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Se decidi di tornare a Itaca,
augurati che sia lunga la tua strada,
piena di avventure, piena di cose da scoprire.
Non temere 1 Lestrigoni e i Ciclopi,

e neppure la collera di Posidone:
sulla tua strada non troverai nulla del genere
se alto manterrai il pensiero, se un’emozione
scelta ti tocchera I’anima e il corpo.

I Lestrigoni e i Ciclopi,

1l feroce Posidone, non li incontrerai,
se non li porti con te nella tua anima,

se la tua anima non te li pone innanzi.

Augurati che sia lunga la tua strada.
Che siano molte le mattinate estive
in cui, con chissa quanta soddisfazione, e quanta gioia
entrerai in porti mai visti prima.
Fai scalo nei mercati fenici
e acquista merci pregiate,
madreperla e corallo, ambra ed ebano,
e profumi voluttuosi di ogni tipo,
quanti pilt puoi profumi voluttuosi.
Attracca in molte citta d’Egitto,
per imparare tanto dai sapienti.

Nella mente, dovrai sempre avere Itaca.
E lei la meta tua, & 12 che devi giungere.
Ma non affrettare il viaggio.
Meglio che duri molti anni;
e che tu arrivi all’isola ormai vecchio,
ricco di tutto quel che hai guadagnato in viaggio,

senza aspettarti che le ricchezze te le dia Itaca.



Itaca ti ha dato il viaggio bello.
Senza di lei non ti saresti messo in strada.

E non ha altro da darti.

E se la troverai povera, non ¢ Itaca che ti ha ingannato.
Ora sei diventato sapiente, e hai tanta esperienza

che avrai capito, ormai, cosa significano le tante Itache.

Konstantinos Kavafis

A chi ha dimora nel mio cuore...
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Abstract

Surface-enhanced Raman scattering (SERS) spectroscopy can lead to the fabrication of
high-sensitivity label-free sensors for detection purposes in many fields, such as biomedical
diagnostics and therapy monitoring, but also agricultural and environmental monitoring.
The electromagnetic enhancement plays an important role in the SERS effect, which is
featured by a huge amplification of the Raman scattering intensity. Actually, the resonant
excitation of Localized Surface Plasmons (LSPs) of noble metal nanoparticles (NPs) — in
the regions close to their surface — is the main reason of the scattered light enhancement,
also if a moderate contribution can be ascribed to charge transfer processes. The electro-
magnetic enhancement is strongly dependent on the type, size, shape, inter-particle distance
and aggregation state of the NPs. Full control of size and shape of the NPs can be obtained
with approaches based on lithographic techniques, with the drawbacks of high costs and
complexity, along with the time-consuming fabrication. Recently, the fabrication of tuneable
plasmonic nanostructures constituted by Ag-NPs on flexible elastomeric polydimethylsilox-
ane (PDMS) matrices has been reported.

This kind of substrates can potentially fulfil the need of flexible and wearable devices, able
to constantly monitor people’s health, by checking their physiological and biochemical pa-
rameters. Unfortunately, the poor compatibility of these substrates with the buffers used for

bioassays, which results in a reduced SERS efficiency, limits their practical bio-application.

The main aim of this work was to investigate low-cost methods for the synthesis of sensitive
and stable substrates, based on silver NPs (Ag-NPs) immobilized on PDMS membranes, to
be used for biosensing applications. Indeed, the optimization of this SERS substrate was
ultimately aimed to the development of a flexible multi-chamber microfluidic chip, for fast
and low-cost detection of cancer biomarkers.

As first attempt, the optimization of Ag-coated PDMS membranes, obtained by means
of DC-sputtering, was performed by varying the synthesis parameters (current, deposition
time and distance from target). The analysis of these substrates showed very low repro-

ducibility and very low stability. For this reason, two main approaches have been followed in



order to increase the stability of the NPs on the PDMS substrates.

In the first case the PDMS membranes were activated with a piranha-like solution or with a
plasma treatment and finally functionalized by means of (3-mercaptopropyl)trimethoxysilane
(MPTMS) and (3-Aminopropyl)triethoxysilane (APTES), in order to promote the adhesion
between the sputtered-Ag and the PDMS. The second strategy was, instead, based on the
static incubation of the PDMS samples in a AgNO3 solution in different conditions.
Different characterizations techniques have been carried out to have a deep insight into
the Raman response of all the synthetized substrates. UV-Vis transmittance analysis and
Raman mapping of mercaptobenzoic acid (MBA) have been used to provide information
respectively on the correlation between the synthesis parameters and the SERS signal in-
tensity and homogeneity of the samples. A Field Emission Scanning Electron Microscopy
(FESEM) characterization has been used to investigate the morphology of the NPs. To
extract information useful to link the Raman response of the samples and the Ag-NPs ge-
ometrical characteristics, an image analysis on the FESEM micrographs has been carried
out. MATLAB and ImageJ have been used for this purpose and a comparison between
the results obtained with the two programs has been performed to investigate the accuracy
of both methods. Finally, the samples have been incubated in water or Tris EDTA buffer
supplemented with 1 M NaCl to verify the retention of the NPs on the PDMS substrate, by

using UV-Vis transmittance spectroscopy at different times of incubation.

For what concerns the functionalized PDMS substrates, the stability tests showed that
the best performances where attained in the case of the MPTMS-functionalized Ag-coated
PDMS membrane. However, despite of the high stability, these substrates also showed the
lowest Raman efficiency and intra-sample repeatability, compared to Ag-coated PDMS and
APTES functionalized Ag-PDMS. For what concerns the APTES functionalized sample,
it was found a higher Raman efficiency with respect to both the other two specimens, but
still a lower stability compared to the MPTMS sample typology. For this reason, we have
investigated a different method for the synthesis of the Ag-NPs based on the static incubation
of the sample in silver nitrate: the synthesis parameters (monomer to curing ratio, thick-
ness of the substrate, incubation temperature, cross-linking degree, precursor concentration,
presence of ethanol in the solution) have been deeply analysed one-by-one to find the best
conditions. The incubated SERS samples showed better properties (high Raman efficiency,
high intra-sample repeatability and high stability) than the Ag-sputtered PDMS substrates.

Finally, an assay for the detection of miRNA222, a known cancer biomarker, was per-
formed both by SERS and Enzyme-Linked ImmunoSorbent assay (ELISA) on the best

vi



sample obtained from each fabrication technique. The bioassay was implemented using
different concentrations of miRNA222-R6G, along with two “negative control” to measure
the nonspecific binding. The results revealed that the best performances (high sensitivity, low
nonspecific binding) are obtained in the case of the SERS substrate synthesised by means
of static incubation. As a consequence, the best sample obtained by static incubation (5:1
monomer to curing-agent ratio, totally cross-linked 1 mm thick PDMS membranes, incubated
at 40 °C for 24 h), were chosen for the development of an all-PDMS multi-chamber microflu-
idic chip. This revealed that the SERS analysis works also in the case of the multi-chamber
chip, showing a good sensitivity for the highest concentrations, along with a low nonspecific
binding.

In conclusion, these results suggest that the fabricated chip is a good candidate in the view
of an effective implementation for biosensing applications, such as label-free detection of

cancer biomarkers.
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Introduction

With the discovery of the so-called Raman scattering effect — from Chandrasekhara Venkata
Raman in 1928 — the investigation of matter has gained a new powerful tool, with many per-
spectives for diverse applications. Raman spectroscopy focuses on the analysis of the optical
spectrum generated by a sample interacting with light, that results in the excitation of the
molecular vibrational states of molecules or group of atoms. Raman signals from molecules
can then be isolated by means of complex detection instrumentation (filters, gratings and
detectors). Unfortunately, the main limitation of Raman spectroscopy is related to its weak
or very weak effect.

At the beginning of the 70s, main efforts were put on sensing single-monolayers of molecules.
Good results were obtained by Fleischmann [1], whose aim was to observe pyridine on
the surfaces of electro-chemical roughened silver electrodes, by Raman spectroscopy. The
intense pyridine signals were erroneously justified by the increment of the effective area,
due to the roughness of the surfaces of the electrodes, but this simple explanation could
not legitimize the high amplification. It became clear later that the effect was due to a
direct action of the nanostructured metal surface on the Raman scattering efficiency of the
molecules. In fact, the enhancement of the Raman signals in Surface Enhanced Raman
Spectroscopy (SERS) is mainly responsibility of the interaction of light with metals, which
produces an amplification of the field, due to the Localized Surface Plasmons (LSPs) of the
metal nanostructure [2].

The successive implementation to the metal electrodes was oriented to the synthesis of
metallic nanoparticles in solution, i.e., metallic colloids [3] for SERS spectroscopy. This type
of SERS substrates has been lately substituted by *2D planar’ substrates, such as metallic
nano particles synthesized on planar substrates. Metal-dielectric nanostructures seem to meet
the expectations for the production of flexible and wearable devices, for in vivo measure-
ments [4]. However, standardization, uniformity and in particular reproducibility, are the
main challenging issues to be controlled in the production of novel SERS substrates. Full
control can be reached with lithographic techniques, but with the drawback of high costs

and complexity. Hence, a satisfactory response to the need of low cost techniques — but still
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capable to ensure a good degree of reproducibility and sensitivity — is demanded.

SERS substrates are highly appealing thanks to their quality to preserve the vibrational
“fingerprint’ of the analyte with a much higher sensitivity than usual Raman spectroscopy.
SERS spectroscopy paves the way for many applications, ranging from analytical chemistry

and biochemistry, tracing and analysis of drugs and bio-fluids [5-8]

The main properties of SERS substrates are presented, starting from the Raman spectroscopy
(Chapter 1) — which is the foundation of SERS spectroscopy — all the way to the description of
the main enhancement effects at the root of the SERS spectroscopy (Chapter 2). Afterwards,
some of the novel solutions for SERS substrates for bio applications are discussed (Chapter
3). Aim and objectives of the work are explained in Chapter 4. Finally, in Chapter 5 materials
and methods that were used in the synthesis of the metal-dielectric SERS nanostructures are
presented, while in Chapter 6 results are discussed, focusing on the growth and characteriza-
tion of an optimized substrate based on the synthesis of silver nanoparticles (Ag-NPs) on

PDMS membranes, for the final aim of its integration in a multi-chamber microfluidic chip.



Chapter 1

Raman spectroscopy

1.1 Introduction

The interaction between an electromagnetic field and a molecule produces a transfer of
energy from the field to the molecule. According to Quantum Theory, such a transfer can

occur only in the condition

AE:hv:h%:hc\?, (1.1)

with AE the energy from a quantized state to the next one, 4 the Planck’s constant, ¢ the
speed of light and A the wavelength of the electromagnetic field. In vibrational spectroscopy
it is also very common to find the parameter V, which refers to the so-called wavenumber,
different from the frequency v. In fact, while the first has dimension of s~!, the second

1

usually refers to cm™ ", as unit of measurement.

Raman and IR spectroscopy are two techniques, used for the investigation of the vibra-

> em™!, and applied to acquire

tional transitions of molecules, occurring in the range 10* — 10
information about the structure of the analysed sample. IR and Raman spectrum analysis
are actually based on two different processes. In the first case, the sample is exposed to
infra-red light and absorption and/or reflection is measured as a function of the frequency;
this means that the energy in equation 1.1 is absorbed by the sample for each vibrational
transition. Instead, in Raman spectroscopy the sample is irradiated by intense laser beams
with a frequency in the UV-Vis-NIR range and the components of the scattered light are
eventually collected and observed. In short, in Raman spectroscopy the vibrational frequency

is measured as a shift from the incident light frequency.
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Fig. 1.1 Diatomic molecule model.

In the next sections a brief explanation of the vibrational theory of molecules is presented,
since Raman spectroscopy lays the foundations for the SERS spectra analysis. In Section
1.2, the elementary diatomic molecule will be studied with the harmonic oscillator model. In
Section 1.3 it will be gained an insight into the origin of Raman spectra, while IR and Raman
spectra will be compared in Section 1.4.

1.2 Diatomic Molecule model for vibration

Let’s start considering a molecule constituted of two atoms — with masses m; and my —
connected one to the other by mean of a chemical bond; this is called a diatomic molecule
(see Figure 1.1).

The chemical bond can be treated as a spring connecting the two atoms, obeying the
usual Hooke’s Law. From the First Newton’s Law, the forces acting on the single atoms can
be expressed as

dV] de
F]QZI’I’l]E and F21 :mzz. (1.2)
Since Fjp = —F31, it’s possible to write from 1.2

F12 F21 dV1 dV2

m,  my dt dt

mr+m dv
2T g, = 22 (1.3)
my mq dt

From the Hooke’s law the single force acting on the single atom can be rewritten as

Fip = —k(x1 —x2) (1.4)



1.2 Diatomic Molecule model for vibration

with k the spring constant of the bond and x; and x; the displacements of the two atoms.

Combining equations 1.3 and 1.4, the following differential equation is obtained
d’q  k
az ~ uf

with u the effective mass of the system and ¢ the total displacement. The solution of

(1.5)

such a differential equation is

q(t) = qosin(2wvot + @) (1.6)

with go the maximum displacement, vy = % % the vibration frequency of the diatomic
molecule and @ the phase constant.
Eventually, the potential energy (V') and the kinetic energy (7') of the system can be found,

so to obtain the total energy E

1
V = —ka? 1.7
ka (L.7)

1 [dg\*
T=_p(L
2“(dz)

E=T+V= 271:2\/3/.Lq% = const.

Potential energy V' of a harmonic oscillator is parabolic with g. It is clear that when ¢ =0
the potential energy is zero and the total energy consists only of the kinetic component; in
the same way, when g = +¢, the kinetic energy is zero and the total energy is only made
of the potential component. Such a behaviour is the classical way to represent a diatomic

molecule, but still deeply incorrect.

To overcome the limitations of such a model, vibration of a diatomic molecule is stud-
ied from the quantum mechanics point of view. The Schréedinger equation is here solved in
the approximations of a system of equivalent mass (. Once the eigenvalues are found, it is
possible to notice that the quantum-mechanical frequency is the same of the classical model.
Differently from the classical solution, the potential energy V results not being zero when
q = 0 — but it takes minimum value %hv —and it doesn’t change continuously with ¢, but
with steps of width Av.

Such results are reached for the simplifications of a harmonic oscillator; in the real case of
a real molecule, the transition from a level to the next is not constant. Real behaviour can be

described by the Morse potential function, shown in Figure 1.2. In brief, this function states



Raman spectroscopy

\ . Continuum

113} —— 4

Energy

Internuclear Distance

Fig. 1.2 Potential Energy Curves for diatomic molecule. Solid line is the Morse potential
approximation of the actual potential. Broken line is the parabolic potential of the harmonic
oscillator. [9]

that the energy levels of a diatomic molecule are not equidistant, but that their distance is
decreasing as a function of v. In addition to this, from the Maxwell-Boltzmann distribution,
it is possible to derive the population ratio of two energy levels:

P _AE
FJ =e kbl (1.8)

where AE is the energy between the i/ and the j'” states, k;, the Boltzmann’s constant
and T the absolute temperature. As it can be seen, the higher the distance between the two
states, the smaller the ratio. Then, at fixed temperature, if the energy difference between the
two states is very large, it is more probable to find molecules in the i*” state, than in the j**.
This means that transitions from the j* state to the near ones are less probable to happen. On
the other side, for a smaller energy difference, more molecules are found in the j* energy
level. If the j* level has more molecules, then also more transitions from this state to the
nearer ones can occur. This translates in a higher intensity with which these transitions are
observed.

Raman and IR spectroscopy take advantage of these properties to gain an insight on the
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Fig. 1.3 Vibration of a diatomic model irradiated by an electric field E directed along the
bond.

structure of the analysed molecules. In the following, a better explanation on the origin of
the Raman spectra is given.

1.3 Origin of Raman Spectra

As already said, Raman spectra are originated by the interaction of a laser light beam and a
molecule. As first approximation let’s consider the system presented in Fig. 1.3, irradiated

by an electromagnetic field — the laser beam — with an electric field E of magnitude

E = Epcos(2mvt). (1.9)

where the Ej is the field amplitude and vy the frequency of the oscillation. In the classical
approximation, the induced oscillating dipole moment P of an anisotropic medium can be
written as

P=aE= |a, @, a.| |EJ (1.10)
O Oy O Ez2
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with ¢ the polarizability tensor, describing the chemical and physical properties of the
sample. For simplicity, the electric field will be supposed directed along the bond of the
molecule, so to have Ey, E; = 0 (if the x-axis is taken along the bond). The vibration of the
molecule can also be described by the nuclear displacement

q=qocos(2mv,t). (1.11)

with go the amplitude of the vibration and v, the vibrational frequency of the molecule.
In this approximation, the polarizability is just a proportionality constant, function of the
displacement g. For small variations of ¢, the polarizability can be linearised by its Taylor

series, obtaining

0 d
OC:OCO"’(a—a) q+.,_z(xo—|—(—a) qocos(2aVyut) + .. .. (1.12)
q/0 dq /

Finally, substituting equations 1.12 and 1.9 in 1.10, the induced dipole moment can be

rewritten as follows

da
P~ opEycos(2mvot) + (8_) qEocos(2mvot) =
q/0

da
= o Egcos(2mvpt) + <8_) qoEo cos(2mvpt) cos(2mvpt) =
q9/0

da E,
= o Egcos(2mvot) + (8_> 6102 0 {cos[2m(Vy+ Vi )t] +cos[2m(Vo — v )t]}.  (1.13)
N ~ 'y q A ~ g ~~ g
Raylieigh scattering \ 0 Stokes Anti—Stokes
Raman ;gatterin g

J

The induced dipole moment is made of two components; the former radiates light with
same frequency Vg of the incident beam (Rayleigh scattering); the latter is the result of
the modulation of the input field, due to the vibrational response of the molecule (Raman
scattering). Beside this, Raman scattering is given by two frequencies; vo — v;, (Stokes
frequency) and vo + v, (Anti-Stokes frequency).

From a semi-classical approach, the appearance of the Normal Raman bands (see Figure
1.4a) can be explained as follows. When a photon of energy /v hits a molecule at the ground
state Ey, this reaches a "virtual state" — an energy level E,, below the first excited vibrational
state of the molecule. In this condition, three cases may arise. In the first case the molecule
decades again to the original ground state Eq and the Rayleigh band forms. In the second
occurrence, the excited molecule decades from the virtual state to a higher vibrational energy
level than the original one, emitting a light with frequency (vo — v,,). The remaining energy
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Stokes, Rayleigh and anti-Stokes
bands

Fig. 1.4 Normal Raman and Raman Resonance energy levels

is converted into vibration of the molecule, at a frequency v,,; this gives origin to the Stokes
band. Since the probability of molecules to go to a higher energy level is lower, also the
corresponding Raman band will have a lower intensity. Finally, the anti-Stoke process occurs
when a state lower than the initial is reached, so that the scattered light will have a frequency
of (vo+ v ), higher than the one of the incident beam. This is the least probable occurrence
and the corresponding peak will be the weakest.
In Raman spectroscopy the Stokes and anti-Stokes bands give the same information about
the vibration of the molecule, so that just one of them is measured as a frequency shift from
the Rayleigh band.
Moreover, when the energy of the laser is chosen exactly with an energy able to excite the
molecule to an electronic excited state, the Raman spectrum presents a very high enhance-
ment, justified by this peculiar transition; this occurrence gives origin to the Resonance
Raman Spectra, an optimum condition to obtain high intensity Raman signals (see Figure
1.4b).

Finally, it is important to underline from equation 1.13 that in order to have Raman-
activity, the polarizability o at equilibrium position can also be zero, but the condition
(%—‘;) o = 0 is necessary. In other words, even if the molecule has no intrinsic dipole moment

— for example in the case of homonuclear molecules — it is enough that the polarizability
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changes, due to vibrational activity, to have Raman scattering. In the following section it will
be explained why this phenomenon makes IR and Raman spectroscopy two complementary

techniques.

1.4 Vibrations of Polyatomic Molecules

So far, only the vibration of diatomic molecules has been analysed. In this simple case,
the vibration occurs only in the direction of the chemical bond between the nuclei of the
molecule. In complex polyatomic molecules each single nucleus vibrates of its own har-
monic oscillations. It can be shown that these complex vibrations can be considered as the

superposition of many "normal vibrations", each independent from any other [9] .

Consideration can be given to a N-atoms polyatomic molecule. Since each atom can freely
move in three directions, 3N degrees of freedom must be taken. Included in these 3N degrees
of freedom of motion, 3 are the ones for a translation of the molecule in the main axes
directions and other 3 include the rotational motions around the three main axes passing
through the centre of gravity. Ultimately, only 3N — 6 are the net vibrational degrees of
freedom (in case of linear molecules they become 3N — 5, since rotation around the molecular
axis can’t occur). These vibrations become the normal modes to describe complex vibration

motions of the molecule.

0=C=0 H20
TO——e—O /\
e
O & O c/\
ey ® 70 N J

(a) (b)
Fig. 1.5 Normal modes of vibration of CO; (a) and H,O (b) [9]
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1.4 Vibrations of Polyatomic Molecules

As an example, the CO, and the H,O molecules are considered (see Figure 1.5). The
former is a linear molecule, so that the total number of normal modes is equal to 4. In fact,
the rotation around the molecule axis (the y-axis in the Figure) doesn’t give any important
variation of the geometry of the structure. The same thing can’t be said for the H,O molecule:
as a result, 3 normal vibrations must be considered. In both cases, all the vibrations can be

written as superimposition of their normal vibrational modes.

1.4.1 Mutual Exclusion Principle

Normal vibrations can be IR-active or Raman-active, or both. As already said IR-spectra
are related to the absorption of an incident infra-red light. Then, according to quantum
mechanics a vibration is IR-active when the dipole moment changes. This means that a
heteropolar diatomic molecule can’t ever be IR-active.

As already underlined from equation 1.13 — Raman-activity is satisfied when at least one of

the components of the polarizability tensor changes with the vibration.

Selection rules allow to determine whether the vibration is IR-active or Raman-active. After
an accurate inspection of the normal modes, the Mutual Exclusion Principle can be derived;
for simple structures it can be stated that; vibrations symmetric with respect to the molecule
centre of symmetry are Raman-active, but not IR-active, whereas those antisymmetric with
respect to the centre of symmetry are IR-active but not Raman-active. The Mutual Exclusion
Principle works also for the molecules with more complex structures. In fact, studying the
molecule symmetry in its equilibrium structure, it is possible to predict whether its normal
vibrational modes are IR or Raman active.

Mutual Exclusion Principle is clear comparing the IR and Raman spectra of the same sample:
typically, bands of high Raman-activity correspond to weak bands in the IR spectra, and vice

versa.
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Chapter 2

SERS spectroscopy

2.1 Introduction

The origin of the Raman spectra was explained in the previous chapter. In a nutshell, when
an intense laser beam hits a molecule, this radiates light, which is made mainly of two
components; the former with the same frequency of the incident beam (Rayleigh scattering);
and the latter with a frequency which is the result of the modulation of the input field, due
to the vibrational response of the molecule (Raman scattering). The Raman scattering is
actually a rare event — compared to the Rayleigh scattering — so that, generally, Raman
signals are extremely weak.

