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Abstract

Abstract

To date, therapeutic drug monitoring (TDM), that is the quantification of anticancer drugs
in biofluids of oncological patients, is expensive and time consuming. Such a quantitative
determination is crucial for a successful chemotherapic treatment due to the high
interpatient variability of the anticancer drugs levels in biofluids. A frequent TDM turns
out to be necessary to limit as far as possible the heavy side-effects of the treatment. Thus,
the development of a new Point Of Care (POC) tool for a faster and less expensive TDM is
highly desirable. Surface Enhanced Raman Scattering (SERS) is a surface-sensitive
technique able to detect low concentrations of specific analytes in liquid environments.
The high sensitivity given by metal nanostructured materials, the specificity given by
Raman spectroscopy, the rapidity of the measurements and the possibility to develop
inexpensive solid SERS substrates point to SERS as an appropriate platform for TDM.
Moreover, solid SERS substrates together with the availability of portable instruments
make this technique a possible new POC tool to quantify the drugs were a quick response
is needed.

The aim of this doctoral project is the development and the optimization of cost-efficient,
repeatable and sensitive solid SERS substrates for quantitative analysis of antitumoral
drugs in biofluids such as human serum.

In the first part of this doctoral thesis, a general introduction about Raman spectroscopy,
SERS and SERS as quantitative technique will be reported.

In the second chapter, the development and the optimization of repeatable solid SERS
substrates constituted by metal nanoparticles deposited on filter paper with a simple
dipping method, it will be presented. Specifically, four kinds of substrates developed with
dip-coating method will be presented, differing depending on the type of nanoparticles
used: 1) citrate capped gold nanoparticles (c-Au NPs); ii) citrate capped silver nanoparticles
(c-Ag NPs); iii) citrate capped silver Nanostars (NSs) and iv) hydroxylamine reduced
silver nanoparticles (h-Ag).
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As the first step, I performed a systematic study on c-Au and c-Ag paper made substrates
using two different non resonant analytes as probe molecules (i.e. Adenine and 4-
Mercaptobenzoic acid). The aim was to optimize the parameters involved in the
development procedure (i.e. the kind of filter paper, the NPs concentration and the
presence of an aggregating agent) exploring how they affect the repeatability of the
substrates. Optimized paper-based SERS substrates aiming at building a platform for
quantitative analysis will be presented in terms of inter- and intra- sample repeatability,
sensitivity and long term stability. Then, solid substrates based on different nanoparticles,
namely h-Ag and NSs, will be presented and discussed from a repeatability point of view.
The SERS signal variation, hence the repeatability, will be quantified calculating the
relative standard deviation (RSD%). Finally, the SERS substrates giving the best
performance in terms of sample repeatability were found to be the optimized c-Au and c-
Ag. These substrates feature an intra- and inter- sample repeatability suitable for
quantitative analysis, with RSD values <20% for the intra- and <10% for the inter- sample
repeatability. h-Ag substrates show good intra- sample repeatability values (with a RSD <
20%) but a quite large inter- sample variability (28% RSD). Ag NSs, instead, feature RSD
values (30%) too large to allow a quantitative analysis with such kind of substrates.

In the third part of the work, I will present some applications of the substrates developed in
the first part. In particular, preliminary results will be reported, which are related to
Methotrexate (MTX) and Imatinib (IMT) rapid quantification, in model solutions
mimicking biofluids as well as in real biofluids such as human serum. Optimized c-Au and
h-Ag paper-made substrates were used for the analysis of MTX and IMT, respectively. The
direct quantification of MTX and IMT spiked in human serum will be presented by means
of combined SERS with paper-made solid substrates and a multivariate Partial Least
Squares Regression (PLSR) model. The model performance will be judged on the basis of
the Root Mean Square Error of Prediction (RMSEP), which quantifies the quantification
accuracy and precision.

