effect of a reduction of � is to increase the interproximity effect and
therefore a reduced precision in the e-beam writing, a decrease of the nominal d
by a factor 2 for a given � markedly reduces the mismatch between the nominal
and measured values of d. This can be explained with a reduced electron scattering,
motivated by the fact that a shorter exposure time is required to write a smaller well.
This can be expected as the energy absorbed by the polymeric resist depends on
both the exposure time and the e-beam intensity, and their product defines the dose.
Coherent considerations can be made in commenting the results of AFM on sectors
C and D, where � is reduced by a factor 2 compared to A and B, respectively. At
higer doses, the resist was degraded on the whole array area due to the interproximity
effect: a single “bowl” was therefore formed over the whole sector (see Fig. 4.12). A
similar effect was observed on sector (F,1) (� and d halved compared to (C,1)).

Adopting an empirical approach, we can define a dose-dependent threshold value
for the resist sinking, RSdose = � − d, below which the proximity effect takes over
and prevents to resolve the single sites for Np binding, thus resulting in a blurred
EBL escavated “bowl” in the resist. At high doses (100 µC/cm2), RS100 ∼ 0.5 µm.
At smaller dose values, RS is expected to be smaller: indeed, we can successfully
obtain patterns that are more densely structured (see e.g. masks C and F, Fig. 4.12).
For a dose of 20 µC/cm2, RS20 ∼ 0.25 µm. Further reducing the dose with the aim of
lowering RS is not advisable, as this could prevent the resist complete writing, down
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Fig. 4.14 AFM imaging (a)
and profilometry (b)
acquired on part of the
lithographed E sector (�=1
µm; d = 0.125) that was
realized using an e-beam
dose of 20 µC/cm2. The
dashed red lines delimit the
region where the resist
development reached the Si
wafer: the silicon surface
exposed effectively
achievable for Np deposition
is much smaller than
expected

to the silicon surface. This happened for example in correspondence of sector E:when
writing using a dose of 20 µC/cm2, a large asymmetric degradation of the resist is
obtained (see the AFM profile in Fig. 4.14): the escavated area partially overlaps the
site designed for Np functionalization. In order to avoid the problem, it might be
necessary to increase the dose by prolonging the exposure time (i.e., the dwell time).
Increasing the e-beam intensity can cause an unexpected, irregular enlargement of
the obtained wells, while the writing process results poorly reproducible (see sector
(E,1) in Fig. 4.12).

This analysis demonstrates that very accurate and reproducible microstructures
can be realized if the dose values are adjusted properly. This preliminar study was
the basis for the preparation of Np aggregates of micrometric and submicrometric
size, ordered according to the patterns in sectors (A,1), (B,1) and (B,2), i.e. with a 2
and 10 µm spacing.

4.3.3 Analysis of the Ordered Nanoparticle Cluster Arrays

Two-dimensional arrays of Np clusters were produced by functionalizing the Si
surface within the e-beam designed binding sites in order to favor the Np bind-
ing (Fig. 4.11). As discussed in Sect. 4.3.1, two different chemical protocols were
adopted, being the first based on APTS/Glu/4ATP and the second on MPTS func-
tionalization.We realizedNCAs according to the patterns labelled asA andB sectors.
After the resist lift off, AFM topography allowed to investigate the result of the NCA
formation in the two cases (see Fig. 4.15). In part (a) of the Figure, we notice that
in the APTS/Glu/4ATP case, while the organization of the Np clusters is ordered
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Fig. 4.15 AFM images of NCAs obtained from a and b sectors using APTS-Glu-4ATP (panel (a))
or MPTS (panel b) for linking the Nps onto the Si-OH binding sites. Panel a, from left to right: the
functionalization scheme, the topography of array areas from (A,1) and (B,1) sectors specified in
the Table. Panel b, from left to right: the functionalization scheme, the topography of array portions
of (A,1) and (B,1), and the phase image of a representative Np cluster from (B,1)

in the long range order, the number of Nps linked within the single binding sites is
insufficient to obtain a close packed cluster of the type discussed in Sect. 4.1. In part
(b) of the Figure the better results achieved with theMPTS linker are shown. The sec-
ond protocol allowed obtaining regular arrays of densely packed Np clusters: AFM
profiles acquired on a representative aggregate are displayed in Fig. 4.16a and show
a nicely defined structure formed by a single Np layer. In some cases we observed
an overlayer structure formed by an excess of Nps, as reported in Fig. 4.16b (see also
Fig. 4.15, part B, 2 µm spaced array). These irregular structures might be explained
by physisorption during the incubation process. Nevertheless, we cannot exclude the
overlayer growth to be related to the rare occurrence of Np clustering before the
deposition, already within the nanocolloid used for the incubation. Notably, we can
instead rule out the presence of impurities at atomic resolution, by combining the
high resolution AFM topography and the phase image (Fig. 4.15b). The fine control
of the vertical Np assembly in these cluster remains an open challenge.

In 4.15 the different efficiency inNpbinding of the twoNCApreparation protocols
is evident if we compare part a and b. This is the effect of differences in the number
of steps and chemicals involved in the two protocols and is probably partially related
to a different concentration of the anchoring agent. The lower number of steps and
the stability of the product seem favorable in the case of the MPTS protocol. Indeed,
the SERS substrates obtained by MPTS covalently linking the Nps are very stable,
also in water, for several days.
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Fig. 4.16 AFM imaging and profilometry on a “good” single-layered Np cluster (column a) and
on a “bad” Np cluster featuring an overlayer Np disposition (column b). Both aggregates belong
to sector (B,1) (� = 2 µm and d = 1 µm) of the MPTS functionalized substrates. Notice from the
scale of the profiles that the height values are compatible with a single layer a or an overlap b of
several 60nm sized Nps

Notably, both protocols expose the AuNps surface unfunctionalized, and there-
fore ready for physi- or chemi-sorption of different analytes, although the Np tight
arrangement in clusters partially reduces the portions of the Np area available for
analyte binding. An alternative approach could be to engineer the Np binding of
analytes, as proteins and cells, in solution [Jia2009] and consequently induce the Np
arrangement in clusters (e.g. with the APTS-Glu linker for the detection of 4ATP or
similar molecules).

As discussed, we tested the potentiality of the characterized NCA in SERS sens-
ing by functionalizing the available Np surface with the usual 4ATP probe and by
monitoring its spectroscopic signal upon illumination with a 633nm He-Ne laser.
We mainly focused on the (A,1) sectors, so that the separation between clusters
� was large enough to avoid the possibility of optical interferences in the signal
from the clusters within the array. In Fig. 4.17 we report the results of the optimized
spectroscopic mapping.
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Fig. 4.17 Panel A: SERS spectrum (red) of 4ATP linked to the Np clusters is compared to the
molecule conventional Raman spectrum (blue). Both spectra are normalized to the number of
molecular scatterers within the scattering volume, thus contributing to the spectroscopic signal.
The conventional Raman spectrum is multiplied by a scaling factor of 106 to allow its visibility. The
integrated intensities used to estimate the enhancement factors are highlighted: the whole spectral
integral is coloured in light red (SERS) and light blue (Raman spectrum), while the area of the band
centered at 1078 cm−1(1089 cm−1in Raman spectrum), estimated through a Lorentzian fitting, is
shown using a squared pattern, again in red and blue, respectively. Panel B: a representative SERS
(C-S stretching) intensity trend measured along a row of the sector A (� = 10 µm, d = 1 µm),
compared with the corresponding AFM topography. Panel C: FFT of the AFM height signal of
sector A (upper plot, |H(k)|) is compared to the FFT of the SERS signal on the same sector (lower
plot, |I (k)|). Notice the peak at the periodicity of 10 µm (centered at 0.1 µm−1) and its second
harmonic (at 0.2 µm−1). The comparatively larger width of the AFM FFT peaks is related to the
different size of the framemeasured (40 µm and 75 µm for AFMand SERS acquisition, respectively)
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4.3.4 SERS Reproducibility

In Fig. 4.17a we present a representative SERS spectrum of 4ATP, acquired on a Np
cluster of d = 1 µm size from a sector with inter-cluster spacing of � = 10 µm, and
we compare it with the conventional Raman spectrum of the molecule (see Chap.3
for the band assignment). As expected, the SERS effect strongly increases the Raman
cross section of the 4ATP molecule when this is bound to the nanostructured metal
surface [Ank2008, Dom2012]. The strong SERS signal allowed the quick realization
of spatially resolved scans, identifying the Np cluster position on the substrates and
revealing experimentally a full correspondence between the AFM topography and
SERS intensity maps that is displayed in Fig. 4.17b. In panel (c) we demonstrate
that the periodicity of the AFM height signal and the SERS intensity is the same by
comparing their fast Fourier transform (FFT).

In order to evaluate the efficiency in signal enhancing of our plasmonic substrate,
we can calculate the enhancement factor (EF) that is the ratio of SERS and Raman
spectroscopic intensity per single molecule, as explained in the previous Sections.
In this analysis, we have estimated the number of molecules contributing to the
spectroscopic signal via geometrical considerations (for a detailed discussion, see
[Fas2014]). We have then calculated an overall EF by integrating the whole 4ATP
SERS/Raman spectrum over the fingerprint spectral region (shown in Fig. 4.17a)
and a band EF , obtained by comparing the integrated intensity of the strong C-S
stretching band, centered at 1089 cm−1in the Raman spectrum and red-shifted to
1078 cm−1in the SERS spectrum.