By the way, Raman signals can be amplified in particular conditions. In fact, when an
electromagnetic field interacts with metals, an amplification of the near-field concerning the
metal surface is observed, thanks to specific optical excitations known as plasmon resonances
[2]. SERS effect takes advantage of this phenomenon to boost the Raman signals. In fact,
when a molecule is adsorbed on the metal surface (or when it is at least very close to it) these
plasmon resonances can be exploited to obtain the Raman signal amplification, mainly due
to the so-called electromagnetic enhancement.

In spite of this, SERS effect may also introduce some differences in the spectra of the
molecules. In fact, the enhancement of the Raman spectra, is not equal for all the wavelengths,
so that the different characteristic peaks may undergo also different intensity amplification.
In addition to this, also a shift of the Raman modes can be observed. These last effect is due
to the so-called chemical enhancement, caused by the interaction between the metal surface

and the adsorbed molecule.

Since the plasmonic resonance mechanisms play a big role in the SERS effect, in Sec-

tion 2.2 a review of the optical properties of metals will be presented, in order to introduce
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zZ
—

Fig. 2.1 Microscopic model of a metal immersed in an electric field as described by the
Drude model: the electric field forces the electrons to move; these interact with the positive
1ons of the lattice of the metal and slow down.

the definition of plasmons and Localized Surface Plasmons (LSP). Hence, electromagnetic
and chemical enhancement effects will be analysed respectively in Sections 2.3 and 2.4, to
understand how to act on the substrates to have more optimized nanostructures for a high

enhancement.

2.2 Basics for SERS spectroscopy

2.2.1 The Drude model and the optical properties of metals

The Drude model is a simple way to describe the interaction between an electromagnetic
field and a metal. The electrons of a metal are free to move in a background of positive ions,
forming by definition the so called free-electron plasma, or solid-state plasma. The optical
response of the solid-state plasma is, at first approximation, the one that governs the overall
optical response of the metal.

Let’s suppose for simplicity that a metal is irradiated by a planar and linearly polarized
electric field E oriented along Z. To model the optical response of the metal, all the forces
acting on the electrons and the ions — and between these — should be considered.
Considering the difficulty of such a task, as first approximation, we’ll suppose that the
vibrations of the ions (the so-called phonons) and that the electron-electron and phonon-
electron interactions are negligible. Moreover, since the conduction electrons in a metal are
not bound, no attractive force (long range interaction) is supposed to exist between them.
Hence, two forces are supposed to act on a single electron of the metal: the former is the
force of the electric field, the latter a linear-damping term. The latter is justified by the
instantaneous interaction of the electrons with the positive ions: indeed, during their motion,

electrons are slowed down by the collisions with the positive ions forming the lattice (see
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2.2 Basics for SERS spectroscopy

Figure 2.1), resulting in a modelled energy-dissipative force, describing the dissipation of
part of the kinetic energy of the electrons into heat (phonons). The equation of motion

governing the single electron can finally be written as follows

d? d
meﬁz(t, (D) = —eF — bEZ(t, (D)
d? d e
EZ(I‘,Q))—FYEZ(%(L)) = —m—E (2.1)
e

where m, [kg] is the mass of a single electron, ¥ [rad s~!] the rate of collisions of
electrons with the crystal or the impurities and e [C] the electric charge of a single electron.
Applying the Fourier transform to both the terms of equation 2.1, the dependency on @ can
be found

Zw) =1 E(@.). (2.2)

me o(w+i
From equation 2.2 it is possible finally to find the Drude relative dielectric function of

the metal, i.e.:

ne? 1
me&y (J)((D + lY) .

e(w)=1 (2.3)

The response of the positive ions in the crystal has been neglected so far. This is true only
in case of long wavelengths, but not for higher frequencies. For this reason, their contribution
is added and modelled as a constant background real dielectric function &, > 1. Finally,
including this contribute in 2.3, the final expression of €(@) is obtained:

wp?
£(0) = &. (1 - w(w—w)) 2.4)

with @, = the plasma frequency of the metal, corresponding to the natural

e (o)

oscillation of the solid-state plasma charge density. Finally, from equation 2.4, and supposing
negligible the magnetic response of the medium, the refractive index of the metal is found,

i.e.:

2 2
_ Wy . WY
n(w) = \/ew (1 iR +la)(w2+y2))' 2.5)
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From equation 2.5 the optical response of a metal can be derived. In fact, in the event that
o < 7, the refractive index n(®) has non-negligible real and imaginary parts. This means
that both the dispersion and absorption phenomena occur. Important results are obtained
at high frequencies, i.e. in the range where the condition @ > 7 is satisfied. In this range
(which still contains visible wavelengths) and in the condition ®? > a)pz, absorption becomes
negligible and only the dispersion phenomenon is detectable. Nevertheless, the range of the
most interesting optical effects of metals (including plasmon resonances), is still the one in
high frequency range, but with @? < a)pz. In this peculiar range, the dispersion becomes
negligible and the absorption is still really small. Here the refractive index can be rewritten

as follows:

2
(o) ~ 800( —w—”> ~ i VE 2.6)

w? 0}

For the case of Ag it has been verified experimentally a value of /€., = 1.4 x
106 rad s~' [10], resulting in a very small refracting index, a very low absorption and
a reflection coefficient close to one.

The Drude model gives a very simple description of the optical behaviour of a metal, but
it is still a starting point for our aim to describe the plasmonic resonances. In real metals,
other optical processes should be taken into account, such as the inter-band transitions and
non-local properties (for example with the € not depending only on the frequency , but also

on the position through k).

2.2.2 Plasmons and Localized Surface Plasmons (LSPs)
2.2.2.1 Definition of Plasmons

As already explained, when light interacts with a metal (and with the nanostructured features
of a metal in the case of SERS), certain excitations are produced, known as plasmonic
resonances. The solid-state charge plasma density of a metal, described in simple words by
the Drude model, plays an important role in the origin of these plasmonic resonances.

Although this, before talking about the plasmonic excitations, plasmons must be defined.
These are described as “the quantum of elementary excitation associated with the high-
frequency valence electron collective oscillations”[11]. To better understand this definition,
plasmons can be compared to photons; a photon is in fact the quantum particle that describes
the elementary excitations of the free electromagnetic field oscillations. At the same way,

plasmons can be described in a classical way as plasma charge density oscillations, or
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Fig. 2.2 The coupling between the EM field and the metallic spheres induces the oscillations
of the electrons in the spheres. The interaction between the field and the free-electron plasma
of a metal is known as plasmon-polariton. [12]

defined purely as ‘plasmons’when dealing with quantum aspects of the plasma charge density
oscillations. This permits a full description of the plasmonic-effects as electromagnetic
effects, coupling the description of the problem only to the optical properties and to the
geometry of the specific case.

Let’s suppose now to consider an electromagnetic field propagating in an optically respon-
sive medium — meaning that at least one of the relative dielectric function € or the relative
magnetic permittivity 4 must be different from one. The electromagnetic field oscillations
excite the internal degrees of freedom of the medium (i.e., bound electrons in a dielectric
and free-electron plasma in a metal at infra-red and visible ranges) and, from a classical
point of view, this interaction is perfectly described by the Maxwell’s equations in a medium.
In fact, the polarization field P and the magnetization field M fully describe the internal
excitations of the medium, as response to the EM field oscillations. The same problem can
also be depicted as the interaction between the photons and the microscopic structure of the
medium. Energy is exchanged between the EM field oscillations and the internal excitations
of the medium [2], so that the quantum particle that describes this interaction is not a photon
any more, but a quasi-particle that is called polariton.

Moreover, as already said, the optical response of a metal is dominated by the interaction
of the photons with the free-electron plasma, at least in the visible and infra-red ranges.

This peculiar interaction between a photon and the free-electron plasma of a metal will be
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specifically named plasmon-polariton (see Figure 2.2).

Resuming, a plasmon represents the quasi-particle describing the collective charge density
oscillations not interacting with light, while plasmon-polaritons are specifically a mixture of
plasmons and photons, in the infra-red and visible ranges, and they can’t exist without the
interaction with a photon. An important family of plasmon-polaritons for the explanation
of the SERS effect is the one of the so-called Surface Plasmon-Polaritons (SPPs). These
correspond to a mix of longitudinal charge density wave (plasmon) in metal thin films and a

transverse electromagnetic wave (photon).

Despite the apparent complexity of such definitions, plasmon effects can be fully described
without any consideration on the free electron dynamics of the charge oscillations. In fact,
the dynamic of the charge density is strictly related to the optical properties of the material —
for example, as seen for the case of the metal in the Drude model. For this reason, the only
complexity occurs in studying the SERS and plasmonic phenomena knowing the optical
response of the metal, described by its relative dielectric function €(®, k). With this approach,
plasmon-polaritons — and especially SPPs — can be studied as electromagnetic modes of the
system under test.

2.2.2.2 Localized Surface Plasmons

Surface Plasmon Polaritons (SPPs) have been defined as electromagnetic surface modes of
the system, associated with surface charge oscillations. In SERS spectroscopy only some
of these modes play an important role for the desired enhancement effect. With a view to
understanding how to manipulate a SERS substrate to optimize the enhancement, such modes

must be studied.

For this reason the first ideal system to take into account is the one of a planar interface
between a semi-infinite non-absorbing dielectric (i.e. with a real and constant dielectric
function &y > 1) in the z < 0 half-plane and a semi-infinite metal with a dielectric function
€(w), occupying the z > 0 half-plane (see Figure 2.3a). As shown by Le Ru and Etchegoin
[2], surface modes exist for this system only in the assumption of TM polarization, and never
for TE one. Hence, in the assumption of a TM polarized field, with wavevector k laying on
the xz — plane, and imposing the boundary conditions on the fields at the discontinuity, the
dispersion relation for the existence of the surface modes is found as follows:

2
2_ O Eém
T 2etey

(2.7)
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Fig. 2.3 Figure (a): Schematic view of an EM field, with wavevector k approaching the
interface between a non-absorbing dielectric and a metal. The EM field is supposed with TM
polarization.

Figure (b): Dispersion relation for an interface of air (¢ = 1) and an ideal metal following the
Drude model (2.3); with &, = 1, a plasma frequency ®, and no absorption ( Im(g) = 0). [2]

Knowing the frequency dependency of the invariant component k, of the wave-number K,
the transversal component k;; at the dielectric side and the transversal component k,, at the
metal side can be found. Different modes are characterized by different values of the real
and imaginary parts of each component.

In Figure 2.3b the dispersion relation for an ideal Drude metal with @, plasma frequency is
plotted and three different types of modes can be visualized;

e for @ > ®,, Bulk Plasmon modes are obtained. These modes are not generally useful
for plasmonic and SERS applications and are differentiated from the Surface Plasmon

modes:

e for my, < 0 < W), Localized Surface Plasmons (LSPs) are obtained. The frequency
oy, is known as the surface plasmon frequency. These modes are not propagating,

meaning that the component k, along the discontinuity is purely imaginary, and thus
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evanescent. This characteristic is clearly visible in Figure 2.3b, where the real compo-
nent of k, results zero for all the interval of frequencies from @y, and w,. Nevertheless,
the transversal components of the wave-numbers are both real, making them radiative,
i.e. with waves propagating from the surface. Such modes are the most important in the
case of SERS applications, being the ones that make the electromagnetic enhancement

possible:

¢ and finally for @ < @;, the Propagating Surface Plasmons (PSPs) are obtained. Such
modes are still surface plasmons, but propagating along the surface and non-radiative.
These are fundamental for plasmonic applications, but negligible for the explanation
of the SERS effect, where LSPs take a major role.

The previous case gives a first explanation on the origin of the LSPs. In any case, when
talking about SERS spectroscopy the geometries to be investigated are different. In the
previous example, indeed, the planar approximation could be used since dealing with features
of the boundaries bigger than the wavelength, so that the Geometrical Optics approximation

was valid.

However, when dealing with the SERS effects, small metallic objects — comparable or
smaller than the used wavelengths of impinging radiation — are involved. In this case, elec-
tromagnetic modes exist for discrete values of @, and not as continuous modes, like in the
dispersion relation of equation 2.7. The study of such LSPs modes becomes very important
for the SERS applications. The final aim of such a study is to understand which are the main
radiative LSP modes that contribute significantly to the electromagnetic enhancement. In
fact, coupling to LSP modes will result in a resonant optical response at the LSP frequency.
The nature of such modes guarantees an enhancement of the field on the surface and nearby
the small metallic object.

Next paragraph will seek to give information of the LSP resonances of nanoparticles, trying
to understand the reasons of the electromagnetic enhancement of the SERS effect and how
size, shape and morphological characteristics of nano-particles in general influence the
enhancement and then the final SERS effect.

2.3 The Electromagnetic Enhancement

The SERS effect is given by two main enhancement contributions: the electromagnetic (EM)
enhancement and the chemical enhancement. A molecule near a SERS substrate is influenced

by these effects when analysed by means of Raman spectroscopy. In fact, the EM SERS
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enhancement effects contribute with a Local Field enhancement nearby the metallic surface.
In addition to this, the chemical enhancement is observed in the variation of the Raman
polarizability of the molecule.

Metallic nanoparticles play a central role in SERS spectroscopy. In the following subsections,
the effects influencing the EM enhancement are studied, starting from simple systems and

generalizing the results for more complex cases.

2.3.1 LSP resonances and Local Field Effects

As an initial step, the LSPs resonances of a single metal particle are computed and the
variation of the local field nearby the surface analysed, starting from certain required approx-

imations for analytical results.

2.3.1.1 The Electrostatic Approximation solution: Mie theory

The first simple case to take into account is that of a metallic particle with a spherical geome-
try (see Figure 2.2), a diameter a and with dielectric function €(®), completely immersed in
a non-absorbing infinite dielectric medium with dielectric function &y,. Such a problem is
analytically soluble applying the Mie theory, to find an analytical solution for the scattering
of a spherical metallic particle in the so-called Electrostatic Approximation (ESA). This
means that the solution is accepted as valid in the assumption that the maximum size of the
object is much smaller than the wavelength of the approaching field, i.e. retardation effects

are initially supposed negligible.

The ESA involves an incident uniform electrostatic field Ey,e. The solution of such a
problem is known (see for example Ref. [2]) and the internal electric field to the metallic

sphere found:

3ey
= Eine = 2.8
Int 8+28M Inc ( )
= (1 —Bs)Eme (2.9)
where
e(w)—ey
= 2.10
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Fig. 2.4 Schematic view of a metallic sphere immersed in an infinite dielectric medium.
The sphere behaves as an equivalent dipole, with charges oscillating under the action of the
incident field Ejpe. The oscillation produces a field E,, that adds to the incident one, hence
resulting in an external field, in the vicinity of the sphere surface, equal to Eqyt.

with B, the non-dimensional polarizability of the sphere.
The electric field inside the sphere is then constant and uniform, and the internal electric
polarization can be easily found out. In fact, reminding that the electric displacement field is
equal to D = gy&yEin¢ + P — with the usual constitutive relation D = gy€E;,¢ — the electric
polarization inside the sphere (but relative to the medium, and not to the vacuum, usually

done) is obtained, using equation 2.8:

Finally, since the polarization field is uniform inside the sphere, it is possible to integrate
over the volume of the sphere, hence obtaining an equivalent dipole p = 0 Ejpc.
These results tell that the incident field Eyy¢ induces a polarization P inside the volume of the
sphere, which is equivalent to an induced dipole p, centred at the centre of the sphere. This
induced dipole creates a field E,, that adds to the incident field outside the sphere, giving a

total electric field as the following:

In Figure 2.4 a schematic view of the all process is shown. From equations 2.10 and
2.11, it becomes clear that no size dependency is taken into account in the ES approximation.
In fact, such approximation is valid only for the spheres with diameters much smaller than

visible wavelengths (smaller than 10nm). For this reason, in the Mie theory a correction
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is required to consider the size dependency, which is included in the B; formula. Besides
this, with the Mie theory also non-uniform incident fields can be considered, with solutions
that are similar to the previous case. The main difference is that the total electric field
outside the sphere will be considered as a sum of spherical harmonics, each described by the

polarizability ¢y, with [ the index of the harmonic.

2.3.1.2 Localised Surface Plasmon Resonances (LSPRs)

The first resonance frequency — corresponding to the so-called dipolar localised surface
plasmon resonance — is the most important for the EM enhancement effects. This is found
maximizing the magnitude of the polarization P (see equation 2.11), which is equivalent to
imposing a maximum non-dimensional polarizability f. In fact, reminding that the dielectric
function €(w) of a metal is generally complex, in the ESA the resonance condition is found
when the value of the module of s (see equation 2.10) tend ideally to infinity, with the square
of the module of B, equal to the following:

2 (@) —en)* +€"(0)|
(€ (@) + 26m)? + (@) |

In the ideal case, resonance is found when the real part of the dielectric function of the

|Bs(@)] (2.13)

metal satisfies the condition €' (A,,;) = —2&y, coupled with a non-absorbing behaviour of the
metal (¢”(A,.5) = 0). For a real metal the condition on the imaginary part of the dispersion
function is impossible, since a metal always presents absorption, hence an £” always different
from zero. Yet despite this, strong resonances can still be obtained for metals with low
absorption in the resonance range. An example is the case of silver, for which the strongest
resonances are obtained in this region, which is the one already seen in the Drude model of
the metal, which takes an important role also in SERS spectroscopy, as already stated.

Higher resonances can also be found outside the ESA, for non-uniform incident electric
fields. As already said above, in this case a polarizability oy is taken into account and the

conditions on the dispersion function imposed.

Finally, Mie theory gives the dependency of the resonances on the size of the metallic
sphere. It is found (see for example Le Rue et. al ref. [2]) that the dipolar LSP resonance is
the one with the longest wavelength, undergoing a shift towards longer wavelengths when
increasing the size of the sphere. For what concerns higher-order LSP resonances, it is found
that they are negligible for the smaller spheres, but become more and more significant with

the increase of the size.
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Silver sphere in water - # =10 nm

IEpPoE, P

Fig. 2.5 Normal component |E*|\|Eroc| computed at the main dipolar LSP resonance (top)
for a 10 nm radius silver sphere in water at A = 392nm, and (bottom left) for a 50 nm
radius silver sphere in water at A = 492nm. Normal component |E*|\|Erec| computed at
the quadrupolar LSP resonance (bottom right) for a 50 nm radius silver sphere in water at
A =393nm [2]

2.3.1.3 Local field enhancement and size effect

As already said, the Raman spectrum of a molecule is affected by the EM enhancement;
these effects are attributed to the local fields effects. In order to understand how they act
on a molecule on or nearby the surface of the metallic particle, the local field enhancement
distribution can be computed, in the assumption of an incident plane wave with a wave-vector
along the z — axis and a polarization along the x — axis.

From Figure 2.5 it is clear that the local field enhancement is stronger at points perpen-
dicular to the electric field of the incident wave, but minimum for points tangential to the
electric field. Moreover, for what concerns the dipolar LSPR, the local field enhancement is
more uniform on the surface of smaller spheres, while the variation changes more quickly
for bigger spheres.

From the field distribution, it is also clear why first resonance is called dipolar LSP resonance;
for example, looking at the distribution shown in Figure 2.5 (top and bottom left spheres),
it is possible to find similarities to the distribution that would be originated by a dipole,
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centred at the centre of the sphere and oriented along the incident field Eye. At the same way,
the quadrupolar resonance resembles the distribution that would be given by a quadrupolar
source at the centre of the sphere.

Finally, a molecule at distance d from the surface is effected by an electric field, which has

undergone a decay inversely proportional to (a+d )3.

In conclusion, the SERS effect is stronger near the surface of the metallic particle, preferen-
tially at certain points, depending on how the incident wave excites the surface charge density
(i.e., coupling into LSP polaritons). Moreover, the enhancement has a decay that is function

of the distance from the surface and such decay is faster for higher-order resonances.

2.3.2 Shape effect on EM enhancement

The real shape of the metal nano-particle strongly influences the LSP resonances and then
the local field, too. With the aim of finding results for the general case of a nano-particle

with any shape, a simplified model is first studied.

For this reason, at first stage, an ellipsoidal metal nano-particle, surrounded by an infi-
nite dielectric with real dielectric function €y is taken as sample of study in the assumption
of ES approximation. Results are very similar to the one obtained for the sphere, with the
difference that three non-dimensional polarizability functions are obtained, each for one of

the main axes of the ellipsoid, with the i being as follows:

B e(w)—ey
ﬁi(a)) B 3Ll’8((!)) + (3 — 3Li>8M7

with L; the geometrical factor of index i.

i=1,2,3, (2.14)

As in the simple case of the sphere, also here the resonance condition is imposed on the
non-dimensional polarizability 3;, with the result of three LSP resonance wavelengths, each
associated to one of the main axes. In a nutshell, when these resonances are compared to the
dipolar resonance of a sphere, the following results are found: the axes featured by surfaces
with smaller curvatures, if compared to the one of the sphere, present smaller resonance
wavelengths; at the same time, axes with pointy curvatures, if compared to the one of the
sphere, show resonances with wavelengths longer than the one of the sphere. These results
are shown in the graph of figure 2.6. Here the resonance wavelengths of different spheroids
(i.e. ellipsoids with two equal semi-axes length) are shown as a function of the Aspect
Ratio (A.R.). More precisely, an oblate ellipsoid and a prolate one are chosen as example to
understand how the A.R. affects the LSPRs and the Local Field effects.
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Fig. 2.6 Resonance wavelengths for silver and gold ellipsoid embedded in air, for different
A.R.s, for prolate and oblate ellipsoids [2]

These results translate of course also in different enhancements for each axis. In fact,
it is found out that flat curvatures (i.e. smaller A.R.s) give rise to damped resonances and
damped EM enhancement as well; on the other side, pointy curvatures (i.e. higher A.R.s)
result in enhanced resonances and enhanced EM effects too, of course in comparison to the
one of a spherical metal particle.

Previous considerations can finally be extended to more complex shapes. This means
that LSP resonances depend strongly on shape and size of the nano-particle. It is possible
to state that in general LSPRs shift to longer wavelengths with the increase of the size of
the nano-particle and with the increase of the sharpness of the curvature of the surface, with

stronger enhancement for sharper surfaces.

2.3.3 Coupled-LSPRs and hot-spot localization

The Mie theory is a powerful tool for the analysis of simple, but fundamental geometries
to understand EM enhancement effects for single particles. Nonetheless, it ignores the
interaction between two objects in the vicinity of each other. For this reason, another simple
case can be studied by means of the so-called Generalized Mie theory, that investigates the
interaction between two metal spherical nano-particles separated by the gap g. Even if this is
just a simple case, it can later be further generalized by extending the results for particles
with any shape and size (thanks to the previously found results).