The multivariate calibration model for the drugs in human serum will be built in a
concentration range of 0.1 ~ 150 uM for MTX and 0.5 ~ 10 uM for IMT. The
chemometric models for the anticancer drugs quantification in human serum yield a
RMSEP of 31.57 uM for MTX and 1.13 uM for IMT, respectively. Finally, the lower limit
of detection (LOD) and the lower limit of quantification (LOQ) with the paper-made
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substrates developed in this thesis, were found to be, respectively, 17.4 and 38.3 uM for
MTX and 2.29 and 6.0 uM for IMT.
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Esposizione riassuntiva

Finora, il monitoraggio terapeutico di farmaci (Therapeutic Drug Monitoring, TDM),
ovvero la quantificazione di farmaci antitumorali presenti nei fluidi corporei di pazienti in
chemioterapia, richiede tempo ed ¢ costosa. A causa della elevata variabilita interpersonale
dei livelli di farmaco nei fluidi corporei, tale determinazione quantitativa ¢ cruciale per il
successo del trattamento chemioterapico. Inoltre, € necessario un monitoraggio frequente al
fine di limitare il piu possibile gli ingenti effetti collaterali del trattamento stesso. Pertanto,
lo sviluppo di un nuovo dispositivo Point Of Care (POC) per monitorare il livello di
farmaci in maniera piu rapida e meno costosa si rivela di grande utilita. La spettroscopia
Raman amplificata da superfici (SERS, dall'inglese Surface Enhanced Raman
Spectroscopy) ¢ una tecnica di superficie in grado di rilevare basse concentrazioni di
specifiche molecole in soluzione. L’elevata sensibilita dovuta ai materiali metallici
nanostrutturati, la specificita della spettroscopia Raman, la rapidita delle misure e la
possibilita di sviluppare substrati solidi SERS a basso costo, rendono la SERS una tecnica
appropriata per il TDM. Inoltre, 1 substrati solidi SERS, assieme alla disponibilita di
strumentazioni portatili, rendono tale tecnica un possibile nuovo strumento POC per
quantificare il livello di farmaci dove e quando ¢ necessaria una risposta immediata.

Lo scopo di questo progetto di dottorato ¢ lo sviluppo e 1’ottimizzazione di substrati solidi
SERS economici, ripetibili e sensibili per 1’analisi quantitativa di farmaci antitumorali in
fluidi corporei come il siero sanguigno.

Nella prima parte di questa tesi si riporta un’introduzione generale sulla spettroscopia
Raman, sulla SERS e sulla SERS come tecnica quantitativa.

Nel secondo capitolo, si presenta lo sviluppo e I’ottimizzazione di substrati solidi SERS
ripetibili costituiti da nanoparticelle metalliche adsorbite su carta da filtro attraverso una
semplice tecnica di immersione. Nella fattispecie, verranno presentati quattro tipologie di
substrati, differenti a seconda del tipo di nanoparticelle utilizzate, ottenuti con la tecnica a

immersione: i) nanoparticelle d’oro ricoperte da citrato (c-Au NPs); ii) nanoparticelle
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d’argento ricoperte da citrato (c-Ag NPs); iii) nanostelle d’argento ricoperte da citrato (Ag
NSs) e iv) nanoparticelle d’argento ridotte da idrossilammina (h-Ag NPs).