Notably, while integrating over the whole spectrum we are considering both
the electromagnetic and the chemical contributions to the SERS enhancement, the
band EF is expected to account exclusively for the electromagnetic mechanism,
as reported for the enhancement of the C-S stretching band [Osa1994]. The over-
all EF is to be used for molecules bound covalently to the metal surface, allowing
charge-transfer phenomena to take place. On the contrary, the intrinsically smaller
band, electromagnetic EF is representative for molecules physisorbed to the metal
surface.

It is worth mentioning that some significant drops or raises in SERS intensity
(>20%) were occasionally detected: we ascribe these fluctuations to the uneven
surface packing exhibited by isolated Np assemblies, as confirmed by both optical
inspection and AFM topography (see Fig. 4.16b). Nevertheless, the large number of
clusters within a 100 × 100 µm2 sector allows discarding the worst data, enabling a
contained variability of the SERS intensity (within the 20% on ensembles up to 30
clusters, measured consequently). As also reported in the scale of Fig. 4.17a, we have
estimated onourNCAsanoverall EF of (1.1 ± 0.2) × 107,which is to be considered
very positively if compared to the performances of other gold-based SERS substrates,
as reported in the literature [Yan2009, Yan2011b]. We also estimated a band EF of
(0.30 ± 0.06) × 107. The order of magnitude of our band EF is in agreement with
what is predicted by simulations on similar systems, consisting of layers of closely
packed AuNps (see Sect. 4.2).
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These experimental observations confirm the idea that Np clusters ofmicrometric,
controlled areas can provide quite regular, reproducible, and highly enhanced Raman
signals. On top of these notable results from the spectroscopic point of view, these
periodically arranged structures present a strong potential for the integration within
portable devices, capable of parallel operation for multiple and automated analyses
[Str2007, Jia2009, Cos2014]. We therefore believe that they might represent step
further towards effective, SERS-based, Lab-on-Chip devices [Cos2014].
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Chapter 5
SERS-Active Nanovectors for Single-Cell
Cancer Screening and Theranostics

In Chap.3, we have presented the synthesis and thorough characterization of SERS
active nanovectors based on gold Nps functionalized with folate and antifolate
molecules. We will here report on the application of these systems for cancer diag-
nostics and therapy at single cell level. Section 5.1 contains a brief introduction to
the problem and the motivation for our work.

In Sect. 5.2, we will discuss the potentialities of SERS-active, folate conju-
gated Nps in cancer early diagnostics. Folic acid plays an essential role in cellular
metabolism and reproduction. For this reason, cancer cells tend to overexpress folate
binding proteins on their membrane when compared to healthy ones. As an effect
of the different receptor expression level, our nanovector selectively targets cancer
cells and localizes on their membrane. Measuring SERS signal from cells treated
with the nanovector allows for monitoring the density of folate binding proteins on
their membrane. We will describe the SERS-based single-cell screening procedure
we have developed. This protocol allowed the discrimination of different normal and
cancer lines chosen based on their folate receptor expression [Fas2016].

In the final Sect. 5.3, results regarding the interaction of theranostic, antifolate-
based nanovectors are presented. The toxic action of aminopterin and methotrexate
loaded gold Nps, labelled with SERS reporter 4ATP, was preliminary tested on can-
cer cells: as expected, a strong cytotoxicity was revealed when compared to folate
functionalized Nps [Fas2018]. In order to investigate the effect of nanostructuring,
a comparative study on aminopterin was performed by treating the cells with the
same amount of drug either fixed on the nanovector or in the free molecular form.
The enhanced cytotoxicity revealed for the nanostructured drug was explained in
relation to the oriented binding induced by Np functionalization. Furthermore, an
investigation on the nanovector selectivity was carried out by comparing the results
of the treatment on cancer and normal cells [Fas2018].

The studies we present are proof of principle experiments, performed on cell
culture grown at a laboratory level. The successful results obtained are promising of
further interesting developments: as a first step, we are planning to test these methods
on primary cell lines.
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5.1 Early Cancer Diagnostics and Theranostics

At the frontiers of oncology in recent years, much interest has been attracted by the
early detection of cancer, that is the capability to reveal the presence of the disease
at the first stages of its progression: undoubtedly, a prompt diagnosis opens the way
to more effective treatments [Smi2015]. In this framework, a growing need has been
expressed for the development of highly sensitive and specific detection method-
ologies [Chi2015]. The current challenge is to detect the presence of extremely few
cancer cells in small, stable biological samples, granting low invasiveness, sensing
reproducibility and high versatility with respect to the different tumor types and
metastatic spread [Bac2000, Har2003]. However, because of tumor heterogeneity,
cancer cells can often elude even specific analyses: for this reason, the implementa-
tion of novel detection methodologies [Mir2015, Cao2011] can be crucial to address
effective diagnosis [Cao2011].

A strategy for the identification of cancer cells within a screening is represented
by the recognition of characteristics that are specific of cancer cell, as their peculiar
morphology [Boe2004] or their mechanical properties [Cro2007]. Another possi-
bility is to selectively target cancer cells by means of traceable markers, contrast
agents that, in the case of optical screening, can be fluorophores or spectroscopi-
cally active molecules [Chi2015, Mit2011]. The achieved traceability of cancer cells
can be exploited for cell sorting, as realized in flow-cytometry assays [Bar1983,
Krü2002]. The targeting method relies on the different bioaffinity of cancer cells for
certain molecules, that depends on the higher density of specific receptors on their
membrane [Mit2011]. This peculiarity has already been exploited for diagnostics, by
targeting these receptors with objects, featuring therapeutic features, functionalized
with specific proteins or antibodies [Fan2012, Baz2015].

Unfortunately, these macromolecules are highly sensitive to temperature, pH
and other environmental conditions: their functionality is therefore rather unsta-
ble. Moreover, they often tend to form assemblies with other proteins in human
serum [Ehr2009], inhibiting both sensitivity and specificity of the biorecognition
[Sal2013]. An alternative to proteins for biotargeting is the use of small and more
stable molecules, such as folic acid (FA) [Luc2000]. Also FA binding proteins are,
indeed, differently expressed depending on the cell type [Wei1992], and more fre-
quent on cancer cell membranes. Cancer cells express a large number of FA-receptors
due to the crucial role of FA in cellular metabolism and replication [Wei1992], while
in healthy cells their expression is relatively low [Luc2000, Par2005, Wib2013].
For this reason, one can think of identifying a suitable technique that highlights the
different densities of FA receptors that can be found on different cells.

In this framework, SERS-based methods can offer interesting opportunities
towards the ultrasensitive detection of selected cancer cells through a specific,
biomolecular-mediated interaction with a properly designed plasmonic object
[VoD2010, Kah2007]. Gold nanocolloids have been widely used in the design of
biosensors for tumor markers [Kah2007], owing to their peculiar properties, as
a high surface-to-volume ratio, which enables a versatile biomolecular conjuga-
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tion [Dom2011, Dom2012] (see also Chap.3), their desirable chemical stability
[GP2007] and relatively low cytotoxicity [Fra2015]. Displaying high signal enhance-
ment capabilities, properly functionalized Nps [Kne2010, Li2015] can be success-
fully employed for highlighting the differences among cancer and normal cells in
terms of density and even type, as will be discussed, of FA receptors [Kan2013],
therefore making the first step in the direction of cancer detection at single cell level
[And2011, Pal2015, Wer2011].

Moreover, both the plasmonic nature and the bioconjugation of metal Np based
nanovectors can be exploited for adding some therapeutic features to the system.
In this way, diagnostics can be coupled with therapy. At single cell level, cancer
therapy consists of selectively killing cancer cells without damaging the healthy
tissue surrounding them. This can be performed in different ways, exploiting the
localized properties of the nanovector.

Photothermal-induced cancer therapy exploits the strong absorption of plasmonic
nanostructures for inducing a local heating in the proximity of Np illuminated with
radiation (usually in the near infrared spectral range, to exploit the transparency
spectral window of biomaterials). If the Nps have been selectively bound or inter-
nalized by cancer cells, this local increase of temperature will result in the selective
killing of these cells [Hua2008, Lu2010, Boc2013]. Another possible approach is
to exploit the versatility of Np biofunctionalization for loading chemotherapic drugs
onto the Np surface: for their low-toxicity and traceability, gold Np based systems are
interesting candidates for selective drug delivery applications [Gho2008, Dre2012].

5.2 Folate-Based SERS Diagnostics

Targeting strategies for inducing the selective interaction of cells with a nanosensor
are usually based on molecular biorecognition. In this framework protein/antigen
interactions are widely exploited, although protein based biofunctionalization can
suffer from stability issues, which can prevent the success of the method, as previ-
ously discussed (Sect. 2.3.2). An alternative choice for nanovector bioconjugation is
represented by small, stable molecules such as folic acid (FA) [Sam2016].

FA is a groupBvitamin, commonly used as a therapy for some types of anemia and
as a supplement during pregnancy. Its action in several coenzyme forms is related to
the acceptance, redox processing and transfer of one-carbon units. Folatemetabolism
reactions are essential for amino acid metabolism, purine and pyrimidine synthe-
sis and for the formation of the primary methylating agent, S-adenosylmethionine
[BG1999, Luc2000].