The system is made of two identical metallic spheres of diameters a and dispersion

function €(w), separated by the gap g, and immersed in an infinite non-absorbing dielectric
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Fig. 2.7 Figure (a): Schematic configuration of a dimer (along z) formed by two spheres of
radii a and separated by a gap g. The incoming wave is polarized along z (axis of the dimer)
and with wave-vector k along x. [2]

Figure (b): "Calculated electromagnetic field distribution in the dimers consisting of two
types of nanoparticles: (A)—(D) silver nanoparticles (30 nm) with a thin silica layer (5 nm)
and silica nanoparticles (30 nm) with a thin silver layer (5 nm) at two excitation wavelengths
(532 nm and 785 nm)." The hot-spot region exhibits high EM field intensities. [13]

with dielectric constant €. As shown in Figure 2.7a the incident electric field is supposed

having a wave-vector k perpendicular to the dimer axis, and a polarization that lays on it.

From the coupling of the two objects, new LSP resonances are created; these are different
from the ones of the isolated particles; to underline this fact, they are called coupled-LSP
resonances. Also the dipolar LSP resonances of the single particles couple, giving rise
to the so-called main coupled-LSP resonance of the dimer, that — taking into account the
molecular orbital theory — presents a longer resonance wavelength, if compared to the one of
the single separated objects. Of course, also other new resonances form, due to the coupling
of the single LSP resonances of the single objects, but like the single particle case, the most

important resonance results being the main one.

Such interaction promotes the EM enhancement, that can be much stronger than the one due
to the single particle. It’s easy to presume that stronger enhancement effects will be obtained
as well in the gap-region between the two particles; this region plays a very important role in
the SERS enhancement effect and for this reason is named the hot-spot of the dimer, underling
the strong EM enhancement that here originates (see for example Figure 2.7b). Moreover, the
EM enhancement turns out to be stronger for smaller gaps, but also more spatially localised.

This means that, for a single molecule in the hot-spot position, the electromagnetic effect
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will be stronger, but less distributed in the gap region, so to disadvantage the average effect

for the other molecules near the hot-spot.

In conclusion, for the general case of two nanoparticles it’s easy to understand that the
SERS effect is advantaged by the presence of the hot-spots, whose effect would be even
stronger for sharper nanoparticles and small gaps. It is worth to underline that within the
above-mentioned Raman hot-spots, exploiting the electromagnetic enhancement, the Raman
signal can be boosted by 10-12 order of magnitudes.

2.3.4 Other effects: supporting substrates and roughness effects

The importance of the surrounding dielectric around the nano-particles on the resonances
is clear; thus, the SERS effect can be affected from the spectral point of view. This is for
example the case of metallic nanoparticles supported by a silicon substrate. In this case the
single nano-particle is not completely surrounded just by a single dielectric, but it is usually
partially embedded in the substrate. This translates into more boundaries and more dielectric
functions.

Actually, by simplifying the issue and supposing that the particles are half-stuck in the dielec-
tric, it’s possible to assume that the nano-particle is surrounded by a material with an effective
dielectric function €, 77, whose value is halfway between the one of the dielectric and the one
of the external environment. Briefly, a shift of the LSPRs occurs in these conditions, due to

the new effective dielectric function of the model.

Moreover, also the roughness of the metallic surfaces of the nanoparticles introduces a
shift of the LSPRs. In such a case, also a moderate increase of the EM enhancement is

registered, but it is still just a secondary effect.

2.4 The Chemical Enhancement

In spite of its name, chemical enhancement is more related to the modification of the polariz-
ability of the analyte — due to the adsorption of the molecule onto the metal surface — than to

its contribute to the total enhancement, which is actually just one or two orders of magnitude.
Chemical enhancement reveals itself especially in the different enhancement for differ-

ent Raman modes of the spectra of the analyte, or in the shift of the Raman modes. These

effects are due to the interaction between the metal surface and the adsorbed molecule.
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Fig. 2.8 Schematic representation of a charge-transfer mechanism. [2, page 259]

Actually, different explanations have been given, including the so-called charge-transfer
mechanism.

Chemical enhancement can occur at different levels, depending on how the analyte inter-

acts with the metal surface. For example, when the molecule doesn’t bind to the metal, this
acts on the electronic distribution of the molecule only as a perturbation. This phenomenon
can affect the polarizability and then also the Raman efficiency of the mode, but only mildly.
Another situation is the case of direct or indirect binding of the analyte to the metal (for ex-
ample with a covalent binding for the former case, or by means of an electrolyte in the latter).
It must be first underlined that the polarizability is strongly dependant on the availability of
optical transitions. When the molecule-metal complex forms, new indirect transitions may
appear — due to the overlap of the molecular orbitals. This means that in certain conditions
the laser can be resonant with these new electronic transitions, with a consequent improve of
the Raman enhancement for that particular frequency (see Fig. 2.8, (a)).
Another possible situation arises when the Fermi level of the metal is located in between
the HOMO and the LUMO of the adsorbate. If the energy of the laser is matched with the
charge-transfer energies between HOMO and an occupied state above the Fermi level (see
Fig. 2.8, (b)), or between the LUMO and an unoccupied state below the Fermi level (Fig.
2.8, (¢)), a further contribution to the enhancement is given to the Raman spectrum.

In conclusion, chemical enhancement is to be taken into account when using SERS spec-
troscopy, since the spectrum on the adsorbate usually presents differences, compared to the
one of the isolated molecule; whereas the main contribute to the enhancement is instead
given by the EM effects.

29






Chapter 3

SERS for bio-applications

3.1 Introduction

In the previous chapters main concepts of Raman and SERS spectroscopy have been in-
vestigated. These basic notions help to correctly design and optimize SERS substrates.
High hot-spot density and matching between the excitation wavelength and one plasmonic
resonance are needed to achieve good efficiencies and sensitivities. Good SERS substrates
must also provide high stability and reproducibility, along with good uniformity and low-cost
fabrication.

Furthermore, since SERS substrates are often employed for biological applications [3, 6—
8, 14], stability in diverse physiological conditions and bio-compatibility can be also de-
manded.

For this reason, a brief comment on the diverse SERS substrates’ fabrication techniques and

their bio-applications is made hereafter.

3.2 State of the art of SERS substrates

Fabrication of SERS substrates can be obtained following different techniques. The first
SERS substrates were obtained by Fleischmann [1] in 1974, when electro-chemically rough-
ened silver electrodes were used for the detection of pyridine in a 0.1 M, KCI solution. The
enhancement of the Raman spectra was only later attributed to the SERS effect, and to
the EM enhancement and chemical enhancement effects. Metal electrodes exploit surface
protrusions of 25 — 500 nm, with the drawback of low enhancements factors. For this reason,
these substrates are nowadays mostly used specifically for electro-chemistry applications
(e.g. monitoring of specific electro-chemical reactions)[15, 16]. At present, other two classes
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of SERS substrates occupy a pre-eminence in SERS spectroscopy applications; the former
is the one of metallic particles in solution, for instance colloidal SERS substrates, while
the latter corresponds to planar metallic structures, i.e. nano-particles on a planar substrate,
among which metal-dielectric nanostructures play a role of primary importance.

3.2.1 Colloidal SERS substrates

Colloidal substrates are suspensions of metal nanoparticles and can be used as SERS active
substrates. These are usually obtained by two main methods: physical or chemical synthesis
[17].

An example of a physical method is given by ablation of a noble metal target in a lig-
uid medium (usually water or an organic solvent), by means of a pulsed laser [18]. The
laser is focused on the metal target, generating a plasma that expands in the liquid. The
material that is exported from the target interacts with the species in the liquid, so allowing
the nucleation, the growth and finally the formation of the NPs [17]. A drawback of this
method is given by the formation of large NPs, that may lead to sedimentation and thus to
undesired time dependency of the optical properties of the colloids. A way to optimize this
method was obtained with the addition of a fragmentation of the larger particles by means of
a further irradiation of the fabricated colloids, which results in a higher uniformity of the size
distribution of the colloids [19]. The ablation method guarantees the advantage of NPs free

of organic and ionic species [20].

The second method is given by the wet chemical synthesis of colloids. Reduction reac-
tions in solution allow the production of Au and Ag colloids, obtained by reduction of a
metal precursor, co-precipitated in a solution with the presence of a reducing agent and a
stabilizing agent, this last added to achieve repulsion among the particles. A first nucleation
process triggers the growth of the metallic nanoparticles to a certain size and shape, and
the reaction continues until the amount of metal or reducing agent is extinguished — if not
stopped before by means of chemical or physical processes [17].

One of the most used type of colloids is represented by the so-called Lee-&-Meisel colloids,
where an aqueous solution of silver nitrate or chloroauric acid (the precursor) — respectively
used for Ag and Au colloids — is added to a solution of sodium citrate (which plays both the
role of reducing and stabilizing agents) [21]. Other reducing agents (e.g., sodium borohy-
dride, hydrazine, or hydroxylamine hydrochloride [22]) can be used in place of citrate to

obtain different sizes or/and shapes, and thus different absorption maxima. As an example,
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Fig. 3.1 SEM images of different colloids NPs: nanospheres (a), nanostars (b-c), nanorods
(d), nanoflowers (e), nanoplates (f), nanoprisms (g), nanotriangles (h) and nanocubes (i) (
from ref. [24-30].

borohydride, in the form of sodium borohydride (NaBH,), is used as reducing agent, but
with the inconvenience of the latter not working as stabilizer [23].

Despite being commonly used, Lee-&-Meisel colloids show a low size uniformity, which
can be still achieved with a two-step synthesis [31, 32]. In this approach, a first reduction
is used for the synthesis of very small particles, which behave as seeds for a second step
reduction, i.e. a more controlled and slower reduction process, where larger particles are
eventually grown with a higher control over the process and a better homogeneity. In order
to control the shape of the NPs of the colloids, surfactants are added to the solution during
the synthesis process. As an example, in Figure 3.1 different NPs with various shapes
are reported (i.e., nanospheres, nanostars, nanorods, nonoflowers, nanoplates, nanoprisms,
nanotriangles and nanocubes), all prepared by means of the two-steps method. Some of these
shapes guarantee intense SERS signals, like the nanocubes, thanks to their sharp edges [33],
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or nanostars [17]. This is of course explained by the presence of more sharp regions in the
morphology of the NPs that, as explained previously, increase also the SERS enhancement

and the probability of hot-spots.

Colloidal solutions are generally used in SERS applications for their high enhancements and
versatility, but unfortunately, they also present poor reproducibility and low stability over
time, thus leading to unwanted time-dependent and unreproducible results [17]. For this
reason, and since higher SERS enhancements are obtained for the smaller colloidal clusters,
different strategies have been applied to control the aggregation of colloidal nanoparticles, so

avoiding coagulation of colloids and time-dependent results [34, 35].

3.2.2 Planar SERS substrates

A second family of SERS substrate is the one of planar substrates. Also in this case, large en-
hancements and reproducibility are desired properties. For this purpose, different techniques
are nowadays used for their fabrication, which may be subdivided in three main categories;
nano-lithographic techniques, template-based techniques and nanoparticles immobilization
[36-39]

The nano-lithography approach guarantees a structure of the substrate that is carefully
controlled, with the result of a high uniformity and reproducibility of the nano-structures, but
with the disadvantage of high costs [40].

Electron Beam Lithography (EBM), for example, can be used for the fabrication of metal
nano-particles arrays with well-defined shape and size and carefully-controlled inter-particle
gaps. Usual resolution of the geometric features can be pushed down to 10 — 20nm, with
smaller gaps of 5nm [36]. In this case, a focused beam of electrons is used to expose a
radiation-sensitive resist, which works as photo-mask to protect the substrate from succes-
sive processes. Usually a positive photo-mask of polymethylmethacrylate (PMMA) is first
developed and then the pattern is transferred onto the substrate.

Finally, to deposit the metal, two different ways can be followed: in the first case, a
Reactive Ion Etching (RIE) process is performed, followed by a metal deposition, after the
removal of the mask; in the other case, the metal is first deposited and then the mask is
removed by means of a lift-off process [41] (see Figure 3.2).

It was shown, that generally nanostructures fabricated by means of lift-off process exhibit
higher SERS enhancement, if compared to the ones fabricated through etching process [42].
Indeed, the former ones show also less sharp edges, resulting in smaller enhancements [43].
UV-laser irradiation and Focused Ion Beam (FIB) can also be used to pattern the wanted
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Fig. 3.2 Left: the EBL is schematically represented. After the exposition of the resist with a
beam of electrons, two ways are followed. In the first case (left) a RIE process is used to first
transfer the pattern onto the substrate. Then, after the removal of the mask, the deposition of
metal is performed. In this way all the surface is covered by the metal. In the second case
(right), the metal is first deposited after the EBL and a lift-off process is then made follow, so
that a series of isolated NPs form on the substrate. [41]

Right: SEM images of SERS substrates with NPs fabricated by means of EBL with lift-off
process (a-d) and by means of EBL followed by a Plasma Ion Etching process (e-h) [42]

geometry on the photo-resist, with the drawback of a lower resolution, but also with lower
costs and shorter exposure times [37, 44, 45].
Two other approaches are the thermal-assisted nano-imprinting lithography (T-NIL) and the
UV nano-imprinting lithography (UV-NIL), which overcome the limitations imposed by
light diffraction and beam scattering of the usual lithographic techniques [46]. In this case,
a hard mould (generally obtained by means of EBL) is pressed onto the resist film, at high
temperature and pressure, to transfer the features; then the metal is eventually deposited
onto the patterned substrate. In addition, a resist can be first deposited on the substrate and
patterned by same procedure: the difference with the previous case is that, in this case, after
the deposition process, a lift-off is performed to obtain the nanostructures (see Figure 3.3).
This technique can be very useful when the pattern is to be transferred onto a silicone-like
substrate for SERS applications, for example PDMS [48]. Furthermore, it allows a high
throughput with high resolution, which is highly convenient for large-scale patterning, along
with high reproducibility of the results, thanks to the use of the same mould for all the samples.

EBL and FIB can give the assurance of a very high reproducibility of the nanostructured sub-
strates, but they are difficult to use for mass production [40]. For this reason, template-based

techniques can be used to obtain ordered nanostructures for SERS applications, with a good
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Fig. 3.3 Figure (A). Schematic view of NIL with lift-off: the mould is pressed onto the resist
to transfer the features (a) and the hard-mask ripped-off (b). After the deposition of the metal
(c), a lift-off of the resist follows and the nanostructures are obtained (d).

Figure (B). SEM images of nanocylinders obtained by NIL [47].
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Fig. 3.4 Figure (A). Schematic view of AAO template-based procedure for nano-wires
fabrication: metal deposition by electroplating or vapor deposition (a-b), AAO template
electrochemical etching (c).

Figure (B). SEM images: AAO template (a) and bundles of nano-wires (b) [38].

control on the morphology, along with lower costs and production time [49]. In this case,
the metal is deposited into or onto a template with a pre-patterned geometry, using different
deposition strategies.
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Fig. 3.5 Figure A: Nanosphere Lithography process steps with a hexagonal-close-packed
monolayer of monodisperse spherical colloids [51].

Figure (B): schemes of the single- and double-layer nanosphere masks (on top) and scheme
of the nanoparticles pattern after deposition and lift-off processes (on bottom) [52].

Figure (C): SEM micrograph of Ag triangular nanoparticles made with a single-layered
colloidal mask (a). SEM micrograph of Ag nanoparticles made with a double-layered
colloidal mask (b). [53]

For the case of Anodic Alumina Oxide (AAQ) substrates, alumina templates are obtained by
electrochemical etching in acid conditions. These are characterized by a regular pattern of
pores, with controlled pore density and diameter (usually varying in a range from about /0 to
400 nm [38]), into which the metal is deposited by regular electroplating or vapor deposition
techniques. Finally, the template is totally or partially dissolved to obtain nano-wire or
nano-tube arrays. Moreover, if the AAO template is etched for a long enough time, the
nano-wires collapse, forming a bundle with a high density of hot-spots [38]. As it can be
seen from Figure 3.4, the pillars collapse, touching each other by the edges and allowing the
formation of the hot-spots. Despite the low cost and reproducibility, the main drawback of
this technique is given by the gap sizes, hardly lower than 5nm [50].
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Fig. 3.6 SEM micrograph of SERS substrates obtained by means of NSL: nanodots obtained
by angle-resolved colloidal lithography with ® = 20° and ® = 40° (a-b) [56]; Au nanorings
(c-d) [57]; elliptical Ag porous ordered arrays before the NS lift-off (e) and after the lift-off

() [58]

Another interesting method for the fabrication of template-based nanostructured SERS-
active substrates is the one presented by the Van Duyne group [53-55]. Nanosphere Lithog-
raphy (NSL) is a template-based technique that takes advantage of monodisperse spherical
colloids (e.g., polystyrene) in a suspension [51]. The substrate is coated by this suspension,
which is let dry, allowing the formation of a mono- or bi-layer nano-spheres, that take on
the role of a mask for the following metal deposition process. Finally, a lift-off process
is used to allow the removal of the spheres, with the formation of the metallic pattern. In
Figure 3.5A an example is given, with the spheres forming a monolayer, giving origin to a
hexagonal-close-packed (HCP) pattern [51]. In Figure 3.5B the pattern is shown both for
the mono- and bi-layer cases: as it can be seen from Figure 3.5C, after the deposition of the
metal on the colloidal mask, triangular nanodots (a) or circular nanodots (b) form.

Although NSL appears to be an easier and cheaper method, if compared to the usual
lithographic techniques, it has the disadvantage of its resulting patterns, mostly limited
to triangular structures [S1]. For this reason, different strategies have been proposed to
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Fig. 3.7 Figure (a): scheme of a general functionalised substrate by means of a bi-functional
ligand [62]

Figure (b): scheme of a quartz substrate functionalised by means of MPTMS and covered by
Au-NPs [63]

Figure (c): SEM micrograph of Au-NPs on a quartz substrate functionalised through MPTMS
[63]

overcome this limitation [56, 57, 59-61]. With a monolayer HCP pattern, triangular metal
nanostructures are obtained, in the assumption of a zero-incident angle to the substrate (®)
of a Psychical Vapor Deposition (PVD) beam. Nevertheless, when a tilting of the substrate
is performed, i.e. when, a non-zero O is selected, different sizes and shapes are obtained
[56]; this result can be seen in Figure 3.6a-b, where the angle ® was chosen equal to 20° and
40° respectively. Other geometries (e.g., nanorings [57, 61] and nanoholes [5S8—60]) can be
obtained also with other techniques. The SEM micrograph of some of these nanostructures

are shown in Figure 3.6 from (c) to (f).

It has been previously shown that one limiting characteristic of colloidal substrates is
its poor stability over time [34, 35]. In order to overcome this, different strategies, such as
immobilization, have been applied. The immobilization approach includes a set of techniques
that were originated to overcome this limitation in planar structures. Two different types of
immobilization methods can be distinguished, depending on whether the nanoparticles are
pre-synthesized or directly grown on the substrate.

Two main approaches fall within the former case; chemical or electrostatic methods. In

39



SERS for bio-applications

the case of the chemical approach, a bi-functional ligand is generally used for the purpose
[39, 62, 64]. Typically, the functional group of one of these molecules is anchored to the
activated surface, whereas the other (i.e., a thiol or an amine group) is let free to bind to
the metal NPs. In Figure 3.7a the scheme of a general bi-functional ligand on a substrate
is shown. An example is reported in Figure 3.7: in this case a quartz substrate is treated by
means of MPTMS, allowing the immobilization of Au NPs by the interaction of the thiol
with the gold surface [63]. The final Au-NPs on the functionalised quartz substrate are shown
in Figure 3.7c.

For what concerns the electrostatic approach, the immobilization on the surface of the
support is performed by interactions with polymers [65-68] or biomolecules [69, 70]. There
is another possibility to immobilize pre-synthesized NPs, that takes advantage of capillarity
[71-73], for example allowing the self-assembling into layers of NPs contained in a droplet
on the surface, being careful to prevent their aggregation.

With the second approach, the NPs are directly synthesized on the substrate. A possible way
is to immerse the substrate into a solution of a metal precursor and a reducing agent, in order
to have the growth of NPs at the interface between the solution and the substrate [74—78].
This is the case, for example, of porous silicon-based SERS substrates, onto which copper,
silver and gold nanoparticles have been grown thanks to the reducing properties of its freshly
etched substrate [79]. With a similar approach, PDMS substrates have been used in place of
porous silicon to directly grow Au-NPs [75].

Since these techniques have been exploited in the framework of this thesis, metal-dielectric
nanostructures will be briefly focused in the next subsection, discussed on PDMS substrates

covered by silver nanoparticles.

3.2.2.1 SERS-Active Ag Nanoparticles on PDMS substrates

Polydimethylsiloxane (PDMS) is one of the most used material in the framework of nanotech-
nological applications, thanks to its properties: it is cheap, easy to fabricate, bio-compatible,
optically transparent and flexible [80-83]. Moreover, thanks to its chemical structure, this
material exhibits high thermal stability, along with chemical and biological inertness [84].
Among these properties, optical transparency is necessary for microfluidic integration in
elastomeric microfluidic chips [85].

PDMS is cross-linked into an elastomer via a hydrosilylation process, in which the vinyl
groups of prepolymer react with the hydrosilane groups of the curing agent, in a platinum
catalysed reaction [84]. It has been shown how the variation of the weight ratio of the elas-
tomer precursor and the curing agent influences the surface properties of the substrate [86].
Different attempts have been made to synthesize metal NPs using PDMS films [75, 87-90].
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Fig. 3.8 "FESEM micrographs of Ag nanoparticles obtained by DC sputtering at 20 (a) and
40 mA (b)" [84]

A first method to grow Ag-NPs on a PDMS substrate is presented by Lamberti et al.
In this case a deposition by means of a sputtering process is used to build a SERS-active
substrate, constituted of Ag-NPs on the elastomeric matrices [84, 87], integrated in a mi-
crofluidic device, used for on-chip label-free detection purposes. To this aim, a sputtering
deposition of silver can be used, along with a fine-tuning of all the influencing parameters,
i.e., sputtering current, distance of surface from target, deposition time [87], in order to
prevent the formation of a continuous film, but allowing the nucleation and formation of
the Ag-NPs. With this process an average size of 12 nm of the Ag-NPs was recorded, along
with an inter-particle gap tuned in the range 1 — 30 nm, obtained through the modulation of
the external uniaxial strain on the elastomer substrate, thanks to the flexibility of the PDMS
[91, 92]. In Figure 3.8 the Ag-NPs are shown in the case of a sputtering current of 20 mA (a)
and 40 mA (b).
This technique is effective in terms of cost and time of fabrication, but it presents some
inconveniences mostly related to the stability of the substrate over time [93]. In fact, a simple
deposition of the metal onto untreated PDMS surfaces doesn’t assure the complete adhesion
of the NPs to the substrates, because of the weak interactions between the NPs and the PDMS.
This is limiting in cases of flexible microfluidic chips, where robustness and reliability would
be strongly compromised, or in case of bio-applications, where SERS-active substrates are

often exposed to harsh environments, that could damage the NPs layers [94].
functionalisation of the PDMS substrate can be helpful for the immobilization of pre-
synthesised metal NPs [95] onto PDMS surface. Different ways can be followed for the

functionalisation of a PDMS substrate [95—-100] in perspective of immobilization of the
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Fig. 3.9 Figure (a): SEM images of Au-NPs on PDMS membranes synthesized by using the
method proposed by Zhang et al. [90]. The different substrates are obtained for different
values of curing-to-monomer ratio (value on bottom-right for each image) [90]

Fig (b): SEM images of Au-NPs fabricated using the method of Ahmed et al [75], for
hydrophilic and hydrophobic PDMS membranes (respectively on top and on bottom) [75]

NPs. Major focus was given to amino- silanes [95, 97-99] and mercapto- silanes [99, 100],
that can be used to provide amine and thiol functionalities on PDMS, helpful for the im-
mobilization of the metal NPs or to immobilize biomolecules on the surface. For example,
colloidal Ag-NPs were immobilized on PDMS substrates using a functionalisation though
3-aminopropyletriethoxy silane (APTES), followed by plasma treatment [95].