in una prima fase, viene eseguito uno studio sistematico sui substrati di carta di c-Au e c-
Ag utilizzando due differenti analiti non risonanti come molecole sonda (i.e. Adenina e
acido 4-mercaptobenzoico). Lo scopo di tale studio ¢ quello di ottimizzare i parametri
coinvolti nella procedura di sviluppo dei substrati (i.e. il tipo di carta da filtro, la
concentrazione di nanoparticelle e la presenza di un agente aggregante) esaminando come
essi influenzano la ripetibilita dei campioni. Verranno dunque presentati substrati di carta
ottimizzati a fini di analisi quantitative in termini di ripetibilita inter- e intra- campione, di
sensibilita e di stabilitd nel tempo. Successivamente, verranno presentati e¢ discussi 1
substrati solidi ottenuti con differenti nanoparticelle, ovvero h-Ag NPs ¢ Ag NSs, da un
punto di vista di ripetibilita. La variazione del segnale SERS, quindi la ripetibilita, viene
quantificata attraverso il calcolo della deviazione standard relativa (RSD %). I substrati
SERS ottimizzati c-Au e c-Ag sono risultati essere 1 piu ripetibili. Tali substrati presentano
una ripetibilita intra- e inter- campione adatta ad analisi quantitative, con valori di RSD
buona ripetibilita intra- campione (con una RSD <20%) ma una variabilita inter- campione
piuttosto elevata (RSD <28%). 1 substrati di Ag NSs, invece, presentano valori di
ripetibilita (RSD 30%) troppo elevati per permettere un’analisi quantitativa affidabile.
Nella terza parte del lavoro, verranno presentate alcune applicazioni dei substrati sviluppati
nella prima parte. In particolare, verranno riportati risultati preliminari di quantificazione
rapida di due farmaci antitumorali, il Metotrexato (MTX) e I’Imatinib (IMT), presenti sia
in soluzioni modello simulanti fluidi corporei, sia in fluidi corporei reali come il siero
sanguigno. Per le analisi di MTX e IMT vengono usati rispettivamente 1 substrati
ottimizzati c-Au e h-Ag. L’analisi quantitativa diretta dei due farmaci aggiunti al siero
sanguigno viene effettuata attraverso la combinazione della tecnica SERS con substrati di
carta e di un modello multivariato, la regressione parziale dei minimi quadrati (Partial
Least Squares Regression, PLSR). La prestazione del modello PLSR viene giudicata sulla
base dell’errore di predizione (scarto quadratico medio della previsione o Root Mean
Square Error of Prediction, RMSEP), il quale quantifica 1’accuratezza e la precisione

dell’analisi.
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Il modello di calibrazione multivariata per 1 farmaci in siero vengono costruiti in una
finestra di concentrazione di 0.1 ~ 150 uM per il MTX e di 0.5 ~ 10 uM per I'IMT. 1
modelli di chemiometria costruiti per la quantificazione dei farmaci in siero sanguigno
mostrano un RMSEP rispettivamente di 31.57 uM per il MTX e di 1.13 uM per 'IMT.
Infine, con 1 substrati di carta sviluppati in questa tesi, il limite minore di rilevamento
(lower Limit of Detection, LOD) e il limite minore di quantificazione (lower Limit of
Quantification, LOQ) dei farmaci in esame sono risultati essere, rispettivamente, di 17.4 ¢

di 38.3 uM per il MTX e di 2.29 and 6.0 uM per 'IMT.
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Chapter 1. Introduction

Chapter 1

Introduction

During my Ph.D. project, solid SERS (Surface Enhancement Raman Scattering) substrates
were developed as sensors for chemical quantitative analysis, to be used in particular for
Therapeutic Drug Monitoring (TDM)'. The aim was to obtain an inexpensive and reliable
point of care (POC) tool, capable to rapidly detect and quantify anticancer drugs present in
biofluids of patients undergoing chemotherapy.

Cancer is the third death-leading cause in developed countries after heart disease and
stroke’. Antitumor drugs employed in chemotherapy treatment are in general highly
cytotoxic and they often exert their therapeutic effect in a very narrow therapeutic window
of concentrations, close to systemic toxicity.

Increased toxicity is associated with high plasma levels of drugs, whereas a low plasma
concentration might lead to therapeutic inefficiency. The exposure to antitumoral drugs,
and the subsequent impact on therapeutic benefit, can be affected by factors such as large
pharmacokinetic variability and inter-individual variability in absorption, distribution and
metabolism™*. Food-drug as well as drug-drug interaction might be a source of variability
as well. Moreover, the oral targeted drugs are extremely expensive, thus a precise dosage
within the therapeutic window might also represent an economic benefit for the public
health system™®.