FA binding proteins are differently expressed depending on the cell type
[Wei1992]. As an effect of the crucial role of folate in cell metabolism and replication
[Luc2000], cancer cells tend to express a large number of FA-receptors compared to
their relatively low expression level in healthy tissues [Wei1992, Par2005].
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5.2.1 Idea of the Experiment

We illustrate here an approach that combines the high sensitivity of SERS with the
selective recognition of FA operated by several types of cells through the differ-
ent expression of their molecular receptors [Par2005, Wib2013]. A sketch of the
experiment is presented in Fig. 5.1.

Wepropose a cellular screening based on the intensity of the SERS signal provided
by a folate conjugated SERS-active nanovector [Boc2013, Sam2016]. By treating
different cell lines with this FA-nanovector, one expects a different binding efficiency
depending on the density of FA receptors on the membrane of the specific cell type.
A measurement of the overall SERS signal intensity from a single cell can provide
an estimate of the nanovector binding efficiency and therefore, indirectly, of the
level of FA receptor expression. As illustrated in Chap.3, we have thus realized a
folate nanovector by functionalizing gold Nps with the Raman active bifunctional
linker 4ATP, which was further conjugated with FA molecules. The synthesis, char-
acterization and SERS signature of such system has been thoroughly presented in
Sect. 3.2.1.

We treated three different cell lines - two cancerous, one normal as control - with
our folate nanovector, by adding it to the cell culture while maintaining physiological
conditions. Cell lineswere chosen based on their well studied differences in the folate
receptor expression, in terms of both density and types. After the treatment with the
SERS nanovector, we monitored the SERS response on the different cell types. A
thorough analysis revealed that we reached a clear discrimination between cancer
and normal cells based on the spectroscopic signal. The data acquired on the three
cell populationswere also found to reflect clearly the folate receptor expression levels
expected in the corresponding cell lines.

Fig. 5.1 Sketch illustrating
the folate-based approach for
single-cell cancer screening
by SERS intensity
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Fig. 5.2 The sketch
illustrates the most common
folate binding proteins and
their internalization
mechanisms. RFC and PCFT
are solute carriers, while
FRα is a receptor,
responsible for folate
internalization via endo-
cytosis. Inspired by
[Des2012]

Folate Binding Proteins on Normal and Cancer Cells

The interaction of folate with cells is mediated by two widely expressed facilitative
transporters, solute carrier (SLC) proteins, that are the reduced folate carrier (RFC)
and the proton-coupled folate transporter (PCFT), and via a family of high affinity
folate receptors (FRs), that transport folate via endocytosis [Wu1999, Kel2006] (see
Fig. 5.2). There are three isoforms of folate receptor, called FRα, FRβ and FRγ .
Among them, FRα is highly expressed in specific malignant tumors of epithelial ori-
gin (for example, it is strongly expressed in cervical uterine and ovarian carcinomas,
while it is less frequent in prostate carcinoma) [Kel2006, Jos2013].

Choice of cell lines for SERS screening In order to test the folate-based targeting
strategy, we chose three different cell lines which are known for their different folate
receptor expression, in terms of both density and types. Two of these lines are stable
and well studied tumor models: the prostatic cancer cells PC-3 and the cervical can-
cer cells HeLa [Man2010, Jos2013]. Both the cell lines are known to overexpress
the solute carries, but it is FRα that has the highest affinity to folate. The level of
expression of FRα has been investigated by Yoshi and coworkers with immunoblot-
ting experiments specifically targeting this receptor with its antibody [Jos2013]. The
results are shown in Fig. 5.3. As can be seen, a strong band characterizes the sig-
nal of HeLa cells, while a much lower signal is associated to PC-3, in which FRα

expression is strongly doubted [Des2012, Jos2013, Fen2013].
For a comparative study on non-cancer cells, we chose HaCaT immortalized

keratinocytes, because they were used in a previous work [Kan2013] as a control cell
line for fluorescence-based experiments on bioaffinity with folate. Gene expression

Fig. 5.3 Western blot
showing the presence of FRα

on different cell lines, cancer
and non-cancer, compared to
a control. Reproduced with
permission from [Jos2013]
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Fig. 5.4 FA-4ATP-Np complex: AuNp are firstly covered with the Raman reporter 4ATP, than
conjugated to folic acid. The red circle identifies the heterocyclic part of the molecule, involved in
the biorecognition by folate receptors [Che2013]

investigations recently proved that PCFT is the binding protein responsible for folate
supply in HaCaT line, and that its expression level is rather low [Fuj2014].

Folate biofunctionalization of gold Nps: advantages The preparation of the gold
Np based folate nanovector was thoroughly described in the previous Sect. 3.2. To
summarize, the biofunctionalization is a two step process: gold Nps (60 nm diam-
eter) are labelled with SERS reporter 4ATP, and then further conjugated with folic
acid (see Fig. 5.4) through covalent bonds. From a biophysical point of view, this
functionalization approach has different advantages:

• the colloidal stability of the Np dispersion, which was also proved in cell culture
medium [Fas2016]. This is due to the high surface charge conferred to the system
by the unbound carboxile moieties (see Fig. 5.4);

• the recognizable and intenseSERSsignal of the complexFA-4ATP-AuNps,mainly
motivated by the presence of highly SERS-active 4ATP molecules close to the Np
surface (see Fig. 3.16);

• the oriented binding of folate on the Np surface (see Fig. 5.4), which exposes the
pteroyl part of the molecule, active in the biorecognition by folate receptors.

Cell proliferation assay The three cell lines used in the experiment were obtained
from Interlab Cell Line Collection (ICLC) (Istituto Nazionale per la Ricerca sul Can-
cro, Genova, Italy). HaCaT, a human normal keratinocyte cell line, HeLa, a human
cervical cancer cell line, and PC-3, an androgen-independent human prostate cancer
cell line were grown in DMEM (Euroclone, Life Science Division, GB, Pero, Italy).
All media were supplemented with 100 µg mL−1 penicillin, 100 µg mL−1 250 strep-
tomycin and 10% fetal bovine serum (Euroclone). Cells were maintained in a tissue
culture incubator at 37 ◦C, 5% CO2. The experiments were performed by plating
the cells at a density of 5 × 103 mL−1 in 96-well flat plates in the culture medium
and then incubated at 37 ◦C under 5% CO2. After 24h, different concentrations of
FA-4ATP-Nps, ranging from 1 to 2 pM, were added in triplicate. We performed dif-
ferent time courses: a 2h pulse and 24h of treatment. The cells were then incubated
with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) (Sigma-Aldrich,
Saint Louis, Missouri, USA) for 4h. The formed crystals were dissolved in 100
µL of DMSO and further incubated for 15 minutes. The absorbance was measured
in a plate reader spectrophotometer (Labsystem Multiskan MS), using a test wave-
length of 540 nm and a reference wavelength of 690 nm. The cells incubated with



5.2 Folate-Based SERS Diagnostics 119

culture medium alone represented the controls, and wells containing the medium
alone served as blanks. All the results were analyzed by ANOVA. The significance
was evaluated by the Tukey honestly significant difference (HSD) post hoc test and
data were expressed as means ± standard deviation of independent samplings from
different experiments. The level of significance was established at p value <0.05.

5.2.2 Cell Treatment and Viability Tests

We treated the cells by adding the nanovector - in a concentrated water dispersion - to
the cell culture. The cells were incubated in this condition for two hours, then rinsed
with PBS and stabilized for Raman/SERS measurements by drying under a laminar
flow at the controlled temperature of 37 ◦C. Any other chemical fixing agent was
avoided in order to minimize the effects of the fixing treatment on the spectroscopic
response.

MTT is a standard colorimetric assay used for the assessment of the cellular
metabolic activity: its result reflects the number of viable cells within a determined
cell culture. For this reason, MTT can be used for determining the cytotoxic level
of a certain agent. MTT cytotoxicity assays were used to monitor the effect on the
cells of both the nanovector and the other aspects of the treatment itself, as the stress
caused by adding a water dispersion to the cell culture. Results obtained on HaCaT,
PC-3 and HeLa lines are shown in Fig. 5.5.

All cell lines were treated with 1 pM FA-4ATP-Np solution, only HeLa cell line
was also treated with 2 pMNp solution. MTT tests were performed after incubations
lasting 2 and 24h at each concentration. In order to determine if the lower viability
recorded after the treatment was caused by the presence of the nanovector or to the
osmotic stress due to water addition, ultrapure water was added to the HeLa cell
culture at different concentrations and incubated for 2h.

In the case of HeLa cells (panel c in Fig. 5.5), the results of MTT assays show
the same, very small decrease in viability on water-treated and nanovector-treated
wells: this proves that the toxic effect is not correlated with the action of the Nps.
As a final check, PC-3 and HaCaT lines were treated with the highest concentration
of ultrapure water (50 parts of milliQ water in 50 parts of medium culture) for 2 and
24h and they did not show any decrease in viability.