Another possibility is to exploit wet-chemical approach for PDMS substrates [75, 88-90].
Synthesis of gold nanoparticles was for example accomplished by incubation of PDMS
membranes in a solution of tetrachloroauric acid (HAuCl,) and chitosan [89]. PDMS
membranes were first coated by the chitosan biopolymer, working as reducing and stabilizing
agent for the reduction of the gold nanoparticles on the membranes [89]. Finally, the chitosan-
treated PDMS films were immersed in the HAuCly solution for the synthesis of the Au-NPs
on the films surface. Following the same trail, Zhang et al. [90] presented a simple in-situ
fabrication technique for the synthesis of Ag-NPs without the need of additional reducing
agents [90]. Here the residual curing agent used for the PDMS fabrication was used to
reduce HAuCly: by controlling the curing agent and monomer mass-ratio different coverages,
inter-particle gaps and NP size were obtained (see Figure 3.9a). Using the same method,
Ahmed et al. [75] used a one-step procedure for the synthesis of Au-NPs, by immersing
PDMS membranes in a solution of sodium formate and HAuCly. In this study, a portion of

the membranes was treated by O, plasma, in order to make them more hydrophilic, so to
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study the deposition of the Au-NPs on the different substrates. Higher density Au-NPs was

obtained in case of hydrophobic substrate, as it can be seen from Figure 3.9b.

3.3 SERS for bio-sensing applications

SERS substrates have demonstrated excellent sensing performances, mixed with the power
of structural and chemical information, that make them good candidates for biosensing appli-
cations [101-108]. Among these, biosensing platforms of challenging biological analytes
are of primary interest. SERS substrates have been widely used for label-free detection and
identification of pathogens [101], like viruses [109, 110] or bacteria [111, 112], proteins
[113-116] and other biomolecules [108], such as DNA [117-119] or RNA [120, 121], for
early-diagnosis application. In the following, some biosensing applications are shown.

3.3.1 SERS for biological detection and identification

SERS substrates have recently taken an increasingly important role in the framework of
diagnostics and therapy monitoring [5, 104, 105, 121], thanks to their ability in the detection
of different types of molecules involved in biological processes. In the following sub-sections

some application for biological detection are shown.

3.3.1.1 Proteins and biomolecules

Detection of proteins through SERS substrates can be a difficult task. This is mainly due to
the complex chemical composition of proteins, along with the need of high concentration
to obtain intense SERS signals [7]. For this reason, in order to perform a reliable analysis,
purification from biological fluids is needed, since other species, with higher concentrations
and adsorbing behaviour, would dominate the SERS spectra [7]. In addition to this, spectra
of proteins are often low reproducible as a consequence of the denaturation and adsorption
on the substrate [122].

The low SERS signals of proteins can be a limiting factor when these take the role of
biomarkers (i.e. molecules that help to distinguish between normal and cancerous conditions
[123]), whose quantitative detection plays a key role in disease diagnosis and cancers monitor-
ing [124]. A possible solution to this problem is given by Ahn et al., who proposed a multiple
protein biomarker approach, instead of a single protein biomarker detection, used for lung
cancer diagnosis [123]. The main idea is based on the fact that various protein biomarkers are
found in blood samples of individuals at high risk for lung cancer, including Cytokeratin-19
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Fig. 3.10 Figure (a): SEM images of AAR microspheres coated by Au-NPs [115] Figure (b):
schematic immobilization of the first antibodies on the Raman dye-labelled AuNPs-coated
microspheres (top image); schematic illustration of the sandwiched structure due to the
interaction of the electrode coated with the second antibodies and the AuNPs coated with the
first ones (bottom) [115]

fragments (CYFRA 21-1), carcinoembryonic antigens (CEA), cancer antigen-125 (CA-125)
and neuron-specific enolase (NSE) [123]. This approach gives higher sensitivity than single
biomarker approach, thus making it easier to distinguish individuals with high risk for lung
cancer from those to keep under control [123]. The multi-marker approach for lung cancer di-
agnosis was implemented by Wenbo et al., with the fabrication of a SERS immunosensor for
the simultaneous detection of carcinoembryonic antigen (CEA) and cytokeratin-19 (CK-19)
[115]. To this aim, aminosalicylic acid-based resin (AAR) microspheres were synthesized
and coated by AuNPs (see Figure 3.10a). To have the simultaneous detection of both the
CEA and CK-19 antigens, two Raman dyes (Thionine and Nile blue A) were used to label
the AuNPs-coated microspheres. The scheme of the structure of the immunosensor for the
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Fig. 3.11 FESEM images of ASF inside the spot before (a) and after (b) the deposition of the
protein and washing [125]

detection of the antigens is shown in Figure 3.10b. As it can be seen, a sandwich structure
used for the detection, is formed by three main components: i) the Raman dye-labelled Au-
NPs-coated microsphere, which also presents antibodies on its surface; ii) a second antibody,
previously immobilized on the surface of an Au-NPs-coated Glassy Carbon Electrode and
iii) the antigen, which binds the two parts together, through an antibody-antigen-antibody
interaction. Finally, since the used label dyes present different characteristic peaks of their

Raman signals [115], the simultaneous multiplex detection of both antigens can be performed.

The problem of the change of the conformational state of adsorbed protein on SERS
substrates is also an important issue [7, 122]. It was shown that vacuum evaporated or
sputtered semi-continuous metal films on insulating substrates permit the rearrangement of
their structure under protein deposition [125-128], along with large SERS enhancement.
Such structures are referred as adaptive substrates, since they seem to preserve the func-
tionality of the biomolecules by the change of the structure of the metal nanoparticles on
the substrate [125]. Drachel et al. fabricated a SERS substrate by vacuum evaporation
of silver on a dielectric substrate, to exploit the high enhancement guaranteed by silver
[125-128], referring to these as Adaptive Silver Films (ASFs). FESEM images of an ASF
before and after the analyte deposition are shown in Figure 3.11. The redistribution of the
evaporated metal films guarantees a better match with the different analytes, providing better
SERS enhancements depending on the different size of the biomolecule, without significant
structural changes of the analyte (soft adsorption) [125]. In addition to this, it also seems
that the biomolecule-metal combination, after the restructuring of the substrate, stabilizes the
silver film, increasing the nanoparticles adhesion to the substrate [125].
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3.3.1.2 Nucleic acids

Nucleic acids detection and identification have become an important case study, due to its
relation with the identification of pathogens [101], mutations caused by cancers [121, 129]
and inherited genetic diseases [130]. The detection of Raman signals of labels attached on
oligonucleotides is already possible [131], nevertheless a label-free SERS detection would
guarantee faster and simpler options [7], along with the possibility to study the characteristics
of the oligonucleotides.

However, as in the case of protein detection, this can be an issue, due to the conformation
changes of free DNA adsorbed on the SERS substrates, due to problems correlated to spectral
reproducibility [132, 133]. In addition to this, only four bases make up the various sequences,

becoming a challenging issue for the identification aim [7].

Barhoumi et al. reported a protocol that dramatically increases the reproducibility of the
SERS spectra of single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) [117].
This is based on a gentle thermal cycling pretreatment of the analyte before the adsorption
onto an Au-nanoshells substrate, resulting in a relaxation of the ssDNS and dsDNA molecules

into a linear conformation. A spectral correlation function was used by the group to prove
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Fig. 3.12 SERS spectra of untreated ssDNA (a) and thermal pretreated ssDNA (b). In the
inset, the cross-correlation coefficient is shown for 8 SERS spectra of: i) untreated ssDNA,
i1) untreated ssDNS with its complement (untreated), iii) thermally pretreated ssDNA and iv)
thermally pretreated dsDNA [117]
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the improvement of the reproducibility thanks to the thermal pretreatment protocol. The
results are clear, by looking at the spectra of untreated (a) and thermally pretreated (b) SERS
spectra of ssDNA, reported in Figure 3.12. The spectra of pretreated ssDNA show also higher
correlation than untreated samples, suggesting the effective operation of the pretreatment

protocol.

An alternative solution to minimize irreproducibility issues due to conformational changes
is to analyse smaller nucleotide sequences [7] like miRNAs, consisting in a family of small
non-coding RNAs, composed by 20-22 nucleotides [134]. These short sequences are respon-
sible for the control of gene expression via either transitional repression or mRNA turnover.
Since they are involved in various biological processes (i.e., cell proliferation, differentia-
tion, development), their aberrant expression is associated with different diseases, genetic
disorders and oncogenesis [94]. Usually, the detection methods for miRNA re-quire complex
instrumentations and expensive chemicals, like for example the microarray technology or
the quantitative Polymerase Chain Reaction (QPCR). For this reason, the SERS substrates
are potential solutions for miRNA detection. The reported applications are often related to
colloidal SERS substrates, with the usual inconvenient of very low stability and reproducibil-
ity. Oblique Angle Vapor Deposition (OAD) was used by Driskell et al. for the production
of aligned silver nanorods arrays applied for SERS-active substrates for the detection of
miRNA [120]. The miRNA SERS spectra showed high reproducibility thanks to the use of
the OAD-fabricated SERS substrates. The reproducibility was measured collecting a fixed
number of spectra from various equally-fabricated substrates and from different points for
each substrate. From this study similar band position and shape, and only very slight differ-
ences in relative intensities were observed for each measurement [120]. The reproducibility

of this fabrication technique suggests that these substrates can be used to confidently identify
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Fig. 3.13 Figure (a): schematic view of silver-decorated porous silicon (pSi) membrane,
supported on an elastomeric PDMS matrix. Figure (b): two-step hybridization assay for
miRNA detection [134]
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spectral differences among different miRNAs resulting from sequence-dependent structural
differences [120].

Novara et al. proposed a method for the detection of miRNAs [134], based on the use
of a two-step bioassay. In this case a thiol-capped DNA probe is halved in two strands. The
first strand is immobilized on a silver-decorated porous silicon (pSi) membrane, supported on
a elastomeric PDMS matrix and is responsible for capturing the miRNA in the sample. The
second strand is hybridised and labelled with a Raman dye, so to assist the SERS detection,
after the capturing of the miRNAs. The two-step label-free bioassay is described in Figure
3.13. This protocol was compared to typical methods based on single hybridization. SERS
enhancement and uniformity has been tested in both cases, with good results, raising the
expectations of improvements in terms of specificity and limit of detection.

3.3.1.3 Pathogens

Detection and identification of dangerous pathogens at early stages with fast and accurate
techniques for disease monitoring systems have been lately drawn attention for new solutions
[135, 136]. Already available methods, such as approaches based on Polymerase Chain
Reaction (PCR) [137, 138] are hardly exploited for on-site rapid detection [109]. Different
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Fig. 3.14 "SERS spectra of Vero cell lysate before and after infection with RSV, top and
middle spectra, respectively. The SERS spectrum of purified RSV is shown at the bottom for
comparison" [101]
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solutions have been proposed during the years (i.e., microcantilevers [139, 140], evanescent
wave biosensors [141, 142] and atomic force microscopy [143, 144]), but all unable to dis-
criminate between types of pathogens [101]. It has become a necessity to find new methods
for the detection and discrimination of pathogens with reproducible results, along with a

reduction or elimination of the sample preparation or amplification procedures [101].

Tripp et al. have demonstrated the advantages obtained by SERS pathogen biosensing
through Ag-nanorod arrays, obtained by means of OAD [101]. A direct configuration was
used, with the analyte directly applied to the nanostructured surface. The Tripp group showed
the possibility to rapidly and sensitively distinguish different viruses by their SERS spectra,
also in the presence of a complex background [101]. This aim was reached thanks to the
observation and comparison of the SERS spectra of: i) uninfected Vero cell lysate, ii) respira-
tory syncytial virus (RSV) infected cell lysate and iii) purified RSV. As it can be seen from
Figure 3.14, the Vero cell lysate after the infection shows peaks unambiguously identified in
its SERS spectrum.

A similar approach was proposed by Durmanov et al., who presented a SERS substrate made
of a silver film, obtained by Electron Beam PVD (EBPVD), on a roughened surface with
pore-like indentations and folds [109]. Also these substrates have demonstrated the capability
to differentiate between different virus species, exploiting the identification of the differences

of the chemical structure of the various viral particles.

For what concerns the bacterial identification, a main issue is given by the complexity
of SERS signals obtained by bacterial cells. For this reason, it is necessary to build a data
reduction protocol for an accurate identification of the different specimen [145, 146]. A
Principal Component Analysis (PCA) can be used to reduce the complexity of the spectra,
maximizing also the variance and guaranteeing a basis for a more accurate identification
[112]. Patel et al. proposed a SERS-based methodology for bacterial identification [112]. In
this approach, bacterial cells are placed on an in situ grown Au-NPs-coated SiO, substrate
[147, 148], which was shown to exhibit high SERS enhancement and good reproducibility
[112]. An identification algorithm was developed using a PCA for the collected SERS signals

as a diagnostic method for bacterial pathogens.
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Chapter 4

Aim of the work

Surface Enhanced Raman Scattering (SERS) is a ground-breaking technique for the fab-
rication of label-free sensors, relevant in the framework of early-diagnostics and therapy
monitoring. In particular, recent works on tunable plasmonic metal-dielectric nanostructures
for SERS applications have raised hope that this kind of substrates can potentially fulfil the
need of flexible and wearable devices.

The main aim of this work is to investigate recent low-cost methods for the synthesis
of efficient and stable substrates, based on Ag-NPs immobilized on PDMS membranes. The
optimization of the Ag-NPs substrate is ultimately aimed to the development of a flexible
multi-chamber microfluidic chip, for fast and low-cost detection, oriented to biosensing

applications.

In order to achieve these aims, a first approach was used for the synthesis and the opti-
mization of a reference SERS-active substrate, based on sputtered Ag-NPs on untreated
PDMS membranes [84, 87]. Sputtering current, deposition time and distance of the PDMS
membranes from the metal target were finely adjusted to obtain the best conditions for this
type of substrates. In order to overcome the limitations of the previous type of substrates
(i.e., small SERS enhancement, low reproducibility and low stability over time) two other
approaches were then followed. The first is based on the synthesis of Ag-NPs, through a
sputtering deposition process on functionalised PDMS membranes; a chemical functionali-
sation with MPTMS or APTES was tested in order to promote the adhesion of Ag-NPs to
the PDMS membranes, and therefore also to increase the substrate stability. The second
synthesis method was, instead, based on the static-incubation of PDMS membranes in a
solution of silver nitrate (AgNO3). In both cases, different synthesis conditions were used to

study the influence of the synthesis parameters (monomer-to-curing ratio, incubation time,
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thickness of the PDMS substrate, incubation temperature, cross-linking degree, presence of
ethanol in the incubation solution and concentration of silver nitrate in the solution) on the
final properties of the substrates.

To this end, various characterisation methods were used, in order to find out the best condi-
tions for the synthesis. UV-Vis transmittance analysis and Raman mapping of MBA were
used to get information regarding respectively the plasmonic resonances of the substrates
and their homogeneity. A FESEM characterization was used to investigate the correlation
between synthesis parameters and Ag-NPs morphology; moreover, in order to have accurate
results, an image analysis of the obtained FESEM micrographs was carried out by means
of MATLAB and ImageJ tools. Finally, the stability of the substrates was studied using
UV-Vis transmittance spectroscopy of the samples immersed in water and Tris-EDTA buffer

at different incubation times.

After an accurate analysis, one best sample — in terms of stability, SERS efficiency, sensitivity
and reproducibility — was chosen for each synthesis method and used for the development of
miRNAs cancer biomarker bioassays, implemented both by SERS and ELISA techniques,
following the optimized protocols already suggested by Chiado et al. [94]. Finally, the
best conditions of synthesis were used for the development of a flexible multi-chamber
microfluidic chip, whose properties were again probed though SERS bioassays, in order to

achieve the final application.
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Chapter 5

Materials and methods

Experimental materials and methods that have been used are introduced in this chapter.

In Section 5.1 the protocol for PDMS preparation is provided, while in Section 5.2 the
methods for the synthesis of silver nanoparticles are described. The sections from 5.3 to 5.5
deal with the characterization methods that have been used. Finally, Section 5.6 introduces
the biofunctionalisation protocol, used for the detection of the microRNAs.

5.1 Substrate synthesis

5.1.1 PDMS preparation

Polydimethylsiloxane (PDMS) was prepared starting from the prepolymer and the curing
agent, mixed with different weight ratios, depending on the application. Starting from the
results of previous researches, the ratio was chosen differently for the different processes
of synthesis of silver nanoparticles. A 20:1 curing-ratio was chosen for SERS substrates
obtained by DC sputtering deposition of Ag nanoparticles (AgNPs). Instead, 3:1 and 5:1
were used for the PDMS membranes used for the synthesis in static incubation conditions.
The thickness of the PDMS substrates was / mm, unless differently stated. The mixture of
the prepolymer and curing agent was poured into a mould (50 x 50 mm) and degassed at
room temperature for 5min and finally cured in an oven for 1/ at 60 °C to obtain samples

with a total cross-linking degree and for 30min for those with partial cross-linking degree.

5.1.2 PDMS functionalisation protocol

The functionalisation of the PDMS membranes was carried out both with (3-Aminopropyl)triethoxysilane
(APTES) and (3-Mercaptopropyl)trimethoxysilane (MPTMS). First, the PDMS membranes
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(20:1, cured 1 h at 60°C) were either treated with a piranha-like solution [H,O: H,O,: HCI;5: 1: 1]
for 5min, at room temperature or pretreated with Ar plasma for /20 s and 30 mA sputtering
current in the case of a plasma-activation approach, to increase the reactivity of the PDMS
surface. The PDMS was then rinsed in deionized water for three times and dried in a stream

of N gas. The PDMS membranes thus obtained were finally immersed in a solution of
ethanol (at 60 °C), with 1% of APTES or MPTMS, for 10min, at room temperature. Finally,

the membranes were rinsed at room temperature in ethanol for three times and dried under a

N, stream.

5.2 Silver nanoparticles synthesis

5.2.1 Ag-Nanoparticles sputtering

The Ag nanoparticles were deposited on the PDMS by DC sputtering in Ar atmosphere of
104 bar (Q150T ES, Quorum Technologies), at room temperature. The target was cleaned
before each deposition using a current of 150mA for 30s, to prevent the deposition of
contaminants on the membranes. In order to optimize the synthesis of the sputtered Ag-NPs,
different control parameters were inquired concurrently; sputtering currents were changed in
the range 40 — 50mA, for a time interval in the range 2 — 5 s, with a distance of the membranes
from the Ag target from 3 to 5cm.

5.2.2 Static incubation of substrates

The static incubation of the PDMS membranes in AgN O3 solution was carried out in different
conditions, to examine the influence of the synthesis parameters on the growth of the Ag-NPs.
The monomer to curing agent ratio was fixed at 3:1 and 5:1 for all the experiments, with 3
different samples for each condition — corresponding to 24 h, 48 h and 72 h of incubation.
The different experiments were carried out by changing the synthesis parameters one-by-one
(thickness of the PDMS membrane, incubation temperature, cross-linking degree of the
membrane, presence of ethanol in the incubation solution, concentration of the silver nitrate
in the incubation solution), while fixing the others (an accurate description of all the synthesis
conditions for each experiment is reported in Table 5.1).

The PDMS was prepared following the procedure described at Section 5.1.1. In order to
obtain a different thickness, the mixture of pre-polymer and curing agent was poured into a
5 x 5cm? square mould. Knowing the PDMS mixture density (0.965 g/cm?), and the desired
thickness, the right amount of PDMS was poured into the mould. Each 5 x 5¢m? PDMS

sample was then cut into 4 (2.5 x 2.5) cm? equal pieces. After the incubation in 4mL of a
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Experiment Thickness incubation Cross-linking ~ Concentration of Concentration of
temperature degree ethanol silver nitrate
Thickness | 0.5, 1, 2mm 20°C Totally cross- 0% 100 mM
linked (1 hin
oven)
Incubation 1 mm 20, 30,40 °C  Totolly cross- 0% 100 mM
temperature linked (1 hin
oven)
Cross-linking 1 mm 30°C Totally and 0% 100 mM
degree partially cross-
linked {1 hand
30 min in
oven)
Presence of 1 mm 30 °C Totally cross- Q0,5 10, 20 % 100 mM
ethanol linked (1 hin
oven)
Concentration 1 mm 30 °C Totally cross- 0% 10, 100, 1000
of silver nitrate linked (1 hin mM
oven)

Fig. 5.1 Synthesis conditions for each experiment. The monomer-to-curing agent ratio was
fixed to 3:1 and 5:1, whereas the incubation time was always fixed at 24, 48 and 72 h.

100 mM AgN O3 solution (unless differently stated), the samples were washed with 4mL of
deionized water on a shaker at 240 rpm, for Smin at room temperature. Finally, the samples
were dried in a NV, stream and their back sides eventually wiped clean of Ag traces, by using

of ethanol.

5.3 Optical contact angle characterization

Contact Angle characterization was performed by a OCA H200 (Dataphisycs), equipped with
two motorized syringes. The sample under test was mounted on a stage, on which the two
syringes nozzles could be set. First, three water (H,O) drops of 1 uL each were dispensed on
the sample surface and the images of their profiles acquired. The drop profiles were fitted
through an ellipsoid shape and the minimum, the maximum and the mean Contact Angles
(CAs) collected, along with the Standard Deviation for each set of data. Same procedure was
then repeated with the use of diiodomethane (CH;1»).
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5.4 Optical characterization

Information regarding the plasmonic resonance behaviour of the fabricated nanostructures
were collected with a CARY5000 UV-Vis-NIR spectrometer. The optical response of the

SERS substrates was checked acquiring transmittance spectra in the range 300 — 800 nm.