Since the demand of personalized targeted therapy is continuously increasing, TDM, or,
more specifically, the quantification of anticancer drugs in biofluids, is probably the way to
reliably control the plasmatic concentrations of those drugs'”’. Current attempts to measure
targeted anticancer agent in biofluids employ techniques such as liquid chromatography-
tandem mass spectroscopy (LC-MS)*®, high performance liquid chromatography coupled
to ultraviolet rays (HPLC-UV)'’. Such kind of techniques are highly sensitive and specific,

but with the disadvantage of the need for relatively large and expensive instrumentation,
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operated by experts with the use of time-consuming protocols. Thus, the development of a
new POC tool for a faster and less expensive TDM is highly desirable.
With this regard, nanotechnological devices and their clinical applications in medicine
have increasingly gained value. Surface Enhanced Raman Spectroscopy (SERS) has lately
drawn growing attention as a tool to measure low concentrations of compounds in body
fluids''. In particular, this technique could provide an analytical platform for the TDM'.
SERS, in fact, is a surface-sensitive technique able to detect analytes at low concentrations
in liquid environments. Moreover, this is a specific technique since each molecule provides
a different fingerprint in the spectral pattern. Finally, in contrast with routine HPLC-MS
analysis, SERS requires smaller amount of sample (microliters) for the analyte detection
and the analytical response is immediate (few seconds). Therefore, the combination of 1)
the efficiency and the rapidity of SERS measurements ii) the availability of inexpensive
solid nanostructured samples and iii) the availability of portable Raman instruments could
be extremely attractive to set up a new POC for TDM.
With this purpose, solid SERS substrates consisting of gold (Au) and silver (Ag)
nanoparticles (NPs) loaded on filter paper with the dip-coating method'? were developed
and optimized as quantitative SERS sensors. The choice fell on this type of substrate
because of:

1) the cost-efficiency of the technique (it does not require any instrumentation);

1) the easiness of the procedure (it is a simple dipping method whereby the NPs

adsorb on the solid support through a self-assembling process);

1i1) the synthesis technique allows to control the tuning of the metal, the size, the

shape and the capping of the NPs'*'°;
1v) the scalability of the process;
V) the advantages from the use of paper as solid support: paper is cheap, it is

porous, flexible, hydrophilic (i.e. allowing the adsorption of the components of
the biofluids) and it has a three-dimensional structure (i.e. ensuring a intra- and

114, hence

inter- layer plasmon coupling, enhancing even more the SERS signa
increasing the substrate sensitivity and efficiency).
Nevertheless, for quantitative analysis applications, the low repeatability is one of the main
issue hindering a widespread use of solid SERS substrates developed with a bottom-up

self-assembling approach, such as the NPs-paper based substrates. Despite the promising
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results obtaining so far on paper based solid SERS substrates'>'> ', there is a lack of
information about the repeatability of these substrates in view of quantitative applications
(i.e., the substrates homogeneity and the inter-sample repeatability'*'*2).

Thus, at first my project aimed at an optimization of these paper substrates in terms of
enhancement, but, even more important, in terms of repeatability (defined as the variation
in repeated measurements made on the same subject under identical conditions**), using
two non-resonant analytes as probe molecules. In fact, in spite of its crucial importance,
the issue of repeatability is often neglected in SERS literature, and rigorous protocols to
assess this property are still missing. Only after such an evaluation, a substrate could be
used for real quantitative application. As a second aim of this study, we intended to assess
if and how a repeatable SERS substrate could be used to determine an analyte in complex
matrices, such as biofluids. The high variability, which is intrinsic to biofluids matrices,
makes quantitative SERS measurements challenging. In order to overcome the variability
issue, in this study a multivariate calibration model was used to predict the concentration
of the drugs. Indeed, multivariate regression, in comparison with the easier univariate
calibration, incorporates much of the available spectral information, leading to a more

accurate prediction of the concentration of a specific analyte’.
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Chapter 2
The SERS technique

2.1 Raman theory and principles.

Raman spectroscopy is one of the most important techniques used to provide
information on chemical structure, to identify substances from characteristic spectral
patterns and to determine semi-quantitatively and quantitatively the amount of an
analyte in a sample.