5.2.3 Raman and SERS Imaging on Treated Cells

Raman spectroscopywas used tomeasure all the cell lines, both treated ad not treated.
In Fig. 5.6, we present representative spectra of PC-3 cancer cells and HaCaT normal
cells, focusing on the fingerprint region between 1000 and 1700 cm−1. In particular,
the spectrum of an untreated PC-3 cell is compared with two spectra acquired on
treated PC-3 cancer cells, displaying higher or lower intensity of the SERS signal, and
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Fig. 5.5 Results of MTT assays on HaCaT (a), PC-3 (b) and HeLa cell lines (c). Columns and
bars are mean and standard deviation values from 3 independent experiments. All results were
analyzedbyANOVA, and the significancewas evaluated by theTukeyhonestly significant difference
(HSD) post hoc test. The level of significance was established at p < 0.05. Statistical analyses were
performed using GraphPad Prism 5 Software

with the one collected on treated HaCaT normal cells. We also present the reference
spectrum of the nanovector. Intuitively, we can ascribe the strong bands in the treated
cell spectra - within the yellow shaded region - to the presence of the nanovector. In
the case of low SERS signal, it is possible to recognize within these spectra - in the
gray region - the features typical of the cell signal, not masked by the SERS peaks.

The highlighted spectral features allow the clear identification of the signal from
the nanovector within the spectra collected on each cell. As a first qualitative com-
parison, we noticed that the nanovector signal revealed on PC-3 and HeLa cells is
much stronger than that measured on HaCaT cells (the latter expresses FA bind-
ing protein PCFT only). This observation confirms the feasibility of a spectroscopic
discrimination between cancer and normal cells based on their different expression
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Fig. 5.6 The typical Raman spectrum (dashed-black) of PC-3 cancer cells is compared with the
spectra of treated PC-3 cells: dotted-green and solid-green lines refer to low and high SERS inten-
sities. The spectrum of a normal HaCaT treated cell (solid-red) and the one of the nanovector
(dashed-navy) are shown for comparison. The peaks centered at 1078 and 1580 cm−1(see the
yellow-shaded areas) are the SERS markers of the nanovector bound to the cell membrane

level of FA binding proteins. The SERS-based single cell screening procedure will
be carefully discussed in the next Subsection. Meanwhile, it is worth noticing that
a detailed investigation of the nanovector–cell interaction is possible with a careful
spectroscopic study.

Raman imaging in particular allows understanding where and how the Nps bind to
the cell membranes. Moreover, by exploiting the high confocality of our microspec-
trometer, it was possible to optimize the spatial resolution along the optical axes to a
few microns, collecting the signal from a very thin focus region. Combining SERS
with the micrometric resolution either along the vertical axes or over the sample
surface allows investigating the distribution of the Nps all over the cell surface. The
representative result for a PC-3 cell is shown in Fig. 5.7.

If we plot on a colour scale the integrated spectral intensity of the cellular CH2-
CH3 stretching peaks as a function of the position on the cell, we obtain a Raman
spectroscopic map that is in very good correspondance with the optical image of
the cell, reported in Fig. 5.7d. This makes us confident to fully exploit spectroscopic
imaging also using SERS signal. In Fig. 5.7a, we present the SERS intensity maps
(integrated intensity of a nanovector specific peak vs. horizontal position), compared
with optical images (Fig. 5.7b), both collected moving the focus plane of a few
microns along the optical axes. The schematic of the procedure is shown in panel c,
where we also show a detailed stratigraphic analysis of the cell, obtained by plotting
the normalized intensity of the nanovector-, cell- and substrate-specific peaks versus
the vertical position z. The relative maximum of these three signals is found at
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Fig. 5.7 a SERS imaging obtained by integrating the C-S stretching peak of 4ATP and plotted in
thermal scale is correlated with the optical image of the cell (b). The measurements were performed
varying the focus of the objective at different values of z. Nps seem to be located at the margins of
the cell, as pointed out in [Boc2013] (c) Intensity of SERS and Raman peaks relative to the different
components of the system acquired varying the objective focus (versus z). d The imaging of the
cell performed integrating the CH2-CH3 stretching peaks shows a good correspondence with the
optical image, giving information on the location of the cell nucleus (double membrane and higher
signal). Reproduced with permission from [Fas2016]

different vertical positions, being that of the nanovector located ∼1 µm above that of
the cell, which in turn is located∼2 µm above that of the substrate. The data reported
in Fig. 5.7 were acquired by varying the focus along the vertical axis using a 50 µm
confocal hole aperture. The dependence of the signal on the position along the optical
axis suggests a vertical arrangement of the components: the nanovector is probably
located outside the cell, but close to the membrane. This picture is in agreement with
the results we obtained from FESEM imaging, where the great majority of the Nps
is clearly visible outside the cell membrane, while only a few of them are apparently
located inside the cell.

5.2.4 SEM Imaging on Treated Cells

FESEM imaging allowed a fair comparison with SERS imaging in the characteri-
zation of the measured, treated cells on their Si substrate. It also allowed a deeper
insight in monitoring the possible internalization of Nps, which was suggested by
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Fig. 5.8 SEM imaging acquired on HeLa cells at different magnification. In the upper panel (lower
magnification), the area of the subsequent zoom is evidenced by the red rectangle. In the lower panel
(higher magnification), Nps on the cell membranes are visible. Blue arrows indicate examples of
bright Nps, which are probably lying externally with respect to the membrane. Red arrows, instead,
indicate shadowedNp,which could be covered by the cell membrane because of their internalization
inside the cell

SERS confocal imaging. The backscattering FESEMmode was chosen for the anal-
ysis: this ensured a high contrast visibility for Au on the cell sample, being the
scattering cross section higher for gold than for the other materials on the sample,
as it is proportional to the third power of the elemental atomic number [Kri2005]. In
Fig. 5.8, we present the results of FESEM imaging on treated HeLa cells, acquired
at different magnification. The results confirm that the Nps are located on the cell
membrane (see the blue arrows in the lower panel of the Figure). It also seems that
some Nps are internalized inside the cell, as witnessed by the halo which covers the
bright Np image (see the red arrows). We are confident that this effect is due to the
presence of the membrane layered over the Np. Indeed, the power of the incident
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electron beam during the acquisition (15 keV), according to the literature, exceeds
the threshold of “transparency” of the cell membrane to electron beams [Kri2005].

5.2.5 SERS Screening and Results

The SERS screening protocol was developed in order to get an estimate of the SERS
intensity from single, treated cells. A quick and automatized sampling of the cell
spectroscopic signal was carried out, by collecting 9 spectra all over the cell area
(see Fig. 5.9a). The spectroscopic mapping was realized using a low magnification
objective (50×) using a spacing of 3 µm for the map. Given this choice for the opti-
cal parameters, our estimate is that the sampling covers around the 50% of the cell
surface. We then calculated a simple control parameter for each cell. It is propor-
tional to the integrated intensity of the nanovector-specific SERS band (centred at
1580 cm−1): this ISERS was calculated for all the spectra, and its value was normal-
ized to the substrate integrated intensity, Isubstrate, to account for slightly different
experimental conditions from cell to cell.

The control parameter is defined by C = 1000 · ISERS/Isubstrate. Its values
recorded for a hundred cell population for each cell line confirmed the qualitative
observation discussed above: the selective targeting of the different cell populations
is induced by folate specific biorecognition. The mean of the control parameter value
indeed systematically increases going from HaCaT (non-cancer, 〈C〉 = 5) to PC-3
(cancer, 〈C〉 = 75) to HeLa (cancer, with the highest expression of FA receptors,
〈C〉 = 196).

Fig. 5.9 Panel a Sketch of the screening measurement protocol performed on measured cells.
Panel b In a schematics, the experimental procedure adopted for the ordinary treatment with the
nanovector (top) is compared to the blocking experiment (bottom), performed by adding to the
culture free FA molecules to compete with the nanovector in reaching the cell receptors. On the
right, the boxplot shows the distribution of SERS intensity measured on screened treated HeLa cells
(blue box) and blocked HeLa cells (light blue box). For reference, we also report the SERS intensity
detected on ordinarily treated normal HaCaT cells (red box)
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Blocking experiment A blocking experiment provided the killing proof in favour of
our interpretation, that is, theSERS results discussed above are inducedbyFAspecific
biorecognition. To realize this, HeLa cells were incubated with the nanovector in
presence of a high concentration of unbound folate molecules in the cell culture. The
usual treatment protocol was followed (see the previous paragraph for details), and
then a population of 100 cells from the ordinarily treated sample was screened and
compared with a 100-cell population of the blocked sample. In Fig. 5.9b we compare
the results of the SERS screening with a box plot. The results demonstrate that there
is a clear decrease of the signal in the folate-blocked cells, almost reaching the low
SERS response of HaCaT normal cells. This is caused by the competition between
free folate molecules and FA nanovector for the molecular binding sites on the cell
membrane. As a consequence, a smaller amount of Nps is found on the blocked cells,
giving rise therefore to a lower overall SERS signal.

Screening results In Fig. 5.10, we display the results of the SERS screening on three
100-cell populations of HeLa, PC-3 and HaCaT cells in a histogram. A logarithmic
binning is chosen to cover the wide range of C values recorded experimentally; the
frequency of occurrence of the C values is evident by the height of the columns. The
data for the three cell populations follow the same statistical behaviour, that can be
modeled as a lognormal distribution [WI2014], with largely different parameters for
the three cell lines. The optimal fitting curves are plotted in Fig. 5.10 as solid lines
over the histograms. There are clear differences among the distributions for the three
cell populations. First of all, the distribution of C values recorded on HaCaT cells is
peaked around small values, the result reflecting the very low density of FA binding
proteins on the surface of normal cells. Moreover, the two populations of cancer cells
can be well discriminated, being the expected value of PC-3 control parameter quite
lower than the one of HeLa cells.