5.5 Morphological characterization and image analysis

5.5.1 Morphological characterization

Morphological characterization was performed using a SUPRA 40 FESEM system. PDMS
membranes with sputtered Ag-NPs were covered with a copper grid, connected to the FESEM
stub, to ease the electrons discharging. Instead, SERS substrates that had gone through the
static incubation synthesis were covered by a deposited Pt film. This was obtained by
a DC sputtering process in Ar operational atmosphere of 10~*bar (Q150T ES, Quorum
Technologies), with a sputtering current of 40mA, for 20s, at a distance of the samples from
the Pt target of 5 cm. Typical imaging parameters for conductive samples were an acceleration
tension of 5kV, a working distance of 4mm and an aperture size of 20 um. For each sample,
at least a 50kx and a 100kx magnification images were taken (other magnifications were

used when required).

5.5.2 Image analysis for morphological characterization

Inter-particle distance and size of the NPs play a pivotal role in the SERS enhancement effect.
A MATLAB routine for FESEM images analysis (introduced by Novara et al., 2014 [149])
was modified and used for the purpose of getting an insight on the morphological structure of
the synthesized SERS substrates. FESEM images with 50 kx magnification were used as input
for the analysis. The script was modified to distinguish between dense particles and spread
ones. Different MATLAB functions were then used to semi-automatically adjust contrast, to
remove the background noise, to separate connected nanoparticles and finally to fill the bigger
ones. Eventually the properly corrected images were converted to black and white. Final
images were then used to obtain the distribution of the gaps between the neighbouring NPs
and the one of the equivalent NPs’ diameters. For the first purpose, a MATLAB operator was
used to measure the distance between each NP to the nearest one. For the second, each NP
was substituted by a circular disk with same size, so to have an equivalent diameter. ImagelJ
was then used on the same FESEM images in order to have a cross-check of the results. By

means of this tool the images were manually adjusted and finally the gap and equivalent
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diameters retrieved. ImagelJ could guarantee a higher controllability of the adjustment of the

images, whose accuracy could be observed in real-time.

5.6 Raman characterization

5.6.1 4-Mercapobenzoic acid Raman mapping

4-mercaptobenzoic (4-MBA) acid was used as probe molecule to investigate the properties
of the SERS substrates.

For the incubation of the 4-MBA the following protocol was used for each tested sam-
ple. A solution of 10mM of 4-MBA in ethanol was first prepared. An aqueous 4-MBA
solution, with a concentration of 10 uM, was then prepared by dilution in water of the
previously prepared solution. A (0.5 x 0.5) cm? piece of the sample under test was obtained
and incubated for 10min in 300 uL of the aqueous 4-MBA solution. All the samples under
test were put in wells of the same dimensions, to control the concentration of 4-MBA per
unit of surface. Finally, the wells were emptied from the 4-MBA solution and the samples
cleaned by pouring 300 uL of water for three times into the wells. Eventually, the samples

were dried under the stream of N, gas.

A Renishaw InVia Reflex Raman Microscope was used for the Raman measurements in a
backscattering configuration. The samples were excited by a 514.5nm laser source (Cobolt,
100mW). Mapping measurements were used as a tool to have information about the uni-
formity of the SERS substrates. A 10x objective was used for the map acquisition. Raman
imaging was performed using 2s as exposure time and 2 accumulations, with a laser power
on the sample reduced by filters to the 0.5% of the original one. Acquisition of the map was
performed on a (450 x 450) um? area, with a 50 um step, resulting in 80 collected spectra.

5.7 Biofunctionalisation protocol

In this section the biofunctionalisation protocol is described (Sub-section 5.7.2). In detail,
in the sub-section 5.7.1 the procedure followed for the characterization of the stability of
the SERS substrates in buffers is given. ELISA and Raman characterizations are finally

presented in Sub-sections 5.7.3 and 5.7.4 respectively.
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5.7.1 Stability of SERS substrates in buffer

In order to measure the retention of the Ag-NPs on the SERS substrates, all the samples
were incubated in 3mL of deionized water or in an aqueous Tris-EDTA buffer solution, 1 mM
of EDTA and 10mM Tris with pH 7.5 (TE), supplemented with 1M of NaCl (TE-NaCl).
The Varian CARY 5000 UV-Vis-NIR spectrometer was used to check the optical response
variation over-time of the SERS substrates. The spectra were measured at the beginning of
the incubation (time 0), after 14, after 24 h and finally after 1 week.

5.7.2 Bioassay protocol
SERS substrates pretreatment

All the samples were pretreated to reduce the non-specific binding of the probe and of the
target on the surface of the SERS substrate. To this end, samples were incubated for 1/ in
a 1% BSA sodium acetate buffer pH 4.0 (NaAc). They were then washed in TE buffer to

remove the excess protein.

Probe reduction

A 5’-alkylthiol-capped DNA probe (probe222, 5’-C6SHACCCAGTAGCCAGATGTAGCT-
3%), corresponding to the antisense sequence of miRNA222 was immobilized on the Ag-NPs
by following a previously reported method [94]. In detail, the probe was reduced for 1 h
with 100 mM DL-dithiothreitol (DTT), and separated from the reductant by size-exclusion
with the help of Illustra MicroSpin G-25 columns, and finally quantified by means of a
UV-Vis-NIR Cary5000 spectrophotometer (Agilent Technologies Italia S.p.A., Milan, Italy),
equipped with a TrayCell (Hellma GmbH & Co., Miillheim, Germany).The reduced probe
was finally diluted to the working concentrations (1 — 100 uM) in TE-NaCl buffer and
incubated overnight on the substrates.

5.7.3 ELISA-Like Bioassay on Metal-Dielectric Substrates.

A 5’-biotinylated miRNA222 (5’-biotin-AGCUACAUCUGGCUACUGGGU-3") was used
to check the hybridization by Enzyme Linked Immuno Sorbent Assay (ELISA). Pretreated
samples were cut into 5 x Smm? pieces and incubated overnight at room temperature in
25 uL of probe222 diluted in TE-NaCl, in order to allow the probe immobilization. Negative
controls were also incubated overnight in TE-NaCl without the probe (no-probe control).
The samples were finally washed three times in TE-t (TE, 0.05% Tween20, pH 7.5) for 5 min
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to remove nonspecific binding and blocked with 1% BSA in TE for 1. Afterwards, 25 uL
of miRNA222 in SSC 4x (from stock 20x, 0.1% SDS, pH 7.5) was incubated for 1 h. The
substrates were washed three times in SSC 1x (diluted SSC 4x) and incubated with 25 uL of
0.5 ng/mL Streptavidin protein covalently conjugated to the Horse Radish Peroxide enzyme
(Str-HRP) in SSC 1x, washed three times with SSC 1x, and developed by ELISA.

In this case, the TMB substrate solution was added onto the samples to initiate the colorimetric
reaction and stopped after 2 min by the addition of H,SO4,4 (0.5 M), with a 1:1 TMB:H,SO44
ratio. The optical density (OD) of the solution was measured at 450 nm and at 630 nm with
the use of a 2100-C microplate reader (Ivymen Optic System), and the results analysed as

reported previously [94].

5.7.4 SERS Analyses on Metal-Dielectric Substrates

A 3’-R6G-modified miRNA222 (5’-AGCUACAUCUGGCUACUGGGU-R6G-3’) was used
for SERS analysis. The same protocol applied for the ELISA was used also for the SERS
substrates exploited for the Raman analysis, unless that the substrates were not incubated
with the Str-HRP. The substrates were analysed after the immobilization of the probe and
after the miRNA incubation. To this end, samples were dried under a nitrogen stream and
analysed with a Renishaw InVia Reflex micro-Raman spectrometer (Renishaw plc, Wotton-
under-Edge, UK) with a 5/4.5 nm laser excitation in backscattering light collection under a
10x objective. Mapping measurements were used as a tool to have information about the
uniformity of the SERS substrates. A 10x objective was used for the map acquisition. Raman
imaging was performed using 2 s as exposure time and 2 accumulations, with a laser power
on the sample reduced by filters to the 0.5% of the original one. Acquisition of the map was
performed on a (450 x 450) um? area, with a 50 um step, resulting in 80 collected spectra.
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Chapter 6

Results and discussion

6.1 Introduction

In this work, the experimental activity has been focused on the synthesis of metal-dielectric
nanostructures for SERS application. Two different synthesis methods for Ag-NPs on
PDMS membranes were exploited. The first is based on the sputtering of silver on PDMS
membranes, the second deals with the static incubation of PDMS substrates in a solution of
silver nitrate. In both cases, the synthesis conditions were varied to find out their influence
on the performances and characteristics of the substrates (i.e., sensitivity, enhancement
uniformity, stability). To this aim, different characterization techniques were performed on the
samples, i.e. UV-Vis transmittance analysis, FESEM characterization, Raman spectroscopy
and stability analysis. It was chosen, at first instance, to present and discuss the results
separately for each experiment (see the table of Figure 5.1). Moreover, the best set of
synthesis conditions for each method were chosen in view of the final part of the work,
concerning a bioassay for the detection of miRNA222, which was then developed for the
selected samples. Finally, the substrate showing the best performances was chosen for the
integration in an all-PDMS multi-chamber microfluidic chip and the bioassay repeated on the

fabricated device, in order to assess its performance with a view to a practical implementation.

6.2 Sputtered Ag-NPs on PDMS membranes for SERS sub-

strates synthesis

A first approach to the fabrication of planar SERS-active PDMS substrates is given by the
sputter deposition of Ag-NPs on PDMS membranes. Previous results on the same nanostruc-
tures, done by Chiado et al., have brought to light the difficulty to use such substrates for
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bio-compatible applications, due to the weak interaction between the synthesised nanopar-
ticles and the PDMS substrate [94]. In fact, the low adherence of the sputtered Ag-NPs
on the surface of the PDMS does not allow the protracted incubation of the substrates in
harsh environments (e.g. high ionic strength of buffer used for biosensing) without a strong
variation of the morphology of the nanostructures, and thus also of the properties of the SERS
substrate. For this reason, a first preliminary study was aimed to understand the limitations
of these substrates, and finally to find a methodology — based on a functionalisation of the
PDMS membranes trough APTES and MPTMS — aimed to solve the main issues related to
the stability of the substrates.

6.2.1 Synthesis of Ag-NPs on PDMS membranes via sputter deposition

A metal deposition process was first employed for the fabrication of SERS-active nanos-
tructures. This was based on the DC sputtering of silver NPs onto totally cross-linked
PDMS membranes, with monomer-to-curing ratio equal to 20:1. This choice was justified by
previous similar studies, carried out by Lamberti et al. [84, 87]. As first step, a large number
of samples was fabricated, with the aim of finding how the synthesis parameters affect the
reproducibility and the stability of these substrates. A systematic approach to the problem
was used: the sputtering current, the deposition time and the PDMS membrane-to-target
distance, were varied one by one and each sample was characterized by means of UV-Vis
transmittance analysis and FESEM imaging.

100 100 100
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(%)T
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= =
40 40 40
20 20 20
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390 520 650780 390 520 650 780 390 520 650780
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(a)40mA, 3s, 4.5cm (b) 40mA, 55, S5cm (c)50mA, 3s, 5cm

Fig. 6.1 UV-Vis transmittance spectra in air for 1 mm PDMS membranes (20:1 curing ratio)
with sputtered Ag-NPs in different synthesis conditions. Different curves for the same
condition correspond to different samples, fabricated with the same synthesis parameters.
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Optical and morphology analysis

The optical behaviour of the fabricated samples is first discussed. The transmittance spectra
of these substrates usually present a dip due to enhanced absorption and scattering related to
the Localized Surface Plasmon Resonances (LSPRs) of the metallic nanostructures, which
for optimized substrates need to be tuned to the wavelength of the laser source used in
the Raman experiment, namely, 514.5nm. Indeed, when the dip is in the vicinity of this
wavelength, also good SERS enhancement is more likely to be encountered, due to the
resonant excitation of the LSPRs. In fact, the dip is strongly related to the plasmonic
resonances of the nanostructure, meaning that when it is centred around the laser wave-
length (in this case 514.5nm), the plasmonic resonances of the substrates are excited, thus
providing stronger enhancement effects. As an example, UV-Vis transmittance spectra of

some of the fabricated samples are shown in Figure 6.1 (see Appendix A.1 for all the spectra).

In Figure 6.2a the results are resumed in a single graph, which shows the dip transmit-
tance versus the absolute value of the difference between the dip wavelength and the source
wavelength. For the sake of simplicity this latter quantity will be now on called AA [nm].
These two quantities give important information about the nanostructures: the first one is an

empirical estimation of the enhancement of the optical processes, but it is also affected by Ag
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5724 " . = 40 mA,5s,5cm 572 = 40mA, 5s,5¢cm
-t 50 mA, 2s, 4 cm ‘ 50 mA, 2s, 4 cm
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| | i) )
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Fig. 6.2 Dip transmittance vs. AA, for samples prepared with different sputtering conditions.
Different points with the same colour (a) represent different replicates fabricated in the same
synthesis conditions; (b) the different points represent the mean values of the replicates
reported in (a). The bars are the standard deviation values of the transmittance (vertical bar)
and AA (horizontal bars).
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surface coverage, while the second one is used to evaluate the contribution of the resonant
excitation of the LSPs. This means that, samples represented in Figure 6.2a, which have low
transmittance and low AA, also have high probability to produce a high SERS enhancement.
It is already clear from the graph of Figure 6.2a, that these substrates are affected by a very
low reproducibility: different samples, fabricated in the same conditions present variable
optical properties. Moreover, while fabricating the samples it was also noticed that different
results were obtained for the same conditions (whose symbol is featured by the same colour)
also during the same deposition session. The substrates seem to reach a fixed morphology
increasing the number of processes, according to a stabilization of the sputtering conditions
over time. In agreement with this, after about ten depositions from the initial one, the samples
begin to present more predictable results and less differences one to the other. In Figure 6.2b
it was chosen to graph each set of synthesis conditions as a single point, corresponding to the
mean transmittance of the dip vs. AA; vertical and horizontal bars for each point represent the
standard deviations, respectively of the transmittance and of the distance from the excitation
wavelength, of all the samples that were synthesised in the same deposition conditions. In
conclusion, it is easy to state that these samples are characterized by unpredictable properties
for the same synthesis conditions, which make them unreproducible.

200 nm

(a) 40mA, 3s, 4cm (b)40mA, 3 s, 4.5 cm

200 nm

(c) 40 mA, 4s, 4.5 cm (d) 40 mA, 5s, 5 cm

Fig. 6.3 FESEM images of samples with 1mm PDMS membranes (20:1 curing ratio) and
sputtered Ag-NPs under different synthesis conditions. Images are taken with 150 kx magni-
fication.
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A FESEM analysis was carried out on the samples, in order to link the morphology to
the obtained characteristics of the transmittance spectra. In Figure 6.3 FESEM images of
some of the samples are shown (see Appendix A.1 for all the FESEM images). As it can
be seen, the nanoparticles that are fabricated by sputter deposition on PDMS membranes
are very small (average diameter around 10 nm). Comparing the samples shown in Figures
6.3a and 6.3b, it looks that the second, that was sputtered at longer distance from the target,
has smaller and more uniform nanoparticles. This could be explained by the fact that for the
same sputtering current and deposition time, but at lower distances, silver particles that are
sputtered from the target and reached the PMDS surface, are more energetic, so that their
aggregation on the surface is easier. Whereas, for longer distances, silver nanoparticles on
the substrate tend to be smaller, since particles sputtered from the target are less energetic
when they reach the surface and their nucleation into bigger nanoparticles is made slower
[150].

In the same way, looking at Figures 6.3b and 6.3c, it seems that the longer the time of the
deposition, the bigger the obtained NPs. This can be explained by the fact that for longer
depositions more material is sputtered from the target, so that the aggregation into bigger
NPs is favoured. This effect is translated into a red-shift of the wavelength of the dip, which
changes — as already seen — with the size and the inter-particle distance of the Ag-NPs,
since it is related to the LSPRs of the substrate. This can be seen from Figure 6.2b: indeed
longer-time deposition produces samples with bigger AA, if compared to the ones sputtered

for smaller times.

In conclusion, this type of substrates requires a very fine tuning of all the synthesis pa-
rameters for the fabrication of SERS substrates with resonant behaviour with respect to the
used source. This high complexity is to be added to their low reproducibility, both in the
same deposition session and in different ones, making these substrates very hard to be used

for large scale fabrication.

6.2.2 Synthesis of Ag-NPs on functionalised PDMS membranes via sput-

ter deposition

The PDMS substrates can be treated before the deposition of Ag-NPs to promote their adhe-
sion to the surface, and thus also the stability of the nanostructures. A possible pretreatment
process consists in a functionalisation of the PDMS membranes, which improves the retention
of the deposited Ag-NPs on the PDMS substrates. In the following, the methods that were
used for the Ag-NPs sputtered on PDMS substrates are explained and the results discussed.
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Properties of differently functionalised PDMS membranes

The first step to a functionalisation of the substrates is given by the activation process. This
process favours the exposure of the silanol groups on the PDMS surface, which temporary in-
creases the wettability of the substrates. Two different activations were tested: a) the first cor-
responds to an activation of the PDMS membranes by means of a piranha-like solution; b) in
the second case an Argon plasma was used to physically etch the PDMS membrane to favour
its activation. The activation was finally followed by the functionalisation of the membranes
with an organosilane. Two ways were followed, using (3-mercaptoproyl)trimethoxysilane
(MPTMS) and (3-aminopropryl)triethoxysilane (APTES) as adhesive layers. Practically,
the methoxy or the ethoxy terminal groups of MPTMS or APTES break, while the silane
is attacked by the silanol moieties on the PDMS surface and finally methanol or ethanol is
released; on the other side, the thiol or the amino group is free and available to bind the metal,
thus providing a more stable interaction between the PDMS surface and the Ag-NPs. The
wettability of the activated and functionalised substrates was measured by means of optical
contact angle characterization. Water and diiodomethane (CH,I,) were used as standard
liquids to study the hydrophobicity of the substrates. A higher hydrophobicity is related to a
higher roughness of the substrates, theoretically helping the formation of more Ag-NPs per
unit area [75], i.e., ensuring also a possible increase of the SERS enhancement.

In Table 6.1 the values of the Contact Angles are shown for all the cases. As it can
be clearly seen, both the activation methods lead to an increased hydrophilic behaviour of
the surface of the PDMS membranes. In fact, activated membranes show lower CAs, in

comparison to the non-activated ones. A very high water CA of 131.44° is obtained for the

Table 6.1 Values of Contact Angle (in degree) for water and diitodomethane drops of 1 yL on
PDMS substrates

Piranha Plasma
No Funct. APTES MPTMS ‘ No Funct. APTES MPTMS

H,O 118.86£4.98 130.99+£3.53 116.73+6.53 | 83.67+£3.37 123.58£5.16 127.62+6.39
CH>I, 85.33+3.62 61.63+£4.01 67.55£4.06 | 70.77+3.52 60.39+4.57 81.04+4.6

Drop

No Activation
No Funct. APTES MPTMS

HO  131.44+3.57 125.49+3.48 119.92+£3.15
CH>I, 103.80£3.34 9096+4.6 69.45+£4.76

Drop
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not treated PDMS membrane. Lower CAs are obtained for diitodomethane, whose surface
tension is characterized by a stronger non-polar contribution [50].

It can be stated that, for APTES functionalisation method, the membranes activated
by a piranha-like solution are more hydrophobic, in comparison to the ones activated by
Ar-Plasma. On the contrary, the MPTMS-treated membranes result more hydrophobic when
pre-treated by plasma activation. All the results are compared in a single histogram in Figure
6.4a: as it can be easily seen, the higher hydrophobicity of the functionalised substrates is
observed in piranha activated substrates in case of APTES functionalisation, and in plasma
activated substrates in the case of MPTMS. In Figure 6.4b the standard deviation (SD) of
the CA measurements vs. the respective CA values are shown. MPTMS functionalised
substrates show high SDs both for plasma and piranha activation (for water drops), even if
with high hydrophobicity. From this it can be inferred that MPTMS functionalised samples
have a lower homogeneity. On the contrary, the piranha activated PDMS, functionalised by
means of APTES shows high CA along with a low value of SD.

After the study of the CA, a FESEM characterization was carried out to understand if
it exists a correlation between the morphology of the substrates and their wettability. In
Figure 6.5 some of the Ag-coated substrates are shown. As it can be noticed, MPTMS-
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Fig. 6.4 Graph of: (a) Values of Contact Angle (in degree) for water and diiodomethane
drops of 1 uL on PDMS substrates with the respective Standard Deviation (SD) bars; (b) SD
vs. CA values for the different samples: square points are measurements with water drops
and triangle points are measurements with diiodomethane drops.
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1 pm

(b)

1 um

(c) (d

Fig. 6.5 FESEM images of Ag-NPs on untreated PDMS membrane (a), plasma-activated
PDMS membrane and treated with MPTMS (b), piranha-activated PDMS membrane and
treated with MPTMS (c) and plasma-activated PDMS membrane and treated with APTES (d)

functionalised PDMS substrates have a different morphology if compared to the PDMS
functionalised by means of APTES, so that it can be assumed that the morphology is related
to the used functionalisation. In addition to this, the higher hydrophobicity of the MPTMS-
functionalised plasma-activated PDMS membranes — in comparison to the piranha-activated
one — seems to be supported by the higher roughness of the surface.

Optical analysis

functionalised PDMS membranes and untreated PDMS were finally coated with Ag-NPs.
The starting PDMS was fabricated with a 20:1 monomer-to-curing agent ratio and eventually
coated at sputter conditions of 40mA, Ss, Scm. In Figure 6.6a the UV-Vis transmittance
spectra of the samples are shown, while in Figure 6.6b it is shown the minimum transmittance
of the UV-Vis spectra vs. AA. It can be noticed that the untreated Ag-coated PDMS substrate
shows a dip around 57/4.5 nm, in resonant condition with the laser source used for the Raman
measurements. This result can also be seen in Figure 6.6b; the untreated PDMS matches
better the resonance condition than the other substrates, but at the same time it shows a
relatively-high transmittance. Moreover, the plasma-activated substrates (full squares points),
both for APTES and MPTMS, show higher transmittances, if compared to PDMS membranes
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Fig. 6.6 UV-Vis transmittance spectra in air for / mm PDMS membranes with sputtered
Ag-NPs, with different activation and functionalisation processes (a) and graph of dip
transmittance vs. AA (b). The sputtering conditions are 40 mA, 55, 5cm

activated by means of piranha-like solution (crossed empty squares points). This means that
piranha-activated APTES-functionalised membranes are theoretically the ones that should

show the strongest enhancement.