In Raman spectroscopy the incident radiation is scattered through the generation of a so
called “virtual state”, followed by a rapid transition of the molecule to a vibrational state
at lower, higher or same as the initial one. The molecule is irradiated by a UV, UV-
visible or Near-Infrared (NIR) monochromatic radiation, whose energy is much higher
than the difference between the fundamental and the excited vibrational states (AE).
This radiation produces a distortion of the electronic cloud distribution, yielding an
induced dipole moment of the molecule. The molecule is therefore promoted to a virtual
excited state, whose energy depends on the incident radiation energy; subsequently, the
molecule rapidly decays to the final state, releasing the scattered radiation. Two types of
scattering can be identified: the Rayleigh scattering and the Raman scattering, which in
turn can be divided into Stokes and anti-Stokes scattering. The scattered radiation is
therefore constituted by slightly different frequencies, depending on the mechanisms

and the energetic levels involved; in particular, the scattered photons are:

* photons with the same energy of the incident photons, generated by the Rayleigh
scattering;
* photons with less energy of the incident photons, generated by the Stokes

scattering;
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* photons with major energy of the incident photons, generated by the anti-Stokes

scattering.

In figure 2.1 a schematization of the energetic levels involved in the Raman process is

reported, showing the Rayleigh, the Stokes and the anti-stokes scattering process.

Raman Scattering

Rayleigh (inlastic)

Scattering 1
1) (elastic) | _ 1
5 Stokes Anti-Stokes
S Scattering Scatterlng

I

Virtual state

hv, hvy+ hv,

hv, hv, hv, hvg- hv,

Eo+ hv,

Figure 2.1. Diagram of the Rayleigh and Raman scattering process. Both the incident energy (upward
arrows) and the scattered energy (downward arrows) have much larger energies than the energy of a

vibration.

In the Stokes scattering, the molecule initially is in its ground state and, after being
excited to the virtual state, decays to the first excited vibrational state. The energy of the

scattered photon is the following:
E = hvg — hv, (2.1

where hvy corresponds to the energy of the incident photon and hv, corresponds to the
energy difference between the initial state (the ground state) and the final state (the first
excited vibrational state). The Stokes signal is therefore recorded at lower frequencies.

At room temperature not all the molecules are in their ground states. A very small

AE/KT

fraction of these (™ ) are present in an excited vibrational state, due to the thermal

energy. If the molecule is present in an excited state, after the interaction with the
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incident radiation it might decay to the ground state. In this process, called, as
mentioned, anti-Stokes scattering, the molecule transfers part of its energy to the

scattered photon, which is being scattered with a higher energy:
E = hvg + hv, (2.2

The signal generated from the anti-Stokes scattering process is therefor recorded at
higher frequencies with respect to the Rayleigh signal (i.e. with negative Raman shifts).
The signal intensity of the Raman scattering (Stokes or anti-Stokes) is much weaker
compared to the Rayleigh signal, since only one photon in every 10°-10°® can be diffused
in inelastically”. Moreover, since the majority of the molecules at room temperature
populates the ground state, the Stokes scattering is a more probable process than the
anti-Stokes. Consequently, its signal is more intense than the one generated by the anti-
Stokes process.

Entering into the details of the Raman mechanism, from a classical point of view, when
a molecule is exposed to a radiation, the electric field with a frequency vy induces a
polarization of the electron distribution. Thus, a dipole moment P is induced in the

molecule according to the following relation:
P=0E= aEOCOSZm)ot 2.3

where o is the polarizability, E is the electric field vector, E” is the electric field
intensity and vy is the frequency of the electromagnetic radiation. Since both P and E are
time dependent, the induced dipole moment oscillates in time, leading to emission of
radiation. As both p and E in the equation 2.3) are vector quantities, the polarizability is

a tensor and its form depends on the coordinate system chosen and the molecular

Oy Oxy Oy
o= (ny (ny O(yz

Ozxy Ozy Ozz

symmetry:

(2.4

The polarizability, if it is supposed to be symmetric, can be expanded in the following