Fig. 5.10 Histogram
showing the occurrence of
different values of the control
parameter, related to the
different SERS intensities
recorded on the three cell
populations. The logarithmic
binning was chosen because
of the wide range of C
parameter revealed
experimentally. Here normal
refers to HaCaT line, cancer
1 to PC-3 and cancer 2 to
Hela. Adapted with
permission from [Fas2016]
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A semi-quantitative interpretation of the experimental data in terms of density and
type of FA binding proteins on the cell membrane is possible [WI2014]. Biological
investigations on indeedthe overexpression of folate receptorα on the cellmembrane,
as well as a high density of the FA solute carriers, as RFC and PCFT [Jos2013,
Des2012]. More controversial is the case of PC-3, about which there are different
hypothesis on the expression of folate binding proteins on these cells [Par2005,
HM2005, Jos2013, Sin2015]. Most probably, the overexpression of the folate SLC
is the one responsible for the enhanced targeting of PC-3 cells with respect to the
HaCaT population. The higher signal recorded on HeLa cells with respect to PC-3
is in agreement with the idea of the of the overexpression of FRα, in addition to
the solute carriers overexpression that is also present on PC-3 cells. The statistical
interpretation of our data could be further improved by implementing statistical
modeling, and paves the way for hypothesis testing on new data.

In summary, the design of a screening procedure, based on the SERS spectroscopic
imaging of the cells, allowed for monitoring the overall SERS response, at the single
cell level, on 100-cell populations. A proper statistical analysis allowed to identify the
typical SERS signal induced fromour treatment on the chosen human cellmodels: the
non-tumorigenic keratinocyte HaCaT line, metastatic prostate cancer PC-3 line and
uterine cervical cancer HeLa line. The low SERS signal wewere capable of detecting
on HaCaT cells demonstrates the sensitivity of our method, that enables detecting
the presence of the few folate solute PCFT carriers expressed and responsible for the
cellular folate supply [Fuj2014]. As discussed, the different responses of the HeLa
and PC-3 cells is ascribedmainly to the presence of the FRα receptor, which is known
to be present in a comparatively higher density on the HeLa membrane [Fen2013,
Kel2006, Jos2013].

Our method presents several advantages compared to similar studies [Man2010].
In particular:

• the time of incubation with the nanovector is rather rapid, therefore we can state
that there is no change in the cell population during the treatment;

• the treatment of the cells is realized under physiological conditions (cell cul-
ture medium, 37 ◦C temperature), without preventing the selective binding of the
nanoparticle to the folate receptors;

• as witnessed by our cytotoxicity measurement, the viability of the cell culture is
unvaried during and after the treatment with the nanovector, granting the reliability
of the procedure (see Sect. 5.2.2);

• lastly, the cellular sample is stabilized only by drying it, without further addition
of fixing agents, which could affect the spectroscopic response of the system.

Owing to its characteristics, our nanovector is not only suitable for SERS studies,
but also for near field microscopy, scanning probe and electronic microscopy imag-
ing. FESEM imaging on HeLa cells (see Sect. 5.2.4) allowed to estimate, upon our
treatment, approximately 100 Np-receptor binding events per cell. This estimate is in
good agreement with the expected high (approximately nM) folate-receptor affinity.
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It is well known that using a red HeNe laser for SERS excitation reduces the
light-induced sample damaging and ensures therefore a good reproducibility of the
spectroscopic analysis. Moreover, red light couples more favorably to the plasmon
resonance of gold Nps aggregates rather than to that of isolated Nps [GP2007].
Consequently, the SERS screening results (Fig. 5.10) will reflectmore thoroughly the
distribution of the folate receptor density rather than the presence of single, isolated
receptors. On the positive side, this reduces the risk of having single, non-specific
binding events affecting the measurement; on the negative side, though, it prevents
the detection of many single, isolated Nps (see Fig. 5.8). With the aim of further
enhancing the diagnostic sensitivity, a possibility could be to induce the nanovector
aggregation (e.g. in dimers) prior to cell treatment.

The presented results prove the possibility of achieving statistically relevant
responses even starting from rather small cell populations, if compared with the
numbers required e.g. for fluorescence-based methods. The small size, the stability
and the negligible cytotoxicity of the nanovector makes it promising for the appli-
cations for the realization of in vivo studies, also in view of possible theranostic
applications. In particular, given the positive correlation between the FRα expres-
sion and tumor stage and grade, the role of FA in tumor progression was evidenced
[Kel2006]. In this respect, folate binding competitors, known as antifolate drugs,
as aminopterin (AMT) and methotrexate (MTX), have been developed over several
decades for the treatment of cancer and inflammatory diseases [Par2005, Wib2013,
Che2013, Far1948]. To date, antifolates approved for clinical use enter cells via RFC
(primarily) and PCFT solute carriers and by folate receptors [Wib2013, Des2012].
As an overexpression of FRα seems a typical characteristic of cancer cells, a predom-
inant internalization of antifolate loaded nanovectors via FRα would be desirable in
order to improve the treatment specificity, while limiting collateral damage on nor-
mal cells. The test of the same Np functionalization protocol substituting/including
folate and antifolate drug AMT andMTXwill be presented in the next Sect. 5.3. Our
tests revealed an intriguing, significant increase in HeLa cell mortality after incuba-
tion with the AMT- and MTX-nanovectors. This suggests a valuable role of SERS
(anti) folate-Nps to design traceable multi-therapeutics carriers.

5.3 From Selectivity to Theranostics: Antifolate
Nanovectors

Once the high selectivity and sensitivity of our method was proved, we could specu-
late about adding some theranostics features to our plasmonic nanovector. As already
discussed (Sect. 2.3.2), this can be realized in several ways: one of the most com-
mon is to exploit the strong absorption of gold for the photothermal selective killing
of cancer cells [Hua2008, Lu2010, Boc2013]. Another possibility is represented
by drug delivery: thanks to the versatile functionalization of gold Np, therapeutic
drugs can be loaded onto the Nps together with the molecules active in cancer cell
biorecognition [Gho2008, Dre2012].
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We chose to follow this second approach, using the same molecule for both
biorecognition and therapeutic action. To do so, we substituted folate molecules
with two different chemotherapeutic drugs, aminopterin (AMT) and methotrexate
(MTX) [Far1948]. Being folate binding competitors, molecules like AMT andMTX
are commonly called antifolates.Once internalized inside the cell as folatemolecules,
their toxic action consists of the irreversible binding to the folate metabolic enzymes:
by preventing folate metabolism, the action of antifolates eventually leads the cells to
death [Par2005, Wib2013, Che2013]. As many other chemotherapeutic substances,
antifolates are typically used to selectively kill cancer cells: the problem of limiting
the amount of drug administered to the patients is crucial for avoiding collateral
effects.

The preparation of AMT- and MTX-4ATP-AuNp nanovectors was performed
using the approach developed for folate, as described in Sect. 3.2.1. Cytotoxicity
assays prove the strong toxic effect of these nanovectors, compared to the folate one.
Moreover, the results show an enhanced toxicity ofAMTmoleculeswhen conjugated
(and optimally oriented) onto a Np surface, compared to the free molecular form.

An important characteristic of antifolates - at least of the ones approved, to date,
for clinical use - is their stronger affinity for solute carriers RFC (primarily) and
PCFT, rather than for folate receptor FRα [Des2012, Wib2013]. To some extent, this
represents a disadvantage, because normal cells typically provide for folate supply
through the very same PCFT and RFC solute carriers [Des2012, Fuj2014]. Instead,
it is FRα overexpression that has been proved to be a transversal feature of many
types of malignant carcinomas [Kel2006, Jos2013]. Some selectivity issues could
therefore arise in the employment of antifolate nanovectors in cancer theranostics. A
possible solution is to separate the molecular agents responsible for biorecognition
and therapy, by co-loading folate (which shows the highest affinity for FRα) and
antifolate molecules (for their strong cytotoxicity).

5.3.1 Preliminary Cytotoxicity Results

MTTtechniquewas employed for a preliminar characterizationof antifolate nanovec-
tor cytotoxicity. HeLa cells were chosen for this investigation, because of their strong
efficiency in binding the folate nanovector, as demonstrated by SERS screening
(Fig. 5.10). In commenting the cytotoxicity of our folate nanovector, we had stated
that the decrease in the viability of HeLa cells was related to the osmotic stress for
the addition of the nanovector, and that FA-4ATP-AuNps did not cause any harm
to the cell culture. In treating the cells with the same amount of AMT- and MTX-
nanovectors, instead, we reveal a significant drop in the cell viability, even after only
2h (see Fig. 5.11).

As expected from biochemical considerations, both the antifolate nanovectors
synthesized show a toxic action when interacting with cells. The results shown in
Fig. 5.11 bring further support to the idea that, despite their quite large size (diameter
is 60 nm), the Nps are somehow internalized inside the cells. This could happen
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Fig. 5.11 Sketch of folate/antifolate based nanovector with their relative cytotoxicity results. Cell
viability was estimated with MTT assays by treating HeLa cells for 2 and 24h with AMT-4ATP-
AuNp water solution in 1:2 volume ratio with the cell culture medium (corresponding to 5 pM
concentration)

for example by receptor mediated endocytosis in the case of FRα. Even without
a direct investigation on the mechanism of internalization, we can derive indirect
information on the subject from the nanovector cytotoxicity. Indeed, the cytotoxic
effect of AMT andMTX is triggered by their irreversible binding to folate metabolic
enzymes, which prevents folate action in DNA and protein synthesis inside the cell.