Raman efficiency and uniformity

For the study of the Raman efficiency and of the uniformity of the samples, 4-mercaptobenzoic
acid (4-MBA) was used as SERS probe molecule. The MBA does not present electronic
resonant behaviour for the used excitation source, so that the results are easily related to
label-free detection applications. This behaviour is an excellent starting point for the compar-
ison of the enhancement efficiencies of SERS nanostructures, since only the response of the
SERS substrate is responsible for the enhancement, at the most usually employed excitation
sources. Moreover, 4-MBA strongly binds to noble metal particles through its thiol group,
thus allowing the formation of stable monolayers suitable for the evaluation of the SERS
enhancement uniformity.

In Figure 6.7 the typical SERS spectra of 4-MBA acquired on Ag coated PDMS and
APTES are shown. The spectrum is dominated by two intense bands: the most intense
centred at 1584 ¢m ™1, and the second at 1075 cm L. For the sake of completeness, the main

vibrational bands of the 4-MBA are also shown in the table of Figure 6.8. In order to compare
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1075 cm™' 1584 cm™"
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piranha activation !
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Fig. 6.7 SERS spectrum of 4-MBA at the concentration of 10~> M, acquired at 514.5 nm, on
an Ag-coated SERS substrates, with piranha-like solution activation and APTES functionali-
sation (blue spectrum) and on Ag-coated SERS substrate with untreated PDMS substrate.

0

4-MBA L‘j’ﬂ‘w
HS™
Rar&?_flhlﬁ Assignment
1075 ring breathing (vi2, a1) +v C-S
1137 GC-H (vis. ba)
1180 5C-H (vs, b1)
1380 COO stretching
1584 ring breathing (vea, a1)

Fig. 6.8 Band assignments for 4-MBA spectrum [50]

the SERS performances of the prepared substrates, an integration of the intensity over the
area of the latter peak was performed for all the spectra. The spectra were acquired by
mapping the surface of each sample, so to obtain an average intensity for the single substrate,

along with the RSD to acquire the information about the uniformity of the sample.

The results of the Raman characterization of the functionalised samples are reported in

the following. In Figure 6.9 the average intensities of SERS signals measured for the dif-
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Fig. 6.9 Average intensities of the different Ag-coated substrates, with different activation
and functionalisation processes. Relative Standard Deviations are also shown on top of each
column of the histogram.

ferent Ag-coated substrates are shown. As it is clearly seen, the substrates that underwent
a functionalisation with APTES show the highest average SERS intensities. In particular,
the substrate that was activated by means of a piranha-like solution and functionalised with
APTES is the one showing better properties. This outcome agrees with the results obtained by
the optical analysis (see Figure 6.6b), in which this sample exhibits a low dip transmittance
and a good plasmonic resonant behaviour. Furthermore, also a low RSD is obtained (8.6 %),
meaning that the substrate is uniform and guarantees a good intra-sample repeatability. On
the contrary, for what concerns MPTMS functionalised substrates, nothing can be inferred.
Indeed, the results don’t match with the ones expected from the optical response. Very low

SERS intensities are indeed revealed and then the spectra are not shown in Figure 6.7.

6.2.3 Stability tests

To study the stability, the samples (Ag-coated PDMS, Ag-coated APTES and MPTMS
functionalised PDMS, 20:1, 1 mm, 40 mA, 5 s, 5 cm) were incubated in TE-NaCl solution
and the variation over time of the transmittance spectra was measured by acquiring UV-Vis
spectra at the beginning of the test (T0) and after / 4 (T1) 24 h (T24) and I week (Tw).

As it can be seen from the transmittance spectra shown in Figure 6.10(a-c), this test showed
a very low retention of the Ag-NPs on non-pretreated PDMS membranes and APTES-

functionalised PDMS membranes pretreated by a piranha-like solution, with a variation of
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the optical behaviour already after / 4 of incubation. In fact, the weak forces that fix the Ag-
NPs to the PDMS substrates are not sufficient to strongly bind them to the surface, so that the
NPs redistribute into different morphologies when incubated in liquid solutions, especially
increasing the ionic strength of the used buffer. This redistribution of the NPs translates
into a variation of the Plasmon Resonances of the nanostructures that are strongly related to
their geometry and arrangement, changing their SERS activity. This makes these substrates
almost impossible to be used for bioapplications, which usually require high stability. On the
other side, MPTMS-functionalised membranes showed a more stable behaviour. In fact, the
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Fig. 6.10 UV-Vis transmittance spectra in TE-NaCl buffer for Ag-coated PDMS (a) and
Ag-coated piranha-activated APTES (b) and MPTMS (c) PDMS substrates. Graph of the dip

transmittance vs. relative AA for different the sputtered samples.
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interactions between the sputtered metal and the thiol group of the MPTMS are more stable,
since between Ag and the sulfur atom of the thiol group a semi-covalent bond forms. On the
other side, the interactions between the sputtered Ag and the amino group of the APTES are
of electrostatic nature, i.e. weaker than the semi-covalent Ag-S bond.

A fast comparison between the variations of the optical properties of the samples can be done
using the Figure 6.10d, in which the dip transmittance vs. the distance of the dip wavelength
from the source wavelength is plotted. It is first important to underline that in the x-axis the
shift of the dip wavelength (due to the incubation) with respect to the source is represented.
This means that the value in the x-axis is to be interpreted as the quantity AA, but with the
particularity that: when its value is negative, a blue-shift is registered, instead, when positive,
a red-shift is registered. As it can be easily seen, the MPTMS-functionalised PDMS result
stable, with the dip transmittance and the dip wavelength almost fixed, showing only a small
shift also after / week in incubation, thus agreeing with the explanation of a stronger bond
between the Ag-NPs and the surface.

6.2.4 Conclusions

Sputtered Ag-NPs on PDMS membranes are still difficult to be used in the framework of
bio-applications. More precisely, not functionalised nanostructures show low reproducibility
and stability, incompatible characteristics for SERS applications. A solution to the low
stability is given by the functionalisation of the PDMS surface before the deposition of silver:
thanks to the addition of an adhesive layer, a higher retention on the surface of the Ag-NPs
is possible. As result of the stability tests the MPTMS-functionalised PDMS Ag-coated
substrates showed higher stability in TE-NaCl buffer, if compared to the other samples
(non-treated Ag-coated PDMS and APTES-functionalised Ag-coated PDMS).

The best SERS enhancement was instead observed for the SERS-active substrates, obtained
by means of a pre-treatment with piranha-like solution and followed by a functionalisation
with APTES. Moreover, these samples also showed good intra-sample repeatability. On the
contrary, the MPTMS-functionalised Ag-coated samples, despite their good stability, didn’t
exhibit a good SERS enhancement, showing a sensitivity which is much lower than the other
Ag-coated PDMS membranes.

For this reason, other synthesis methods were investigated to obtain PDMS substrates with
higher Raman enhancement and a higher reproducibility if compared to those fabricated up
to now. The next paragraph deals with the synthesis of SERS-active nanostructures by means

of static incubation of PDMS membranes in a solution of silver nitrate
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6.3 Static incubation of PDMS membranes for SERS sub-

strates synthesis

A second approach was used for the in-situ synthesis of silver nanoparticles on PDMS
membranes. In this case, the PDMS membranes were incubated in a solution of silver nitrate.
The synthesis parameters (monomer-to-curing agent ratio, incubation time, thickness of the
membranes, incubation temperature, cross-linking degree, presence of different concentration
of ethanol, concentration of silver nitrate) were tested separately and all the samples were
characterized by means of UV-Vis transmittance analysis, FESEM characterization (along
with an image analysis) and Raman characterization, using also in this case MBA as analyte
for a mapping of the samples.

Two different values of monomer-to-curing agent ratio (3:1 and 5:1) were chosen for all the
experiments, so that for any other varying parameter, two sets of samples were fabricated.
Moreover, for each condition three different samples were fabricated, one for each of the
three different incubation times, corresponding to 24h, 48h and 72h, that were chosen in
order to analyse the influence of the incubation time on the synthesis.

The results are first presented separately for each experiment. A comparison is finally
performed and the best conditions chosen for the bio-assay. The complete list of all the

measurements is in Appendix A.

6.3.1 Thickness of PDMS membranes
Optical and morphological analysis

The UV-Vis transmittance spectra of the fabricated samples are reported in the corresponding
section of the Appendix A.2. In Figure 6.11a the graphs for the / mm thickness case are
plotted, along with the correspondent FESEM images, in order to show the general shape of
the spectra of this type of samples. On the other side, Figure 6.11(b,c) collect respectively
the 3:1 and the 5:1 samples for different thickness.

From Figure 6.11a it is possible to notice a trend with time of the transmittance spectra.
In fact, with the increase of the time of incubation, also the available time for the reaction
increases. This manifests itself in the decrease of the transmittance from 24h to 72h, for all
the chosen thickness of the PDMS membranes. This means that, with the increase of the
incubation time also a higher coverage of the PDMS membranes is expected, with a higher
density of Ag-NPs for a longer incubation of the samples. This agrees with the FESEM
images shown in Figure A.10 (Appendix A.2), in which all the FESEM images of the samples

are shown. As it can be seen (e.g., from the FESEM images of / mm substrates of Figure
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6.11a), the highest coverage is obtained for longer times of incubation.

From Figures 6.11b and 6.11c a comparison between 3:1 and 5:1 samples can be seen
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Fig. 6.11 UV-Vis measurements in air and FESEM images for PDMS thickness of 1 mm
prepared with different curing ratio and incubation times (a), UV-Vis measurements in air for
curing ratio of 3:1 (b) and 5:1 (c) at different substrate thickness. The FESEM images were
taken at 50 kx magnification.
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as well. First of all, the 5:1 samples present on the average higher transmittances, which is
explained by the lower coverage of 5:1 samples, if compared to 3:1 samples. It is worth to
notice that the 5:1 samples exhibit a dip that is more tuned to the excitation wavelength, along
with a higher sharpness of the curve around the dip. Indeed, 3:1 samples are characterized
by flatter spectra, and dips that are shifted to lower wavelengths. The flatness of the spectra
of the 3:1 samples must be attributed to a lower homogeneity of the NPs morphological
characteristics, corresponding to a broader distribution of the NPs sizes and inter-particle
gaps, in comparison to the 5:1 samples, which present more uniform distributions of these

features.

An image analysis was carried out to have more precise information about the morphology
of the samples. The results obtained by means of the MATLAB script and ImageJ were
compared. It was noticed that the MATLAB script was more efficient in the case of smaller
particles with fewer clusters, giving accurate results in short time. Unfortunately, the script
is not completely optimized for the identification of the nanoparticles in big agglomerates.
The division of the NPs collected in big clusters was instead manageable (even if with longer
times) by means of the ImagelJ software. For this reason, it was chosen to use ImagelJ for
those samples with a big amount of compact clusters of Ag-NPs (usually 3:1 samples) and to
use the MATLAB automatic script for samples with smaller and sparser NPs (usually 5:1).
Average sizes and gaps for all the samples are plotted in the graph of Figure 6.12a. As it
can be seen, 5:1 samples (labelled in the Figure with numbers from 10 to 18) own smaller
NPs with smaller inter-particle gaps. More importantly, from the image analysis a study on
the distribution of the NPs was also executed, so to evaluate the variation of the size and the
inter-particle gap within the same sample, along with the coverage of the surface. From these
results it was confirmed that 3:1 samples have higher coverage indexes (with an average
value of 8% for 5:1 samples and 20% for 3:1 ones), which justify the lower transmittance
of their spectra, along with a higher variability of the gap size, compared to the one of 5:1
samples. These results agree with the UV-Vis spectra and justify also the broader linewidth
of 3:1 samples dips.

In Figure 6.12b a final graph is reported, showing the dip transmittance vs. the distance of
the dip wavelength from the excitation wavelength. Also here it is easy to notice that 5:1
samples (triangular points) show a more resonant behaviour. More importantly, it can be seen
that the transmittance decreases with the increase of the thickness (thinner samples showed
higher transmittance values). In fact, the silver nitrate reacts with the PDMS to form Ag-NPs.
Thicker substrates then would allow the production of more silver in the form of NPs, that

translates into a higher coverage. Despite of this, it is also important to underline that the
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Fig. 6.12 Figure (a): each point represents a sample: the colour represents the Average SERS
intensity in arbitrary unit, while in the y- and x-axis, the average size of the Ag-NPs and their
Average Inter-Gap distance are used respectively; (b): dip transmittance vs. AA for samples

with different substrate thickness.

higher thickness itself is a possible cause for the lower transmittance of thicker substrates.

It is also interesting to notice that the dip of samples with 3:1 monomer-to-curing agent ratio

is blue-shifted when increasing the thickness of the PDMS membrane. Moreover, also the

sharpness of the spectra around the dip increases with the thickness (see Figure A.6 from (a)

to (¢)). This behaviour is justified by the image analysis on the samples. In fact, the increase
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of the thickness comes with a decrease of the gap variance, that would mean a more uniform

family of Ag-NPs on the thicker substrates.

Raman efficiency and uniformity

The average intensity calculated from the Raman analysis of the substrates, using MBA as
analyte, is shown for all the samples in the histogram of Figure 6.13a. It can be seen that
on an average, the 5:1 samples exhibit higher Raman intensities, agreeing with the more
resonant behaviour shown by these samples. In Figure 6.13b the Relative Standard Deviation
(RSD) versus the mean intensity is plotted. Looking at this, it is clear that 5:1 samples
(triangular points) have smaller RSD, again in accordance with the optical and morphologi-
cal characterizations, which underlined the higher homogeneity of the 5:1 substrates, with

smaller gap and size variances.

In Figure 6.12a the mean gap versus the mean equivalent diameter of the Ag-NPs of each
sample is plotted, along with the average Raman intensity. As it can be seen, on average,
low Raman intensities are registered. The samples showing the highest Raman intensities
(respectively labelled in the Figure with number 7 and 15) have also lower gap size, which
could explain their higher Raman efficiency, related to a higher density of hot-spots on the
substrates. In conclusion, the best samples are the 3:1,0.5mm, 72h and the 5:1,2mm, 48h,
with the latter showing the lowest RSD (see figure 6.13b).
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Fig. 6.13 Figure (a): Average intensities of the SERS substrates synthesised for different
thickness of the PDMS membranes; (b): RSD vs. average intensity of the SERS substrates
synthesised for different thickness of the PDMS membranes.
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Fig. 6.14 UV-Vis measurements in air and FESEM images for curing ratio of 3:1 (a) and 5:1
(b) at different incubation temperature. FESEM images have been taken at magnification of

50 kx
6.3.2 Incubation temperature of PDMS membranes
Optical and morphology analysis

In order to evaluate the effect of temperature on the synthesis of the Ag-NPs, the PDMS
membranes with 3:1 and 5:1 monomer-to-curing agent ratio were incubated at 20, 30 or 40
°C. In Figure 6.14a and 6.14b the UV-Vis spectra and the FESEM images of all the samples
are reported. As in the case of the variation of the thickness of the PDMS membranes, it
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can be seen that longer incubation times allow a higher coverage of the PDMS membranes,
resulting in the decrease of the transmittance.

Moreover, also in this experiment it was seen that the 5:1 samples have dips more centred
around the 514.5nm source wavelength, along with a higher sharpness of the spectra in
the vicinity of this wavelength if compared to the 3:1 samples. A quick look through the
FESEM images of the samples is sufficient to relate this behaviour to a higher variability
of the NPs size and inter-particle distances of the 3:1 samples. The image analysis on the
samples confirmed this hypothesis; indeed, 3:1 samples exhibit higher size and gap variances,

which is also the reason for their flatter transmittance spectra.

The temperature of incubation acts on the speed of the reaction, so that a higher tempera-

ture leads to a higher coverage of the PDMS membranes. This agrees with the decrease of the
transmittance with the increase of the incubation temperature. Results are confirmed by the
analysis of the FESEM images, which revealed a higher coverage for samples incubated at
40 °C. Figure 6.15a shows all the main optical characteristics of the samples (transmittance
of the dip and dip wavelength) in a single graph. As it can be seen, samples synthesised at
40 °C fall in the lower region of the graph along the transmittance-axis (both for the cases
of 3:1 and 5:1 monomer-to-curing agent ration), if compared to the same ones incubated at
20 °C. Moreover, samples incubated at 30 °C lay between the two previous sets of samples,
that agrees with the increase of the coverage with the increase of the temperature.
The dip wavelength of the samples is now analysed. Samples prepared with 3:1 PDMS
membranes (square points) and incubated at the temperature of 20 °C show a dip, whose
minimum is nearer to the wavelength of the source, if compared to the ones incubated at
30 °C and 40 °C. Figure 6.15b shows the average inter-particle gap vs. the average size of
the samples. As it can be seen for the graph, the 3:1 samples incubated at 20 °C (labelled
with numbers 1, 4 and 7) showed smaller sizes than those obtained at 30 °C (labelled with
numbers 2, 5 and 8) and at 40 °C (3, 6 and 9). For what concerns the samples with 5:1 ratio
it can be seen that the bigger AA values are obtained for the samples incubated at 30 °C.
Looking at Figure 6.15b, it can be seen that 5:1 samples have particles with almost equal
average size. It is interesting to notice that, having almost the same size, these samples have
a coverage, and then also a transmittance, that depend mostly on the gap dimension; indeed,
at same size, larger gaps would mean also a lower coverage. This is easy to be seen in the
graph of Figure 6.15b, where 5:1 substrates incubated at the temperature of 20 °C (labelled
with numbers 10, 13 and 16) are on average in the upper part of the plot, with respect to the
ones incubated at 30 °C (labelled in figure with numbers 11, 14 and 17) and those incubated
at 40 °C (samples labelled with numbers 12, 15 and 18).
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In conclusion, it is expected that: samples with 3:1 PDMS substrates and incubated at
20°C exhibit higher SERS enhancement, whereas for what concerns 5:1 PDMS substrates,
the higher SERS enhancements are expected from the ones incubated at 40°C.
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Fig. 6.15 Figure (a): dip transmittance vs. AA, for samples with different incubation
temperature; (b): each point represents a sample: the colour represents the Average intensity
in arbitrary unit, while in the y- and x-axis, the average size of the Ag-NPs and their average
inter-gap distance are used respectively.
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Fig. 6.16 Figure (a): Average intensities of the SERS substrates synthesised for different
incubation temperatures of the PDMS membranes. Figure (b): as it can be seen, the peak
at 1075cm™" is present. The enhancement changes depending on the substrate and on the
enhancement is produces. Figure (c): RSD vs. average intensity of the SERS substrates
synthesised for different incubation temperature.

Raman efficiency and uniformity

Results of Raman analysis is now discussed. All the average Raman intensities are collected
in the histogram of Figure 6.16a, while SERS spectra of 3:1 samples are shown in Figure
6.16b. The highest Raman intensities are obtained by samples with 5:1 monomer-to-curing
agent ratio. The graph in Figure 6.16c¢ also shows that 5:1 substrates (triangular points) pro-
vide not only higher Raman signal intensities, but generally also smaller RSD, with respect

to the 3:1 ones. The higher intra-sample repeatability of Raman measures can be associated
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to the higher homogeneity of the nanostructures, built using the 5:1 PDMS membranes, in

comparison to those based on the 3:1 ratio.

Referring to Figure 6.16¢, two different trends are noticed for 3:1 and 5:1 samples. The
former ones have increasing Raman intensities going from incubation temperature of 20 °C
to 30 °C, but low values for the 40 °C case. In addition to this, samples incubated at 20 °C
and 30 °C are also more uniform, if compared to the ones whose synthesis was performed
at the temperature of 40°C. These results agree with the results obtained in the optical and
morphological analysis. It is also interesting to notice that, an increase of the enhancement is
obtained when a higher incubation time is chosen, at least for the incubation at 20 °C and
30 °C. On the other side, samples incubated at 40 °C have better Raman efficiency in the case
of 5:1 samples, along with better intra-sample repeatability. This is true only for 5:1 samples
incubated for 24 h and 48 h, but not for those incubated at 72 h, which instead exhibit the

highest efficiency when incubated at the temperature of 30 °C.

In conclusion, the best samples are the ones with a 5:1, incubated at 40 °, with incuba-
tion times of 24h and 48h respectively.

6.3.3 Cross-linking degree of PDMS membranes
Optical and morphology analysis

The effect of different cross-linking degrees was then evaluated by fixing the temperature
at 30 °C. This temperature was chosen since it revealed being the best for the synthesis
of the 3:1 samples. Figure 6.17 shows the UV-Vis transmittance spectra and the FESEM
images of samples divided by cross-linking degree. Again, 3:1 samples are characterised
by spectra with lower transmittances. Also in this case, this phenomenon is confirmed by a
higher coverage index for these samples compared to the 5:1 ones. This is actually easy to be
visualized from the FESEM images and it is supported by the results of their analysis. In
addition to this, 3:1 samples are characterised by flatter spectra, again reconfirming that this
latter property is related to a bigger size variation of the silver nanoparticles, also keeping
in mind that this result is also given by a better coupling between NPs. Finally, like in the
previous cases, samples with smaller monomer-to-curing ratio also show a dip with a mini-
mum, which is more blue-shifted with respect to the excitation wavelength. In fact, also for
this experiment, the image analysis confirmed that the 3:1 sample have bigger nanoparticles.

This can be visualized more easily in Figure 6.18b.
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Differences between partially and totally cross-linked SERS substrates were found as well.
Partially cross-linked substrates (black curves of Figures 6.17a and 6.17b) have lower values
of transmittance, when compared to the corresponding substrates built on totally cross-linked
PDMS membranes (red curves). This behaviour is again related to the fact that partially
cross-linked substrates are more covered by Ag-NPs. In fact, it can be inferred that partially
cross-linked PDMS membranes allow a higher production of silver during the reaction of the

formation of the nanoparticles, at equal incubation time. Indeed, silver nitrate in the solution
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Fig. 6.17 UV-Vis measurements in air and FESEM images for 3:1, I mm, 30 °C (a) and 5:1,
1 mm, 30 °C (b) at different PDMS cross-linking degree. FESEM images were taken with a
magnification of 50 kx.
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Fig. 6.18 Figure (a): dip transmittance vs. AA for samples with different cross-linking degree.
Figure (b): each point represents a sample: the colour represents the Average intensity in
arbitrary unit, while in the y- and x-axis, the average size of the Ag-NPs and their average
inter-gap distance are used respectively.

reacts with the curing agent of the PDMS membranes resulting in metallic silver. A partial
cross-linking means also a higher amount of non-reacted curing-agent in the PDMS, which
will be free react with silver nitrate, when immersed in the incubation solution.