Taylor series:
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o+ (), 4418+ - e:

where o is the polarizability value at the equilibrium and q is the deviation from the
equilibrium. Then, for a diatomic molecule which vibrates at frequency vy, and

assuming a simple harmonic motion, its internuclear distance can be written as follow:
q(t) = qocos2mu,t (2.6

where q is the amplitude of vibration. Finally, the induced dipole moment assumes the

following expression:

— o0 4 (2 1(2%a\ 2 _ (2.7
a=o+ (6q)0 q+ 2 (6q2)0 q =
0 oa 0
= agE"cos2my,t + (£> qo2Tmuyt E¥cos2mu,t = (2.8
0

= ayE%cos2muyt + a’'qeE%cos2n(vy + v,)t + a’qoE°cos2m (v, — v,)t (2.9

Where v, is the natural frequency of the molecule, vy is the frequency of the
electromagnetic radiation, q is the deviation from the equilibrium and o’ is the first
derivate of the polarizability, which is responsible of the vibrational bands on the
Raman spectra26.

The induced dipole moment is therefore constituted by three components, which
oscillate in time: one with the light frequency vy, one with a lower frequency (vo — vy)
and one with a larger frequency (vo + vy). Thus, the molecule scatters three different
radiations: the Rayleigh, the Stokes and the anti-Stokes, respectively”’.

As general selection rule for Raman spectroscopy, the scattering is generated by a

variation on the polarizability of a molecule:

da
(—) +0
09/, (2.10
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Were q is the deviation from the equilibrium. If a vibration does not greatly change the
polarizability of the molecule, then the polarizability derivative will be near zero, and
the intensity of the Raman band will be weak.

Each molecule produces a different spectral pattern, like a “fingerprint”, in its Raman
spectra. Moreover, with this technique it is possible to analyze liquid samples and the
intensity of the signal is proportional to the concentration of molecule present in
solution. With Raman spectroscopy is therefore possible to extract both qualitative and
quantitative information, making such kind of technique a powerful tool for chemical

analysis.

2.2 Surface Enhancement Raman Scattering

The main limit of Raman spectroscopy is its relatively low sensitivity. For the analysis
of solutions it is necessary to achieve high concentrations, up to millimolar, in order to
detect a signal. However, through the use of metallic nanostructural materials (i.e. gold
or silver nanoparticles), it is possible to increase the Raman signal of several orders of
magnitude, hence improving the sensitivity of the technique.

SERS spectroscopy is a surface-sensitive technique that enhances the Raman scattering
intensity of the molecules adsorbed on nanostructures that can support surface
plasmons, leading to an electromagnetic field enhancement of the Raman signal®’.
SERS was discovered in 1974 by Fleischman et al. which reported the strong Raman
scattering from pyridine adsorbed on a silver roughened electrode®®. The enhancement
is due to the excitation of the so called surface plasmons, which characterizes this
peculiar materials®®. The Raman signal of a molecule adsorbed, or close to these
nanostructured plasmonic materials, referring to the value of the “free” molecule, can be
increased up to a factor 10'°, while the typical value is of the order of 10°-10,
depending on the molecule, the kind and the shape of the nanostructured
surface/material and the laser’’'.

In contrast with Raman spectroscopy, in which only the molecule and the incident

radiation are involved, in SERS the components involved are three: the molecule, the
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metal nanostructure and the electron radiation. This difference introduces a much
greater degree of complexity to SERS experiments and spectra interpretation. The
presence of the nanostructure leads, besides a signal amplification, a variation on the
number frequencies, and relative intensity of the bands observed in a spectrum.
Hereafter the most important aspects of SERS spectroscopy are considered, in contrast

with Raman spectroscopy, for the interpretation of observed SERS spectra®’:

1. The molecule interacts with a metal nanostructure through different kinds of
adsorption processes: physisorption, if the interaction is principally due to weak
Van der Waals forces, or chemisorption, if a chemical bond is formed between
the analyte and the atoms constituting the metal nanostructure.