5.3.2 Enhanced Toxicity of Nanostructured Drugs

In order tomove towards the application of these systems, their therapeutic efficiency
and selectivity need to be tested. As for the first aspect, we performed a comparative
study by administering to the cells the drug in the free molecular form and in the
nanostructured form, bound to the Nps. Meanwhile, the drug selectivity was probed
by comparing the response from HeLa cancer cells with that of HaCaT normal cells.
MTT assays performed at different drug concentration allowed to estimate for both
the cell lines the IC50 value, that is the drug concentration necessary to kill the 50%
of the cells in the culture.

Repeated nanovector preparations and SERS characterization (Fig. 3.22) show
that the nanovectorwithAMTresultsmore stable than thatwithMTX.For this reason,
the systematic cytotoxicity investigationwas performed using theAMT-4ATP-AuNp
nanovector. Results are shown in Fig. 5.12. Cytotoxicity results obtained by treating
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Fig. 5.12 MTT assay showing the cell viability of HeLa (first row) and HaCaT cell lines (second
row) treated with different concentration of AMT-Nps (first column) and free AMT (second col-
umn) for 24h. The percentage of cell viability was determined by normalizing the absorbance of
controls to 100%. Columns and bars represent mean and standard deviation value for 3 independent
experiments. **** p ≤ 0.0001, * p ≤ 0.05; all results were analyzed by ANOVA, and the signifi-
cance was evaluated by the Tukey honestly significant difference (HSD) post hoc test. Third row:
summary of the cell viability, leading to an estimate of an IC50 value equal to respectively 18.71
nM and 36.91 nM in HeLa and HaCaT cell lines treated with molecular AMT (first column) and
equal to 3.23 pM and 4.43 pM for the treatment with AMT-Nps (second column). All data were
elaborated with Graph Pad Prism 6.0

HeLa and HaCaT cells with the AMT-4ATP-Nps are compared with the effect of
treatment with AMT in the free molecular form.

The first, striking result is that comparable loss of cell viability are obtained
from very different concentrations of AMT in nanostructured and molecular forms.
Values on the x axes of the graphs in Fig. 5.12, indeed, differ for about three orders
of magnitude. In order to quantify this effect, we extrapolated the IC50 values in all
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the examined cases (lower row in the Figure). IC50 values for AMT were found to
be equal to 3.23 pM and 4.43 pM in HeLa and HaCaT cell lines treated with the
nanovector and equal to 18.71 nM and 36.91 nM with free AMT treatment.

According to our considerations, this difference can be explained accounting for
two reasons, related to the nanovector properties. The first is a structural reason:
AMT molecules, when covalently conjugated with 4ATP through amide bond, are
optimally oriented, exposing the pteroyl part of the molecule to the interaction with
the cellular receptors (see also Fig. 5.4). The second possible argument is that the
internalization of a single AMT-Np, operated by the cellular receptor, brings inside
the cell around two thousand AMT molecules. Once again, these molecules are
oriented so to enable a very easy biorecognition by folate metabolic enzymes inside
the cells. In principle, even accounting for their steric hindrance, several enzymes
can bind to a single Np in an irreversible manner, enhancing and speeding up the
blocking of folate metabolism that eventually leads the cell to death.

The results reported in Fig. 5.12 also bring to a second consideration about the
rather small difference between the IC50 values for HeLa and HaCaT cell lines, for
both nanostructured and molecular AMT form. This lack of selectivity was expected
from the biochemical considerations already exposed. Indeed, it is known that, dif-
ferently from folate, both AMT andMTX show a stronger affinity for RFC and PCFT
folate solute carriers than for FRα. The latter is strongly expressed on cancer cells
and typically absent on normal ones [Des2012, Wib2013, Jos2013]. The remarkable
selectivity revealed for folate nanovector is therefore strongly reduced in the case of
AMT.

Estimating the Np Binding Efficiency with SEM Imaging

In principle, cytotoxicity results do not allow to state the cause of the low specificity
of our treatment. Indeed, it could be either that the nanovector bound to both the cell
lines with the same efficiency, or that AMT-4ATP-AuNps show a higher toxic effect
on normal HaCaT cells, while HeLa are more resilient. Once again, we can exploit
SEM imaging for investigating both the density of Nps on normal and cancer cells,
and their location with respect to the cell membrane.

In Fig. 5.13, we have reported representative SEM images acquired on HaCaT
and HeLa cell lines, treated with the AMT nanovector at concentrations below (1.25
pM) and above (5 pM) the IC50 threshold, for 24h. As evident from the comparison
of panels a and b in the Figure, there is no significant difference in Np binding in the
case of HaCaT and HeLa. This is most probably causing the same toxic effect of the
Nps in both the cell lines.

This confirms the need of a strategy for a selective targeting of FRα, which
could enhance the specificity of this method. To do so, we are currently working
on a functionalization protocol which could enable the co-loading of folate and
antifolate molecules on the same Np. FA could induce a predominant internalization
of the AMT-loaded nanovectors via FRα, leading to an improvement of the treatment
specificity.
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(a1) (b1)

20 µm 20 µm

(a2) (b2)

(a3) (b3)

Fig. 5.13 SEM imaging acquired in backscattering mode on HaCaT (panels (ai )) and HeLa (panels
(bi )) cells, treated with AMT-4ATP-AuNps for 24h at the AMT concentrations of 1.25 pM (a1, a2,
b1, b2) and 5 pM (a3, b3). a1 and b1 are field visions, allowing to distinguish the cells on the Si
substrate. In panels a3 and b3, the red arrows highlight Nps probably covered by the cell membrane,
while blue arrows indicate the Nps that are left externally with respect to the membrane
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Chapter 6
Conclusions

Surface Enhanced Raman Scattering represents a promising technique to overcome
the limitations of optical vibrational spectroscopy in terms of signal intensity and spa-
tial resolution. Its potentialities as an ultrasensitive spectroscopy are particularly well
expressed in the field of biophysics. Indeed, biophysical investigations typically tar-
get specific interactions between biomolecules (receptor/target, protein/antigen,...),
rarely occurring at precise locations. In the last years, SERS-based platforms for
molecular detection at ultra-low concentrations, sometimes integrated inmicrofluidic
devices, have been developed achieving impressive results. Similarly, SERS-active
nanosensors, specifically interacting with cells, have been developed for diagnostics,
drug delivery and other biomedical applications.

Nevertheless, it is worth to remind that SERS spectroscopy, as often happens for
the powerful tools, needs to be handled with care since a straightforward interpre-
tation of the spectral response is not always achievable. Indeed, in order to extract
specific information on relevant biomolecules, it is usually required to take into
account many different aspects: the investigated system, the SERS substrate, the
environment and the interplay among them at the nanoscale level.

In this Thesis, colloidal dispersions of gold and silver nanoparticles were used
as a building block for implementing SERS-active systems for bioapplications, in
particular in the fields of molecular sensing and cellular diagnostics. In general, we
have tried to combine the applicative goal with more fundamental studies on the
microscopic behavior of SERS active systems, in order to gain as much information
as possible from the spectroscopic response.

The utmost original results achieved in this work, together with the related future
perspectives, can be summarized as follows.

• Self-assembly of noble metal Np into clusters is probably the simplest route
to obtain high SERS signal enhancement from molecules located at the hot-
spots, in the interparticle gaps. Unfortunately, these aggregates are characterized
by high variability of the local nanoarchitecture, causing different spectroscopic
performances. A possible and promising way to reach signal predictability and
reproducibility, is to correlate the intensities measured on Np clusters with their
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morphological parameters. The self-assembly on a substrate of functionalized sil-
ver nanoparticles, starting from a colloidal dispersion, leads to the formation of
aggregates of micrometric size, typically composed by a few Np superimposed
layers. The correlation of SERS and AFM measurements on these Np aggre-
gates shows a linear increasing trend of the maximum spectroscopic intensity as
a function of the cluster surface up to very large areas (∼30 µm2) and a further
dependence on the number of Np layers stacked in cluster. Experimental results
have been supported by electromagnetic simulations showing a comparable shape-
dependencies on similar structures. The whole of the results coherently suggests
that the SERS intensity arises from the onset of cooperative effects involving the
entire cluster: the mesoscopic aggregate seems to behave as a single, near-field
optical connected entity.

• Once clarified the connection between morphology and SERS efficiency of the Np
aggregate, a strategy for template-mediated cluster formation can be developed,
by driving Np aggregation inside mesoscopic cavities produced by electron beam
lithography. EBL-guided self-assembly allows the preparation of SERS-active
substrates made of Np aggregates of micrometric size, arranged in ordered two
dimensional arrays on large areas (100µm size). AFM and SERS measurements
demonstrate a very good correspondence between the morphology and the spec-
troscopic signal, with a precise periodicity given by the array spatial organization.
Clusters are characterized by very closeNppacking: the high hot-spot density leads
to very large enhancement factors and good signal reproducibility from cluster to
cluster. The regular spatial organization and the high number of cluster can enable
implementing systematic statistical analyses on the spectroscopic response. The
perspective of this work is the investigation of the long range coupling among the
aggregates: in principle, indeed, by tuning the array periodicity with the exciting
wavelength used for Raman excitation, the diffractive coupling in the array can be
optimized, possibly leading to a further enhancement of SERS signal.