However, the partially cross-linked substrates also show a longer distance of the dip
wavelength from the 514.5nm line. This behaviour is easily highlighted in the graph of Figure
6.18a, which shows the dip transmittance vs. the AA. Figure 6.18b shows the average gap vs.
the average size of the NPs of the samples. The following fact is observed: partially cross-
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linked substrates have, on average, Ag-NPs with smaller gaps, both for 3:1 and 5:1 PDMS
membrane. This behaviour could be correlated to the increased presence of curing-agent of
these membranes, which makes the particles nearer to each other due to an increased number
of nucleation sites. It’s also interesting to notice that a better tuning seems to be obtained
for a ratio between size and gap of around 0.5 (this same behaviour was also encountered in
the previous experiments). However, this result seems opposite to the theoretical knowledge
concerning the SERS effect, which would attribute bigger enhancements in the case of smaller
gaps (usually gaps smaller than the radius of the NPs). To explain this inconsistency, it must
be kept in mind that the algorithms used for the image analysis are not completely accurate
and optimized for these SERS substrates. In fact, both the tools have some limitations in the
identification of the particles agglomerated into clusters. This translates in a low accuracy of
the measured average gap, especially in the case of substrates with numerous and big clusters.
Indeed, since the algorithms are not always capable to identify sensitively the particles in the
clusters, the smaller gaps between the particles in the same cluster are not taken into account.

As a result, the inter-particle gaps are bigger than reality.

Raman efficiency and uniformity

From the optical and morphological analysis of the sample it appears easy to expect better
Raman signals from totally cross-linked substrates, since more tuned with the excitation of
the source. Actually, this behaviour is encountered in the 3:1 samples, with 24h and 48h
incubation time (see Figure 6.19a). On the other side, opposite trend is discovered for all
the other samples. However, it must be underlined that all the samples are still with a dip
wavelength far from the source wavelength, making them weakly resonant. If this trend
remains unjustified for the 3:1 samples, it can be explained for 5:1 samples, looking at the
graph of Figure 6.18b: it can be noticed that partially crossed linked substrates have slightly
smaller Ag-NPs, but this along with much smaller gaps, that could make increase the density

of hot-spots per area.

Finally, the samples showing the highest Raman efficiencies are the partially cross-linked
substrates, incubated for 72h, both for 3:1 and 5:1 PDMS substrates. Nevertheless, despite
these samples show the highest Raman signals, it is clear looking at Figure 6.19a that they
also show high variability. For this reason, it was chosen to continue to use totally cross-
linked PDMS membranes for the fabrication of the SERS substrates, since these show smaller

variability, in spite of the lower Raman efficiency.
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Fig. 6.19 Figure (a): Average intensities of the SERS substrates synthesised for different
cross-linking degrees of the PDMS membranes. Figure (b): RSD vs. average intensity of the
SERS substrates synthesised for different cross-linking degree.

6.3.4 Concentration of ethanol in the incubation solution

Optical and morphology analysis

In the previous experiments it was always used an aqueous solution of AgNQOj3, but no other
solvent apart from water, was tested before. For this reason, it was chosen to test the influence
of different percentage of ethanol in the incubation solution, in order to understand how it

acts on the growth of the Ag-NPs. As in the previous cases, an optical and morphological
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analysis was performed on the obtained samples. Transmittance spectra of all the sample
are collected in Appendix A.5. Differences are found when comparing substrates immersed
in solution without ethanol and the ones immersed in a solution with various percentage of
ethanol. Focusing on 5:1 substrates, it can be seen that samples incubated without ethanol
are less transparent to light. Looking at the FESEM images of the 5:1 samples (see Appendix
A.5) it is clearly visible that substrates incubated with ethanol in the silver nitrate solution
have lower coverage. In fact, the ones incubated with 0% of ethanol in the solution, have also
bigger Ag-NPs sizes and smaller gaps (see image 6.20a: samples labelled by the numbers 13,
21 and 17 are located more to the right part of the graph if compared to the other 5:1 samples).

In addition to this, also in this case the results confirm what already found for the previous
experiments when comparing 3:1 and 5:1 samples. In fact, samples with a monomer-to-
curing agent of 3:1 show lower transmittances, agreeing again with the higher coverage
shown by these samples and confirmed through the image analysis. This behaviour is clearly
noticeable in Figure 6.20b, where the dip transmittance is represented as a function of the
AA: the 3:1 samples (square points) occupy the lower region of the graph, underling their
lower transparency to the UV-Vis light. Again, 3:1 are also less tuned to the excitation source
(see Figure 6.20b: 3:1 samples are more shifted, if compared to the 5:1 ones). This behaviour
is again confirming that there is a strict relation that links the morphology of the substrate to
its optical response. Indeed, looking at the graph of Figure 6.20a it can be noticed that 3:1
samples (samples from 1 to 12) exhibit bigger NPs, compared to the ones of the substrates
with a ratio of 5:1 (samples labelled with numbers from 13 to 24). Finally, the 5:1 substrates
feature a narrower dip. The image analysis was again carried out, showing also in this case a
higher variance of the particles sizes of the 3:1 samples, finally linking this property to the
steepness of the transmittance curve around the plasmonic dip.

From this optical analysis it is expected that best Raman signals would be obtained for

samples incubated in a solution of silver nitrate with no ethanol, with better performances for

the 5:1 samples.
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samples with different percentage of ethanol in incubation solution.

Raman efficiency and uniformity

The results obtained by the Raman analysis confirmed what expected from the optical and
morphological analysis of the samples. In fact, the substrates incubated in a solution of silver

nitrate, with no ethanol, show better Raman signals, as it can be seen from the histogram in
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Fig. 6.21 Figure (a): Average intensities of the SERS substrates synthesised for different
percentage of ethanol in the incubation solution. Figure (b): RSD vs. average intensity of the
SERS substrates synthesised for different percentage of ethanol in the incubation solution.
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Figure 6.21a, which collects the average SERS intensities for all the samples. In addition to
this, the samples incubated without ethanol have also smaller RSDs, that make them also the

samples with the higher intra-sample repeatability for this experiment (see Figure 6.21b).

Finally, an important property is to be underlined. Also in this case, the highest Raman
signals have been observed for samples with certain dimension of the nanoparticles, coupled
with specific inter-particle gaps. More precisely, also in this case it was found out that the
best behaviour is shown by those substrates with Ag-NPs with size of around 100#nm, and
gap about 150nm. A similar behaviour was found also in the previous experiments, so that it
makes it probable that, in order to have high plasmonic resonances for the used excitation
source, the size-gap ratio of 0.5 is required. Anyway, as already explained, the used image
analysis tools defect in the evaluation of the gaps between the particles in the clusters, making
this result less reliable.

In conclusion, the presence of the ethanol in the incubation solution worsen the proper-
ties of the SERS substrates.
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6.3 Static incubation of PDMS membranes for SERS substrates synthesis

6.3.5 Concentration of silver nitrate
Optical and morphology analysis

Finally, the concentration of silver nitrate in the incubation solution (with no ethanol) was
varied to study its influence on the synthesis of the silver NPs. The UV-Vis transmittance
spectra are shown in Figure 6.22. In this case, a difference from the previous results is found.

Focusing on the spectra of the samples incubated in a solution with 10 mM of silver nitrate,

1004 100 -,

804

60

= P
—— 3:1,10mM, 24h 40
—3:1,100mM, 24h —5:1,10mM, 24h
3:1,1M, 24h —5:1,100mM, 24h
—-—- 3:1,10mM, 48h 5:1,1M, 24h
—-—- 3:1,100m, 48h 20 —--—- 5:1,170mM, 48h
3:1,1M, 48h —-—- 5:1,100m, 48h
""""" 3:1,10mM, 72h 5:1,1M, 48h
------- 3:1,100mM, 72h ---=-5:1,10mM, 72h
0 - . . = 3:1,1M, 72h oL 5:1,100mM, 72h
T T T T T 1 5:1,1M, 72h
390 520 650 780 390 520 650 780
Wavelength (nm) Wavelength (nm)
(a) (b)

Fig. 6.22 UV-Vis in Air for 3:1, 30°C, totally cross-linked (a), UV-Vis in Air for 5:1, 30°C,
totally cross-linked (b).
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an anomalous behaviour with respect to the previous cases is obtained. In fact, if in the
previous experiments it was always found that 5:1 samples are more tuned with the 514.5 nm
wavelength, the same can’t be stated for this case. In fact, looking at the FESEM images (see
Appendix A.6) it can be noticed that 5:1 samples have very small particles, while 3:1 sub-
strates present Ag-NPs with a dimension comparable to the required one. In fact, the lower
concentration of silver nitrate in the solution gives origin to smaller nanoparticles, but in the
case of 5:1 samples, these are too small (i.e., causing the tuning out of the nanostructure),
whereas those of the 3:1 samples are comparable to the 5:1 samples of other experiments
with a concentration of AgNO3 of 100 mM.

Nevertheless, PDMS membranes immersed in a 1 mM silver nitrate solution show very
high transmittances, which make them unsuitable for the SERS application. On the contrary,
samples immersed in a 1 M silver nitrate solution show a AA which is too high to result
useful for plasmonic applications. In conclusion, further analysis is unnecessary, making the

samples immersed in 100 mM the best suited for the SERS activity.
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Fig. 6.24 Graph of the dip transmittance vs. relative AA for different samples and solutions

(water and TE): (a) 3:1, 0.5 mm, 20 °C, 72 h, (b) 3:1, 1 mm, 40 °C, 24 h
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6.3.6 Stability tests

To study the stability, the samples were incubated in TE-NaCl solution and measured at the
beginning of the test (TO) and after 7 4 (T1), 24 h (T24) and I week (Tw). The appendices
collect the UV-Vis spectra of all the produced samples.

It was also chosen to plot the dip transmittance vs. AA to have a fast way to study the
stability. In this case the AA is represented with its sign, in order to show the direction of
the shift with respect to the source wavelength: when its value is negative, a blue-shift is
registered, when positive, a red-shift is registered instead. As an example, in Figure 6.24 the
graphs are shown for two samples: the first (a) with NPs synthesized at the conditions of 3.1,
0.5 mm, 20 °C, 72 h incubation time, while the second (b) fabricated at the conditions 3.1, I
mm, 40 °C, 24 h.

The stability tests on the incubated samples showed that they generally exhibit a limited blue
shift of the minimum of the dip after the incubation. This variation to lower wavelength
could be explained by the detachment of some of the nanoparticles, which increases the
inter-particle gap size. In particular, samples with 5:1 monomer-to-curing ratio membranes
usually show smaller shifts when incubated in TE-NaCl solution (compared to the ones
with 3:1 PDMS membranes), that makes them better candidates for the integration in the
microfluidic chip.

6.3.7 Integration of the best Ag-coated PDMS substrate in all-PDMS
optofluidic chip

In the previous sub-sections, the results obtained from the different samples fabricated for
each experiment were separately analysed, to draw a special attention to the links between
the variation of the synthesis parameters and the characteristics of the substrate. As final step,
a comparison between all the incubated samples was carried out, and the chosen sample was
selected for the application of the bioassay.

6.3.7.1 Comparison of results and choice of the best sample

During the fabrication of the samples, various synthesis parameters were changed. For this
reason, in order to efficiently compare all the samples, it is important to choose: i) a method
for the comparison of all the sample (for example, which parameters to fix and which to use to
group the samples for the comparison), i1) which are the characteristics of the nanostructures

that are required for SERS applications. As already said, a good SERS substrate must show
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high sensitivity (i.e., high enhancement) and uniformity within the same sample and different
replicates, so high reproducibility and of course high stability. For what concerns point 1), it
was chosen to divide all the samples by their incubation temperature and their cross-linking
degree (partial or total).

For sake of completeness, it was chosen to fabricate some replicates of some particular
conditions. In fact, in some cases only single samples were available, thus making impossible
the evaluation of inter-sample reproducibility, necessary for the comparison.

Finally, to compare the samples it was chosen to follow the following steps: first of all, the
samples with the highest Raman efficiency were chosen, with a particular attention to take
only the ones with high reproducibility; secondly, their uniformity was taken into account
and, as final step, the stability was checked, to be sure that the sample can be used for the

bioassays.

Raman efficiency and reproducibility

The Raman efficiency of the samples is analysed as first step. Results of all the other compar-
isons are shown in the Appendix B, where the results have been subdivided by incubation
temperature. Some of the conditions for the synthesis were fixed for all the samples that
are compared: the thickness of the PDMS membranes is fixed at the value of 1 mm and the
concentration of silver nitrate in the incubation solution (with 0% of ethanol) is chosen of
100 mM. These decisions are based on the experiments that were carried out — and previously

analysed — that showed that these conditions are the ones that give better performances.

Figure 6.25 contains all the histograms, subdivided by incubation temperature and cross-
linking degree, showing the Raman average intensities of all the samples. Columns with
same colour correspond to samples produced under the same conditions, but fabricated for
different experiments. This means that, in order to have a high inter-samples repeatability
(i.e., reproducibility of the sample), same-colour columns should show similar values of the
average intensity.

By looking at Figure 6.25, it can be noticed that the highest efficiencies are obtained for
samples incubated at 30 °C, both totally and partially cross-linked. In particular, the highest
intensities have been obtained for the samples at 30 °C at 72 h incubation time. However,
in spite of these high Raman signals, the samples incubated at the temperature of 30 °C
also show very low reproducibility. As it can be seen, all the samples fabricated under the
same conditions of synthesis (same colour columns of Figures 6.25b and 6.25.d) show very
different values of intensity if compared on to each other.

On the other hand, substrates prepared at 40°C, with 24 h and 48 h incubation time show
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Fig. 6.25 Raman intensities for samples totally cross-linked at incubation temperature of 20

°C (a), 30 °C (b) and 40 °C (c) and for partially cross-linked at incubation temperature of 30
°C (d).

good Raman intensities too, but differently from the samples synthesized at 30 °C, they also
have high inter-sample repeatability. In addition to this, the performances are almost equal
for both incubation times at 40°C, so that the sample which is fabricated at lower incubation
time is the one which best meets the requirements. Therefore, the most efficient synthesis
conditions are: 5:1, I mm, 40 °C, totally cross-linked and 24 h incubation time.

Raman uniformity

As already said, the sample chosen from the previous step (5:1, 1 mm, 40 °C, totally cross-

linked and 24 h incubation time) shows good Raman efficiency and high inter-sample
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Fig. 6.26 Relative standard deviation vs. Raman intensities, for samples with 5:1 monomer-to
curing agent ratio, at incubation temperature of 40 °C, totally cross-linked.

repeatability. To have a complete picture of the properties of the chosen sample, also the
RSD must be studied. Figure 6.26 gives information about the RSD of the sample incubated
at 40 °C. As it can be seen, the 5:1 samples incubated for 24 h (black triangles) not only
show high intensities, but also the lowest RSD (6.6 %), that remains almost equal for all the
replicates. This result highlights the good uniformity of all the synthesised samples under
the chosen conditions.

Stability in solution

The pivotal check on the chosen sample (5:1, I mm, 40 °C, totally cross-linked and 24 h
incubation time) is represented by the study of the stability of the substrate after the incu-
bation in water and TE-NaCl buffer solution. Figures 6.27a and 6.27b show the UV-Vis
transmittance spectra for the chosen sample, respectively in water and TE. Figure 6.27c
shows the dip transmittance vs. AA, with the sign that indicates the direction of the shift. As
usual, a limited blue shift of the wavelength of the dip to lower values, along with a weak

increase of the transmittance is recorded.

A further check on the stability was performed by comparing the average intensity of
the Raman signals of MBA, before and after the incubation in TE-NaCl solution for 24 h
(T24) and I week (Tw). The results are shown in Figure 6.28. It can be noticed that, after
the incubation the intensity decreases, almost halving its value, after 24 h, with another mild
decrease after / week in TE-NaCl solution. In addition to this, also a small increase of the
RSD is registered (0.16) after 24 h. After I week the RSD decreases with respect to the

sample incubated for 24 h, but it still remains higher than the sample not incubated.
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In Figure 6.29 the FESEM images of the substrate are shown, before (a-b) and after the

incubation in TE-NaCl solution for / week (c-d). As it can be seen, the NPs after the week
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Fig. 6.27 UV-Vis measurements after the incubation in water (a) and TE-NaCl buffer (b) for
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Fig. 6.28 Relative Standard Deviation vs. average intensity of MBA measurements before
(black point) and after the incubation in TE-NaCl buffer for 24 h (red point) and for / week
(green point) (bars are the SD of the intensities). The sample was synthesised in the following
conditions: 5:1, I mm, totally cross-linked, 24 h incubation time.
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(d] 3

Fig. 6.29 FESEM images of the best sample (5:1, 1 mm, totally cross-linked, 24 h incubation
time) before (a-b) and after (c-d) the incubation in TE-NaCl buffer for / week. The images
are taken with /0 kx magnification (a,c) and 50 kx magnification (b,d)

in TE-NaCl solution are sparser and smaller. In addition to this, also the clusters have a
different morphology: indeed, they revealed less sharp Ag-NPs, that are also bigger and
fewer per cluster. This last phenomenon can be attributed to the fact that, the Ag that is
removed from the Ag-NPs because of the action of the TE-NaCl buffer, agglomerate with
the previously-formed clusters, which work as nucleation points. These results justify the
blue-shift of the dip wavelength and the increase of the dip transmittance (due to the decrease
of the Ag-NPs size and to the increase of the inter-particle gap). Moreover, the decease of
the Raman efficiency agrees with the decrease of the gap-size, which leads also to a lower
hot-spots density.

6.3.8 Conclusions

In conclusion, the different synthesis parameters in the case of a static incubation synthesis
of Ag-NPs on PDMS substrates were analysed. All the variations in the optical response,
as well as the morphology and the Raman behaviour were registered and linked to the
variation of the synthesis parameter. These substrates generally reported higher intensities
of the Raman signals if compared to the samples with sputtered Ag-NPs. Along with this,
also a good stability in solution was observed that makes these substrates good candidates
for bioapplications. For this reason, a comparison of all the incubated samples was made,

in order to select a sample for the application of the bioassay. After the comparison, it
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was found that the best sample (i.e., with high SERS enhancement, high intra- and inter-
sample reproducibility and good stability in solution) is the one with the following synthesis

conditions: 5:1, 1 mm, 40 °C, totally cross-linked and 24 h incubation time.
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6.4 Bioassay for miRNA222 detection

This last section deals with the use of the PDMS-supported Ag-NPs SERS substrates in
biosensing applications. To this aim, it was chosen to perform a bioassay for the detection of
miRNA tumour biomarkers for all the different types of synthesized substrates: i) Ag-coated
PDMS substrates, ii) APTES and MPTMS functionalised Ag-coated PDMS substrates and
i1) Ag-coated silver nitrate incubated PDMS membranes. The synthesized substrates were
tested in the bioassay for the detection of miRNA222, a tumour biomarker connected to
various neoplastic diseases, such as renal and pancreatic cancer [151].

The metal-dielectric nanostructures were first functionalised, using a protocol already op-
timized for PDMS-supported silver-coated porous silicon membranes [134]. The immo-
bilization of a DNA probe, used to capture the specific miRNA target, was performed on
the Ag-NPs that coat the substrates. A labelled miRNA-R6G was employed. First of all,
(5 x 5) mm pieces are taken out from the best samples for each type of synthesis (sputtered
PDMS, functionalised PDMS and incubated PDMS). These pieces are then prepared using
the protocol for the bioassay, in the view of performing the SERS analysis. Moreover, an
Enzyme-Linked ImmunoSorbent Assay (ELISA) was eventually used for a cross-check
analysis. In a successive phase, the sample, which showed the best results from the previous
bioassay, was integrated in a multi-chamber microfluidic chip. Finally, the SERS analysis
was tested also in the chip. Results of the bioassays are shown in the following.

6.4.1 Immobilization of the probe on PDMS-supported Ag-NPs

Figure 6.30 shows the steps that were followed both for the miRNA222 detection by means
of SERS (from (a) to (c)) and through ELISA (from (a) to (e¢)). The miRNA222 undergoes a
hybridization with the DNA probe, modified at the 5’ end with a C6 alkyl-thiol group and
immobilized on the surface of the substrates (Figure 6.30.(b)) [134], to trigger the target
to the SERS-active nanostructured substrate. Unfortunately, other interactions between the
miRNA oligonucleotides and the Ag-NPs substrates can occur in cases that don’t correspond
to a recognition event with the probe [50], like for example due to electrostatic interactions.
For this reason, following previous works of Novara et al. [94, 134], a preliminary surface
blocking was performed on the SERS substrates (see Figure 6.30.(a)) to reduce this phe-
nomenon, known as nonspecific binding.

Here, a focus on the pre-treatment of the substrate (to reduce the nonspecific binding) and on
the immobilization of the probe is reported.
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Fig. 6.30 Scheme of the functionalisation protocol. First of all, the PDMS substrates are
passivated with BSA (a). The overnight immobilization of the DNA probe in TE-NaCl buffer
is performed (b). Incubation of the 3’-R6G-modified miRNA222 target for one hour in SSC
4x, for the hybridization for SERS assay (c). Incubation of the 5’-biotinylated miRNA222
target for one hour in SSC 4x, for the hybridization for ELISA (d). Final incubation with
Str-HRP in SCC 1x before the development of the colorimetric ELISA (e).
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6.4.1.1 Surface blocking and probe immobilization

As already explained a pretreatment of the SERS substrates is necessary before the probe
immobilization step, to reduce the effects of the nonspecific binding. Binding of the target
to the Ag-NPs, due to other interactions different from the probe-target trigger event, can
lead to false positive results. A high nonspecific binding causes the increase of the limit of
detection (LOD), defined as the minimum value below which no relevant interaction between
the target and the probe can be considered. This is the reason why a negative control was
performed for all the following bioassays. This corresponds to the incubation of the target on
a substrate with no immobilized probe, in order to allow the quantification of the nonspecific
binding on that particular substrate.

For the synthesised SERS substrates, an optimized protocol was used, following the results
found by previous researches (see for example [50, 94, 134]). A passivation pre-treatment
was performed through the application of Bovine Serum Albumin (BSA), already largely
used as blocking reagent for various immunoassays [152]. Previous works of Novara et al.
[94, 134] on silver nanostructures on porous silicon substrates have shown the efficacy of
passivation by means of BSA, leading to a reduction of the nonspecific signal. Following the
obtained results, BSA in sodium acetate (NaAc) at pH 4.0 was used, in order to maximize

the adsorption on the substrate surface (Figure 6.30.(a)).

Immobilization of the DNA-probe on the Ag-NPs is ensured by the sulphur-silver bond. For
this reason, following previous works, the reduction of the alkylthiol-capped DNA probe
was performed in DTT solution, to maximize the probability of having free -SH groups. A
desalting process was finally performed on the solution to separate the probe from the DTT
molecules, by means of size exclusion microcolumns. Finally, probe immobilization was
performed using a TE NaCl buffer (see Figure 6.30.(b)).

6.4.2 miRNA222 detection

In this section the results obtained from the bioassays are presented and discussed.