• The functionalization protocol used to test the SERS-active substrates implies the
covalent conjugation of metal Nps with the molecular label 4-aminothiophenol.
This molecule is a bifunctional linker, binding the metal with a thiol group and
exposing an −NH2 end for further biofunctionalization, for example via amide
bond or diazotization (−N=N−). This possibility was exploited for the prepara-
tion of SERS-active nanovectors conjugatedwith folic acid (FA) orwith its binding
competitors, namely antifolate drugs, for biomedical applications. The pursued
functionalization strategy leads to the oriented binding of folate/antifolates on the
Np surface, exposing on the structure surface the hydrophobic part of themolecule,
active in the biorecognition by cellular receptors or enzimes. A thorough charac-
terization of the system allowed to estimate the molecular conjugation efficiency,
demonstrating the potential of a quantitative SERS investigation, which results
can be competitive with other titration techniques.

• Folic acid plays an essential role in cellular metabolism and reproduction. For
this reason, cancer cells typically overexpress FA binding proteins on their mem-
brane with respect to normal cells. On these bases, we developed a protocol for
SERS-based early diagnosis of cancer, by selectively targeting cancer cells with
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the FA-nanovector. Three different cell lines (cancer HeLa and PC-3, and nor-
mal HaCaT lines), chosen for their different expression of FA binding proteins,
were treated with the nanovector and showed a very different efficiency in the Np
uptake, resulting in different SERS signal intensity on the samples. Experimental
results were found in good agreement with the expectations from biological con-
siderations: a screening procedure based on SERS microimaging allowed the net
discrimination of normal and cancer cells. Moreover, the values of SERS intensity
measured on single cells of different lines were found to belong to statistical dis-
tributions with very different parameters. Reproducible measurements carried out
on relatively small populations (100cells) demonstrate the potential of this tech-
nique, compared to other fluorescence-based methods, for single cell diagnostics
on real bioptic samples.

• The strong selectivity of FA nanovector opened the way for the possible imple-
mentation of additional therapeutic features, in order to reach theranostics, that
is the combination of diagnosis and therapy. The adopted approach is based on
the substitution of FA with its binding toxic competitors aminopterin (AMT) and
methotrexate (MTX). The comparative cytotoxicity investigation performed by
treating HeLa cancer cells with FA-, AMT- and MTX-nanovectors proved a high
toxicity of antifolate based nanovectors. A systematic study comparing the treat-
ment with AMT in the free molecular form or loaded onto Nps demonstrated
a remarkable enhancement of the action of the drug in the nanostructured case.
This means that the use of the AMT-nanovector allows reducing the drug concen-
tration over one thousand times, therefore limiting the collateral damages of the
treatment. The selectivity of AMT-nanovector, tested by comparing its effect on
cancer (HeLa) and normal (HaCaT) cells, seems reduced with respect to the FA
case. This is related to the stronger biochemical affinity of FA with folate receptor
FRα, which is typically found exclusively on cancer cells. A possible solution,
which is also a close perspective of this Thesis work, is the co-loading of folate
and antifolate on the same nanovector, for a more efficient biorecognition and
therapeutic action, respectively.

In conclusion, noble metal nanoparticles were functionalized, characterized and
employed for the development of different biophysical applications. A detailed, fun-
damental study of all the factors affecting the spectroscopic response of our SERS-
active systems proved to be crucial for implementing systematic measurement and
data analysis protocols. The discussed results were obtained not only on the applica-
tive side, but also on more fundamental topics: the same ambivalence holds for the
perspectives of this Thesis. On one side, indeed, we aim at moving from the proof-of-
principle study to more realistic and scalable applications. On the other side, we are
working to gain deeper insight in themechanisms of plasmonic interparticle coupling
and molecular interactions at the nanoscale.
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SERS Application in Cultural Heritage

In the framework of a collaboration with Dr. L. Lombardi, of the Chemistry Depart-
ment of Sapienza University, we have carried out SERS experiments for studies in
cultural heritage and diagnostics, where SERS spectroscopy often represented the
first, quick step within a multianalytical investigation [Ser2016].

In the first Section, we discuss an experiment aimed at the identification of the
molecular components of natural lake pigments, used in the ancient time for both
painting and tissue dyeing. To do this, a systematic, combined characterization by
SERS spectroscopy, coupled with other techniques, such as high performance thin
layer chromatography (HPTLC), was employed with interesting results.

In the second Section, we present amultianalytical study on a historical dress from
the 19th century. SERS analysis on purple dyed yarns of the dress helped detecting
on the artwork both the natural purple dye orchein and its synthetic alternative,
mauveine.

A.1 HPTLC-SERS Investigation of Madder Lake
Ammonia Extract

Ever since its development, planar chromatography has attracted great interest in
the field of the analysis of natural products, as it provides chromatograms that are
a fingerprint of the natural raw materials. Even more importantly, it can be used as
a preliminary separation step for a wider, multi-analytical approach, as the single
chromatographic traces obtained can be investigated employing other techniques,
among which various optical spectroscopies [Bia2016].

In this Section, we describe the HPTLC-based approach for the creation of a
SERS database of the isolated compounds present in ammonia extracts of Madder
lake. The present analytical method can be scaled to the analysis other natural lake
pigments and the spectral database can be helpful in attributing the different features
of the spectroscopic signals measured on unknown mixtures.

© Springer Nature Switzerland AG 2018
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Fig. A.1 Schematic representation of HPTLC-SERS protocol of analysis

Hezel was the first proposing the coupling of TLC and SERS [HZ1977] for the
separation and detection of analytes: since then, the approach was applied success-
fully to numerous compounds [Kog1988, Cau1995, Ist2003]. Although the great
potential of this technique for the study of dye mixtures has been highlighted in
literature [Bro2009, Gei2009], its application in the conservation science field has
not yet become well-established [Poz2011].

In HPTLC-SERS, analytes are isolated and preliminarily purified through the
classic HPTLC separation method. Afterwards, the SERS spectral response of the
single traces on the TLC plate is identified. In order to achieve SERS from the
molecular traces on the plate, a droplet ofAgNp colloidal dispersion is deposited onto
each spot and dried. The Np aggregation induced on the substrate favors an efficient
SERS detection of the substances on the TLC plate. The experimental protocol is
sketched in Fig.A.1.

The low cost, high throughput and specificity are among the advantages of
HPTLC-SERS, compared to other common separation methods, such as those based
on liquid chromatography. Even more important is the remarkable sensitivity of
SERS, which allows to probe very small sample volumes, enabling the microinva-
sive study of historical materials and artworks [Poz2011].

A.1.1 HPTLC-SERS Analytical Method

The HPTLC-SERS experimental protocol is here discussed. First of all, the am-
monia extract of Madder lake, as well as the purified single fractions of this lake,
obtained as described by Lombardi and coworkers [Lom2016], were applied on
HPTLC plate with pre-concentrating zone (Silica gel 60 with concentrating zone
10× 2.5 cm, Merck) using 5 µL Camag micropipettes (Muttenz, Switzerland)
(examples for Madder lake in Figs.A.2, A.3, A.4 and A.5). The eluent used are
ethyl acetate, dichloromethane, glacial acetic acid, formic acid, water, in the ratios
(100 : 25 : 8 : 8 : 8). Solvents and acids were purchased from Sigma-Aldrich.

SERS analyses were performed by focusing the laser beam on the TLC plate in
correspondence of each spot, after the deposition and drying of 25 µL (in 5 con-
sequent steps) of AgNp colloidal dispersion prepared with the Lee-Meisel protocol
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Fig. A.2 Left panel: Schematic representation of HPTLC chromatographic separation of madder
lake ammonia extract. Right panel: HPTLC-SERS results for the first spot of madder lake ammonia
extract (munjistin methyl ester), which spectrum (red) results in excellent agreement with munjistin
methyl ester standard spectrum (black)

Fig. A.3 HPTLC-SERS results for the second spot of madder lake ammonia extract. The TLC trace
here resulted a bit broadened, corresponding to both the TLC runs of alizarin and purpurin (runs C
and D). Nevertheless, the HPTLC-SERS signal acquired on the lake spot (red spectrum) was found
to be rather homogeneous. It resulted in excellent agreement with the spectrum of alizarin standard
(solid black), while we cannot safely rule out the presence of purpurin (dashed black)

[LM1982]. SERS spectra were acquired keeping the incident power below 0.25mW,
using 50× objective. For each spot, the spectroscopic mapping of an area of 5× 5
µm2 (step 1 µm, 2 s acquisition time) allowed the determination of an average spec-
trum. Spectra are here presented without pretreatement, except for a polynomial
background subtraction.

A.1.2 Experimental Results

We present here the results on the identification of the molecular compounds con-
tained in the ammonia extract of Madder lake.
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Fig. A.4 HPTLC-SERS results on the third isolated spot of madder lake ammonia extract. HPTLC-
SERS spectrum acquired on it (red) is in very good agreement with the signature of munjistin
standard (black)

Fig. A.5 HPTLC-SERS results for the fourth isolated spot of madder lake ammonia extract, cor-
responding to the TLC spots of ruberythric acid (run E) and lucidin primeveroside (run F). Here,
the HPTLC-SERS spectrum of the lake spot (red) seems to derive from an overlap of two different
components, as results from the comparison with the spectra of ruberythric acid (solid black) and
lucidin primeveroside standards (dashed black)

In order to compare the traces obtained from the lake extract with already anal-
ized standards, we applied on the same HPTLC plate the following substances (see
the sketches on the left in Figs.A.2, A.3, A.4 and A.5): total ammonia madder lake
extract (run *), standard of munjistin methyl ester (run A), standard of munjistin (run
B), standard of purpurin (run C), standard of alizarin (run D), standard of rubery-
thric acid (run E), standard of lucidin primeveroside (run F). All these standards are
obtained from the chromatographic separation of the ammonia madder lake extract,
previously analyzed by nuclearmagnetic resonance and electrospray ionization-mass
spectrometry (ESI-MS) to confirm the purity of the isolated compounds.