The scheme of the functionalisation protocol for miRNA222 detection is shown in Figure
6.30, both for the ELISA assay and the SERS assay. As first approach a labelled-miRNA222-
R6G assay (see Figure. 6.30c) is used. For this purpose, the miRNA222 is modified at the 3’
end with a R6G molecule. This is required since through the SERS analysis it is not possible
to sense the interaction between the unlabelled miRNA and the probe. In fact, the R6G works
as a "label": when the miRNA222 interacts with the probe, the R6G gives high SERS signals

thanks to the enhancement due to the SERS substrate, thus to have an indirect measure of
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the specific interaction between the miRNA and the probe. In addition to this, the choice
of modifying the miRNA222 at the 3’ end is justified by the position of the probe on the
SERS substrate. In fact, when the miRNA binds to the probe immobilized on the substrate,
the miRNA 3’ end is the one that is nearer to the SERS substrate. This ensures a higher
proximity of the R6G molecule to the Ag-NPs, increasing the probability of R6G to be in
the vicinity of a hot-spot region and thus to have high SERS enhancement. Moreover, it
must also be reminded that the EM enhancement rapidly decreases with the distance from
the metal NPs surface, so that the farer the R6G molecule from the Ag-NPs, the smaller the
SERS enhancement.

An ELISA assay is then performed to check the success of the protocol. The protocol
for the application of the ELISA technique was optimized in previous studies on metal-
dielectric nanostructures and applied also in this particular case for the fabricated metal-
PDMS nanostructures [94]. Differently from the previous assay, a 5’-biotinylated miRNA222
is used as target (Figure 6.30.(d)). The substrate is then incubated in a solution of Streptavidin
protein covalently conjugated to the Horse Radish Peroxidase enzyme (Str-HRP) (Figure
6.30.(e)). The Streptavidin binds to the biotin, whereas the HRP guarantees an enzyme
activity that is exploited for the detection, with the use of an appropriate substrate system.
A TMB substrate was used for the initiation of the colorimetric reaction, which is stopped
after 3 min by the addition of H,SO4. This explains why the biotin molecule is conjugated to
the 5° end of the miRNA222: indeed, in this way the maximum exposure to the Str-HRP is
guaranteed. The measured Optical Density (OD) gives information about the hybridization
state of the miRNA222. In fact, with low nonspecific binding and with fine control over
the time of the colorimetric reaction, the OD values will depend only on the number of
miRNA?222 bound to the DNA probe on the substrate.

6.4.2.1 Labelled miRNA222-R6G detection

First of all, the results obtained by SERS analysis are presented. The SERS spectra collected
after miRNA222-R6G hybridization are shown in Figure 6.31. The spectra were derived for
sputtered Ag-NPs on PDMS, for functionalised APTES and MPTMS Ag-coated PDMS and
for the SERS substrate obtained by incubation. Each spectrum was obtained by averaging
the SERS signal acquired at the different spots of the Raman map for each sample and for
different miRNA222-R6G concentrations (/00 nM, 10 nM and I nM), including also the
control samples. The control spectra were obtained using two different conditions: in the
first case no probe immobilization was actuated and / uM of labelled miRNA222-R6G was
incubated (no probe/miRNA), in the second case the immobilization was performed, but no
miRNA?22?2 incubated (probe/no miRNA).
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Fig. 6.31 SERS mean spectra of the labelled miRNA222-R6G, acquired on the functionalised
MPTMS and APTES Ag-coated PDMS, Ag-coated PDMS and incubated Ag-coated PDMS.
Smaller graphs show the miRNS222-R6G peak at 647 cm~!. The black and blue curves

represent the negative controls. The blue straight line highlights one of the main vibrational
bands of miRNA22-R6G.
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Firstly, the MPTMS sample is analysed. As it can be seen from Figure 6.31, the two controls
show similar spectra one to each other, characterized by the typical vibrational bands of
PDMS. In fact, control samples don’t exhibit peaks of the miRNA222-R6G vibrational
pattern, agreeing with the fact that for the so-called "negative control" samples, no miRNA
molecules interact with the probe or with the nanostructures. This suggests that nonspecific
interaction is not occurring and that BSA passivation actually works also for this substrate.
Despite this, miRNA222-R6G is weakly detected by this substrate, that shows a very
weak spectrum that is mixed up with the background noise, also for the highest miRNA222-

R6G concentration.

On the other side, the Ag-coated PDMS substrate (PDMS) exhibit a quite high nonspe-
cific signal. As it can be seen looking at the Figure 6.31, the spectrum obtained for the no
probe/miRNA case (black line) shows quite intense Raman bands related to the miRNA222-
R6G, whose intensity is almost comparable to the one obtained in the case of the sample
with the immobilized probe incubated with / nM solution of target miRNA (red curve). This
means that it is impossible to use this SERS substrate for miRNA222-R6G concentration
lower than 1 nM.
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1400 1 |l Probe/miRNA 100 nM
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1200 { [[] Probe/miRNA 1 nM
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Fig. 6.32 Average SERS intensities obtained by the integration of the area of the miRNA-
R6G band at 647 cm~! for the different Ag-coated substrates, at different concentrations of
miRNA222-R6G for SERS bioassay
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The functionalised APTES PDMS substrate (PDMS-APTES) and the SERS substrate ob-
tained by incubation procedure (PMDS-Incubation) show instead extremely low nonspecific
signal. Moreover, PDMS-APTES and PDMS-Incubation substrates both show intense
miRNA222-R6G spectra for all the concentrations, along with low nonspecific binding.

To compare all the substrates, it was chosen to integrate the area of the characteristic
miRNA222-R6G vibrational peak found at 647 ¢! for all the collected spectra per sample,
followed by an average of the calculated intensities. All the results are collected and com-
pared in the histogram of Figure 6.32. The results show that the PDMS-Incubation substrate
exhibits the best performances. The PDMS substrates provide high intensities, too, but also a
high nonspecific binding. On the contrary, even if PDMS-APTES shows a lower sensitivity,
it can be used for lower miRNA222-R6G concentrations.

The cross-check through ELISA was performed for the same concentrations of miRNA222.
In Figure 6.33 the results are shown. Very low nonspecific binding is exhibited by all the sam-
ples, along with high concentration of miRNA222, guaranteeing the detection of miRNA222
for the complete range of used concentrations.
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Fig. 6.33 Detection of different concentrations of miRNA by means of metal-PDMS sub-
strates. The vertical bar for each sample represent the correspondent Standard Deviation of
the measurement.
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In general, all the samples showed similar performances in the case of the ELISA bioassay.
Nevertheless, PDMS-Incubation substrate showed slightly better performances if compared
to the other samples, confirming the results obtained by means of the SERS analysis. How-
ever, the most interesting result is given by the PDMS-MPTMS sample, which showed in
this case performances comparable to the ones obtained from the other samples. This result
an be justified by the morphology of the substrate. In fact, ELISA bioassay gives mostly
information about the success of the protocol regarding the passivation, the immobilization
of the probe and of the hybridization of the miRNA. On the other side, the SERS analysis,
which takes advantage of the plasmonic effects that are given by the nanostructured surface,
points out that the nanostructures obtained on the PDMS-MPTMS substrates do not allow
a high enhancement of the Raman signal, confirming the outcomes of the SERS efficiency
tests performed with 4-MBA.

6.4.2.2 Chip fabrication

The sample synthesised by static incubation (5:1, 1 mm, 40 °C, totally cross-linked and 24
h incubation time) showed the best performances for the bioassays. For this reason, it was
chosen to be integrated in a multi-chamber all-PDMS optofluidic chip. Such a device gives
the advantage of an improved handling of the sensors, along with transparency in the Vis-NIR
range, that makes it ready to be used under Raman microscope for SERS spectroscopy. In
this paragraph the fabrication and integration of the sample in the chip is briefly discussed,
while in the next section the results obtained from the bioassay are presented.

The fabrication process consists mainly of three steps. The first one corresponds to the

synthesis of the silver NPs on the PDMS membrane, in the synthesis conditions (5:1, 1 mm,
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Fig. 6.34 Schematic top view and cross section of the cover mould. Dimensions are expressed
in millimetres [50]
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40 °C, totally cross-linked and 24 h incubation time) for the chosen sample. Secondly, the
cover of the chip is fabricated with the use of a mould (see Figure. 6.34). A 10:1 monomer-
to-curing agent ratio of PDMS is poured into the mould and cross-linked at the temperature
of 60°C for 1 h. The cross-linked PDMS is finally stripped out from the mould and bounded
by stamp and stick technique [134] to the silvered PDMS membrane.

Finally, the chip is put in an oven at the temperature of 60°C for 60 min, in order to achieve
the bonding of the sample to the cover.

6.4.2.3 Labelled miRNA222-R6G detection in chip

The same procedure for the SERS analysis was also used for the multichamber chip, in
which the best sample, obtained by means of static incubation (5:1, 1 mm, 40 °C, totally

cross-linked and 24 h incubation time), was integrated. The mean spectra are obtained
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Fig. 6.35 SERS mean spectra of the labelled miRNA222-R6G incubated in the chip for
different miRNA222-R6G concentrations and negative control (no Probe/miRNA 1 uM).
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for different concentrations of the target, apart from the usual no probe/miRNA control to
measure the nonspecific binding. Figure 6.35 collects the mean spectra and the conditions in

which they have been obtained.

As it can be seen, the passivation protocol seems to work also for the multichamber chip.
Indeed, the negative control spectrum (black line) doesn’t show any relevant miRNA222-R6G
peak. In addition to this, it can be seen that the miRNA222-R6G is detected for the highest
concentrations (25 nM, 10 nM and 2.5 nM), but the SERS signal is already too weak for
the / nM concentration. Moreover, the detected signals are weaker than the ones obtained
from the samples synthesized under the same conditions, but non integrated in the chip. This
could be attributed to the smaller volume of miRNA222-R6G that is contained in the chip
chambers, but this effect would be overcome by the full integration of the device with the
proper microfluidics, allowing the interaction of the SERS-active area with a higher volume

of sample.

6.4.3 Conclusions

In conclusion, the protocol for the miRNA222 bioassay, both through SERS and ELISA,
was tested on the Ag-coated PDMS substrates (PDMS, PDMS-APTES, PDMS-MPTMS
and PDMS-Incubation). It was found that the protocol for the passivation works well for all
the substrates, apart from the PDMS one, for which a high nonspecific signal was detected
by the SERS analysis. The SERS analysis showed the best results in the case of PDMS-
Incubation and good results also for PDMS-APTES membranes, compared to the initial
PDMS membranes. On the contrary, PDMS-MPTMS samples didn’t allow the detection of
miRNA?222-R6G, even at the highest concentrations. However, the bioassay, performed by
means of ELISA, showed comparable results for all the samples.

For what concerns the SERS analysis applied to the multi-chamber chip, it was found that
the passivation process works also in this case, reducing the nonspecific binding. At the same
time, the highest miRNA222-R6G concentrations were efficiently detected, but with lower
SERS intensities than the ones obtained by the bioassay carried out on the non-integrated
corresponding sample (PDMS-Incubation). This behaviour could be related to the smaller
volume of solution containing the target miRNA, that is incubated in the chip chambers, if
compared to the one used for the non-integrated samples. This means that, an optimization of
the fabricated chip could guarantee better performances, for instance by integrating a proper
microfluidic system. Moreover, the chip could be further optimized for a label-free detection
of miRNA?222.
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Chapter 7
Conclusions

The main aim of this work was to investigate low-cost methods for the synthesis of sensitive
and stable substrates, based on Ag-NPs immobilized on PDMS membranes. The optimization
of this SERS substrate was ultimately aimed to the development of a flexible multi-chamber
microfluidic chip, for fast and low-cost detection, oriented to biosensing applications.

As first attempt, the optimization of Ag-coated PDMS membranes, obtained by means of
DC-sputtering, was performed by varying the synthesis parameters (current, deposition time
and distance from target). The analysis of these substrates showed very low reproducibility
and very low stability. For this reason, two main approaches have been followed in order to
increase the stability of the NPs on the PDMS substrates.

In the first case the PDMS membranes were activated with a piranha-like solution or with a
plasma treatment and finally functionalized by means of (3-mercaptopropyl)trimethoxysilane
(MPTMS) and (3-Aminopropyl)triethoxysilane (APTES), in order to promote the adhesion
between the sputtered-Ag and the PDMS. The second strategy was, instead, based on the
static incubation of the PDMS samples in a AgNO3 solution in different conditions

For what concerns the functionalized PDMS substrates, the stability tests showed that
the best performances where attained in the case of the MPTMS-functionalized Ag-coated
PDMS membrane. However, despite of the high stability, these substrates also showed the
lowest Raman efficiency and intra-sample repeatability, compared to Ag-coated PDMS and
APTES functionalized Ag-PDMS. For what concerns the APTES functionalized sample,
it was found a higher Raman efficiency with respect to both the other two specimens, but
still a lower stability compared to the MPTMS sample typology. For this reason, we have
investigated a different method for the synthesis of the Ag-NPs based on the static incubation
of the sample in silver nitrate: the synthesis parameters (monomer to curing ratio, thick-

ness of the substrate, incubation temperature, cross-linking degree, precursor concentration,
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presence of ethanol in the solution) have been deeply analysed one-by-one to find the best
conditions. The incubated SERS samples showed better properties (high Raman efficiency,
high intra-sample repeatability and high stability) than the Ag-sputtered PDMS substrates. A
comparison among all the samples synthesised by static incubation was also carried out, to

choose the best conditions for the application of the miRNA cancer biomarker bioassay.

Finally, an assay for the detection of miRNA?222, a known cancer biomarker, was per-
formed both by SERS and Enzyme-Linked ImmunoSorbent assay (ELISA) on the best
sample obtained from each fabrication technique. The bioassay was implemented using
different concentrations of miRNA222-R6G, along with two “negative control” to measure
the nonspecific binding. The results revealed that the best performances (high sensitivity, low
nonspecific binding) are obtained in the case of the SERS substrate synthesised by means
of static incubation. As a consequence, the best sample obtained by static incubation (5:1
monomer to curing-agent ratio, totally cross-linked 1 mm thick PDMS membranes, incubated
at 40 °C for 24 h), were chosen for the development of an all-PDMS multi-chamber microflu-
idic chip. This revealed that the SERS analysis works also in the case of the multi-chamber
chip, showing a good sensitivity for the highest concentrations, along with a low non specific
binding. In conclusion, these results suggest that the fabricated chip is a good candidate
in the view of an effective implementation for biosensing applications, such as label-free

detection of cancer biomarkers.
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Appendix A

Results of experiments

A.1 PDMS SERS substrates with sputtered Ag-NPs

UV-Vis in air
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Wavelength (nm) Wavelength (nm) Wavelength (nm)

(a) UV-Vis in Air at the condi- (b) UV-Vis in Air at the condi- (c) UV-Vis in Air at the condi-
tions of 40 mA, 3 s, 4 cm tions of 40 mA, 3 s, 4.5 cm tions of 40 mA, 4 s, 4.5 cm

Fig. A.1 UV-Vis measurements in air for | mm PDMS membranes (10:1 curing ratio) with
sputtered Ag-NPs at different synthesis conditions. Different curves for the same condition
correspond to different samples, fabricated at same synthesis parameters.
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tions of 40 mA, 55,5 cm tions of 50 mA, 2s, 4 cm tions of 50 mA, 3s, 5 cm

Fig. A.2 UV-Vis measurements in air for I mm PDMS membranes (10:1 curing ratio) with
sputtered Ag-NPs at different synthesis conditions. Different curves for the same condition
correspond to different samples, fabricated at same synthesis parameters.
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Fig. A.3 Dip transmittance vs. AA for samples with different sputtering conditions. Different
points at same colours (a) represent different samples at same synthesis conditions.

In the figure (b) the different points represent mean points of all the samples. The bars
are standard deviation of the transmittance (vertical bar) and of the difference from the
wavelength of the lase (horizontal bars).

130



A.1 PDMS SERS substrates with sputtered Ag-NPs
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Fig. A.4 UV-Vis measurements in air for | mm PDMS membranes (10:1 curing ratio) with

sputtered Ag-NPs at different synthesis conditions, for the sample (black line) and the same
sample after one week (red line) in air.
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FESEM images

200 nm

(a) FESEM image of sample (b) FESEM image of sample (c) FESEM image of sample
with deposition conditions of with deposition conditions of  with deposition conditions of
40 mA, 3s,4 cm 40 mA, 3s,4.5 cm 40 mA, 4s, 4.5 cm

200 nm 200 nm 200 nm

(d) FESEM image of sample (e) FESEM image of sample (f) FESEM image of sample
with deposition conditions of with deposition conditions of  with deposition conditions of
40 mA, 5s,5cm 50mA, 2s,4 cm 50 mA, 3s,5 cm

Fig. A.5 FESEM images of samples with 1| mm PDMS membranes (10:1 curing ratio) and
sputtered Ag-NPs at different synthesis conditions.
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A.2 Thickness of the PDMS membranes
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Fig. A.6 UV-Vis measurements in air for PDMS thickness of 0.5mm (a), 1mm (b) and 2mm
(c). UV-Vis measurements in air for curing ratio of 3:1 (d) and 5:1 (e) at different substrate
thickness
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Fig. A.7 Dip transmittance vs. AA for samples with different substrate thickness.
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A.2 Thickness of the PDMS membranes

UV-Vis in water
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Fig. A.8 UV-Vis measurements in water for different substrate thickness at different time
intervals
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UV-Vis in TE-NaCl solution
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Fig. A.9 UV-Vis measurements in TE-NaCl solution for different substrate thickness at

different time intervals
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A.2 Thickness of the PDMS membranes

FESEM Images
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Fig. A.10 FESEM images of samples for different thickness at 50kx magnification
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Fig. A.11 Raman efficiency and uniformity of SERS substrates synthesised for different
thickness of the PDMS membranes
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A.3 Incubation temperature of PDMS membranes

A.3 Incubation temperature of PDMS membranes

UV-Vis in air
100 100
- -
S S
1 ——3:1,24n
] --- 3:1,48h
----- 3:1,72h -
201 ——5:1, 24h 209 __ 34,720
1 --- 5:1,48h 1751, 24n
| . |——5:1,48n
5:1,72h ---5:1,72h
0 T T T T 0 T T T T T T
390 520 650 780 390 520 650 780
Wavelength (nm) Wavelength (nm)
(a) UV-Vis in Air for 20°C, (b) UV-Vis in Air for 40°C,
Imm, Totally cross-linked Imm, Totally cross-linked

Fig. A.12 UV-Vis measurements in air for incubation temperature of 20°C (a) and 40°C (b)
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Fig. A.13 UV-Vis measurements in air for curing ratio of 3:1 (a) and 5:1 (b) at different
incubation temperature
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Fig. A.14 Dip transmittance vs. AA for samples at different incubation temperatures.
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A.3 Incubation temperature of PDMS membranes

UV-Vis in water
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Fig. A.15 UV-Vis measurements in water for different incubation temperature at different
time intervals
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UV-Vis in TE-NaCl solution
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Fig. A.16 UV-Vis measurements in TE-NaCl solution for different incubation temperature at
different time intervals
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A.3 Incubation temperature of PDMS membranes
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Fig. A.17 FESEM images of samples for different incubation temperature at 50kx magnifica-
tion
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Raman efficiency and uniformity
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Fig. A.18 Raman efficiency and uniformity of SERS substrates synthesised for different
temperatures of incubation of the PDMS membranes
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A.4 Cross-linking degree
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Fig. A.19 UV-Vis measurements in air for partially cross-linked (a) and totally cross-linked
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Fig. A.20 UV-Vis measurements in air for curing ratio of 3:1 (a) and 5:1 (b) at different
PDMS cross-linking degree
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Fig. A.21 Dip transmittance vs. AA for samples with different cross-linking degree.
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A.4 Cross-linking degree

UV-Vis in water
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Fig. A.22 UV-Vis measurements in water for different cross-linking degrees at different time
intervals
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Results of experiments

UV-Vis in TE-NaCl solution
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Fig. A.23 UV-Vis measurements in TE-NaCl solution for different cross-linking degrees at

different time intervals
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A.4 Cross-linking degree

FESEM Images
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Fig. A.24 FESEM images of samples for different cross linking-degree at 50kx magnification
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Results of experiments

Raman efficiency and uniformity
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(c) Relative Standard Deviation vs. average intensity of the SERS substrates
synthesised for different cross-linking degrees of the PDMS membranes.

Fig. A.25 Raman efficiency and uniformity of SERS substrates synthesised for different
cross-linking degrees of the PDMS membranes
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A.5 Concentration of ethanol in incubation solution

A.5 Concentration of ethanol in incubation solution
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Fig. A.27 UV-Vis measurements in air for different incubation time periods and concentration
of ethanol in the incubation solution
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Results of experiments
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A.5 Concentration of ethanol in incubation solution
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Fig. A.29 UV-Vis measurements in water for different concentrations of ethanol at different
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Results of experiments

UV-Vis in TE-NaCl solution
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Fig. A.30 UV-Vis measurements in TE-NaCl solution for different concentrations of ethanol
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A.5 Concentration of ethanol in incubation solution

FESEM Images
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Fig. A.31 FESEM images of samples for different percentage of ethanol in the incubation
solution at 50kx magnification
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Results of experiments

Raman efficiency and uniformity
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Fig. A.32 Raman efficiency and uniformity of SERS substrates synthesised for different
percentage of ethanol in incubation solution
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A.6 Precursor concentration

A.6 Precursor concentration
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Fig. A.33 UV-Vis measurements in air for concentration of the precursor of 10mM (a),
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Fig. A.34 UV-Vis measurements in air for curing ratio of 3:1 (a) and 5:1 (b) at different
concentrations of precursor in the incubation solution
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Results of experiments
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Fig. A.35 Dip transmittance vs. AA for samples with different concentrations of precursor.
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A.6 Precursor concentration

UV-Vis in water
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Fig. A.36 UV-Vis measurements in water for different concentrations of precursor at different

time intervals
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Results of experiments
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Fig. A.37 UV-Vis measurements in TE-NaCl solution for different concentrations of precursor
at different time intervals
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A.6 Precursor concentration

FESEM Images
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Fig. A.38 FESEM images of samples for different concentration of silver nitrate in the
aqueous incubation solution at S0kx magnification
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Appendix B

Comparison of results of static
incubation synthesis

B.1 Comparison for samples at 20°C

Raman efficiency and uniformity
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Fig. B.1 Raman intensities (at arbitrary unit) for samples at same incubation temperature of
20°C, totally cross-linked

163



Comparison of results of static incubation synthesis

B.2 Comparison for samples at 30°C

Raman efficiency and uniformity
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Fig. B.2 Raman intensities (at arbitrary unit) for samples at same incubation temperature of
30 °C, for totally cross-linked substrate
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Fig. B.3 Raman intensities (at arbitrary unit) for samples at same incubation temperature of
30 °C, for partially cross-linked substrate
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B.3 Comparison for samples at 40°C

B.3 Comparison for samples at 40°C
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Fig. B.4 Raman intensities (at arbitrary unit) for samples at same incubation temperature of
40°C, for totally cross-linked substrate
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