The SERS spectra obtained from each HPTLC spot in the total ammonia Mad-
der lake extract and that of the corresponding isolated compound are presented in
Figs.A.2, A.3, A.4 and A.5.



Appendix A: SERS Application in Cultural Heritage 145

The HPTLC analyses conducted allowed to identify the SERS signature of the
isolated compounds present in the ammonia extract of Madder lake. This lake was
selected for its rich variety of glycosylated compounds. At the best our knowledge,
at the present moment the SERS response of these type of compounds has not yet
been reported in literature. Using this approach, a preliminary SERS database of
isolated compounds was created. This can be helpful in attributing the different
signals revealed on an unknown mixture to specific dyes. As a future perspective
of this work, the present approach will be applied also to the extracts of other lake
pigments, thus expanding the SERS database.

A.2 A Multianalytical Study Unravels Purple Dyeing
Processes: The Case of a Historical Dress from the 19th
Century

A.2.1 Introduction

Orchein, or orchil, is a purple dye derived from lichens of the genus Roccella. It was
widely adopted up to the first half of nineteenth century when Perkin succeded in
sythesizing mauveine, or analine purple, in 1856 [Bal2004, Woo2016]. Mauveine
resulted soon available inexpensively and in large amounts, and orchein was rapidly
replaced by its synthetic alternative.

As many dyeing molecules, mauveine can be successfully detected with a re-
markable sensitivity by SERS analyses [Woo2016, Cañ2014, Poz2016]. The high
sensitivity of SERS is even more important to detect orchil which, as other phe-
noxazone compounds, is characterized by a low photo-stability, that causes its sig-
nificant degradation and makes it unusually difficult to detect on historical samples
[Ros2013].

For addressing this and analogous problems in the cultural heritage and conserva-
tion fields, considerable efforts of the scientific community are aimed at developing
highly sensitive non- or micro-invasive techniques for art diagnostics, that are of-
ten based on optical spectroscopy (e.g. Raman or UV fluorimetry). Among these
recent possible analytical tools, SERS plays a major role, combining its sensitivity
with the specificity of Raman spectroscopy [Ros2013, Cle2006, Cle2009, Ace2015,
Doh2014].

In this Section, we present a study carried out on a historical dress that belonged
to a Sicilian noblewoman, Donna Concetta Tomasi di Lampedusa. The artwork is
dated back to 1865-1870 and is now part of a private collection. It consists of a
shaped bodice and a wide skirt, decorated with black lace applications in silk. In
order to unravel the dyeing technique used for obtaining the purple fabric of the
dress, a multianalytical approach was adopted. Preliminary SERS measurements
were performed directly on the fibers of the dress, by depositing nanocolloids on
dyed yarns, and served as molecular screening. This analysis was followed by
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the selective extraction of dye molecules and mass spectrometric measurements.
The ammonia extraction method proposed by Lombardi and coworkers allowed the
detection of orchil, revealed despite its presence in small amount [Lom2016]. This
confirmed the results obtained by SERS spectroscopy. Proton nuclear magnetic
resonance (1H-NMR) and matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) mass spectrometry analyses finally determined that orchein was em-
ployed in the dyeing process alongside its synthetic alternative. These results testify
the widespread diffusion of mauveine all over Europe after only ten years from its
discovery.

A.2.2 Sicilian Noblewoman Dress: Microscopy, Sampling,
Experimental Details

The analysis we here present was carried out on a historical dress that belonged to
Donna Concetta Tomasi di Lampedusa. The item is dated back to 1865–1870, and
consists of a single piece, made of a shaped bodice attached to a wide skirt, decorated
with black silk lace and a crinoline petticoat (see Fig.A.6a). At the time when the
dress was first restorated, it resulted strongly deteriorated, and even the handling was
a difficult task. The external fabric, made of silk taffeta, with Chinee floral print, was
visibly subject to a depolymerization of the fiber and a marked discolouration. In
correspondence of printed applications, holes were found on the fabric and caused a
partial loss of the decoration. The five different types of lace applications were also

Fig. A.6 Panel a the historical dress that belonged to Donna Concetta Tomasi di Lampedusa. Panel
b particular of the verso of the dress, highlighting the points of sampling, from the corset and the
skirt
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affected by deformation and degradation. It is the liner fabrics that remained intact,
and allowed the preservation of the fragile silk covering to date. For our study, we
collected two taffeta samples from the verso of the dress. One came from the corset
and a second from the internal part of the skirt (see Fig.A.6b).

As a preliminary investigation, silver nanocolloid was deposited and dried on the
dyed yarns of a small fabric sample, and SERS measurements performed on the
sample allowed for specific molecular detection. Subsequently, solvent extraction
from another portion of the fabric provided dispersed samples for NMR and mass
spectrometry investigations. For details on the materials and methods for the colloid
preparation and on the dye extraction, as well as for the experimental specifications
on Raman, NMR and mass spectrometry please refer to reference [Ser2016].

A.2.3 Results and Discussion

Two taffeta samples were collected from the verso of the dress for the analysis.
Sample 1 was obtained from the corset, belonging to the decorative part of the dress
and it is coloured in a dark violet. Sample 2 was collected from the background of
the skirt and is coloured in a lighter violet.

Optical microscopy on the samples (Fig.A.7) showed a very complex texture of
coloured yarns. In Sample 1 one can observe dark violet, light violet, green and light
blue fibers. In Sample 2 two different shades of purple-pink were observed: darker
fibers were more intense and visible, while lighter ones showed traces of another
violet colour.

Extremely interesting results came from the SERS analysis of the purple yarns
present in both samples (see Fig.A.8). SERS measurements performed directly on
the dyed fibers allowed to recognize signals compatible with what is reported in the
literature as the SERS spectrum of mauveine [Cañ2014]. The spectrum obtained on
Sample 2 recalls the one collected on Sample 1, but presents additional peaks that
can be explained by the presence of a small amount orcein dye [Ace2015; Doh2014;
Kok1966]. These features are marked with arrows in Fig.A.8.

Fig. A.7 Particular of textile
in taffeta (Sample 1,
magnification 40×)
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Fig. A.8 SERS spectra collected on Sample 1 (top panel) and 2 (bottom panel). Grey lines in the
background identify the mauveine peaks, revealed on both samples, while grey arrows highlight
the peaks ascribed to orcein (see text for details)

The preliminary SERS analysis allowed to hypothesize the presence of two differ-
ent classes of purple dyes in the sample. Consequently, a proper analytical approach
was design to confirm these observations and gain further insight in the sample
composition. In particular, different extraction protocols were adopted and followed
by NMR andmass spectrometry analyses. Based on SERS preliminary investigation,
an extraction with formic acid, specifically suitable for mauveine dyes, was carried
out on Sample 1 [Sou2008, ZL2005]. The MALDI-ToF analysis indeed confirmed
the presence of mauveine dyes.

SERS results suggested that orcein could have possibly been employed in asso-
ciation with mauveine for the dyeing process of part of the yarns. For this reason,
the ammonia protocol, specific for the extraction of natural dyes [Lom2016], was
fistly performed on Sample 2. After this extraction, a second one based on formic
acid was carried out as well [Ros2013, Sou2008, ZL2005]. The residue obtained
from the first extraction was analysed by ESI-MS and MALDI-ToF techniques.
From the MALDI-ToF spectrum, no signals associable to either of the two classes of
dyes was recognized. Interestingly, instead, the ESI-MS spectrum showed a peak at
[M-H]− = 361.32, that can be ascribed to an α-amino orcein. The extraction in
formic acid, on the other hand, provided sufficient material to perform an additional
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analysis by NMR. This reveals signals that can be ascribed to a mixture of mauveine
dyes according to previous results in the literature [De 2007]. MALDI-ToF spectra
confirmed the identification of the dyes present as the same mixture of mauveine
molecules detected in Sample 1.

A.2.4 Conclusions

The multianalytical investigation discussed above enabled the identification of a
mixture of orcein and mauveine dyes in a historical sample. The SERS screening
performed on fiber allowed for a preliminary assessment of the sample composition.
Based on the first step, two different extraction protocols were properly selected for
producing residues to be analyzed by NMR and mass spectrometry. In particular,
the ammonia based protocol allowed to selectively extract orchil dyes. The second
extraction treatment, based on formic acid, allowed to select mauveine dyes.

The successful investigation detected the presence of orchil dyes in the sample
despite their low concentration. If one had performed the exctraction with formic
acid alone, the signal from orchil could have been covered by the strong signature of
mauveine in the final product. This study demonstrates that synthetic and natural dyes
were used in association for colouring this precious dress. Even more interestingly,
the conducted analyses prove thatmauveinewas alreadywidely employed as a purple
dye only nine years after Perkin’s discovery.
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