2. The interaction between the laser light and the nanostructures can create a
hugely enhanced local electric field, which is the principal mechanism in the
SERS effect, at the location of the adsorbed molecules.

3. The interaction of the incident radiation and the adsorbed molecules can lead to
sample  photodegradation (i.e. photodissociation, photoreactions or
photodesorption), which is recognized in the spectrum by the observation of the
so called “cathedral peaks” of SERS, arising from carbon products of the
degradation (i.e. amorphous and graphitic carbon).

4. The interaction radiation-nanostructures depends on the value of the complex
dielectric function at the excitation frequency. This will contribute to determine
the observed enhancement at that frequency. Moreover, the enhancement is
influenced by the shape and the dimension of the nanostructures as well.

5. The relative intensity of the SERS bands into the spectral pattern is determined
by the so called “surface selection rules”. Surface selection rules cover the
symmetry properties of the dipole transitions and the modification of the
intensities depending on the proximity of the functional groups to the
nanostructured surface.

6. The plasmonic frequencies of the enhancing nanostructures generally employed
are resonant with the visible light and the near-IR region of the electromagnetic
spectrum. For that reason, the SERS spectra are commonly obtained by

excitation with visible or near-IR light.
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2.3  Electromagnetic and chemical mechanism

It is currently accepted that the mechanisms involved in the SERS process are the
electromagnetic one and, to a minor extent, the chemical one.

From an electromagnetic viewpoint, metals can be considered as a plasma composed of
free electrons and positive ion cores. The oscillations of the conduction electrons in a

metal nanostructure are called surface plasmons (figure 2.2).

Electric field

Nanoparticle
Figure 2.2. Schematization of surface plasmons induced by the incident electromagnetic radiation.

The interaction of an incident radiation smaller than the wavelength of the light with the
metal nanostructure induces the excitation of the surface plasmons. The polarization of
the electrons by the electromagnetic radiation results in a strong induced electric field at

the surface of the nanostructure. This induced field is given by:

e(w) — ey

2.11
m> incident

Einducea = (

Where ¢(w) is the complex dielectric function of the metal structure and &, is the
relative permittivity of the surrounding medium. The factor reported within the brackets
is the so called g-factor and represent the average field enhancement over the particle
surface. For a spherical nanoparticle, the SERS effect occurs when exciting
electromagnetic radiation is in resonance with the dipolar plasmon of the nanoparticle,

according to:
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&(wo) = -2&n (2.12

This resonance condition, which depends on the electron density, is achieved in the UV-
visible part of the electromagnetic spectrum for Au, Ag and Cu.
The enhanced Raman scattered light (E;), resulting from the increased electromagnetic

field on the nanostructure, is given by the following equation:

E.= agEo 2.13

Where a is the polarizability, g is the g-factor and E, is the incident light.

Furthermore, the Raman-scattered light is also enhanced by a similar process but to a
different magnitude (g’). Effectively, the average SERS intensity (Isgrs) will be
proportional to square of the product of both the gains, that is Isgrs ~ | g'g” |~ For low-
frequency Raman modes, the gains g and g’ can be considered to be almost equal. This
feature results in the SERS intensity to be proportional to the fourth power of the gain in
the electromagnetic field caused by the nanostructure. Hence, even modest enhancement
of the electromagnetic field results in gigantic enhancement of SERS cross section™.
The SERS enhancement does not require necessarily the direct contact between the
molecule and the nanomaterial. Nevertheless, the enhancement effects are highly
localized and decay rapidly as the separation between the analyte and the metal particles
increases, making SERS a surface-sensitive technique. For a spherical nanoparticle with
a radius r, for instance, the dipole field decreases proportionally to [r/(r+d)]'*. The
enhancement is therefore maximum for a molecule adsorbed on the nanostructure and
extends its effect up to ~ 10 nm of distance from the surface®.

In order to obtain information about the molecule-substrate interaction, and the spatial
orientation of the molecule adsorbed, besides the electromagnetic mechanism, it is
necessary to consider the chemical mechanism as well.

The chemical mechanism is another independent mechanism that enhances the Raman-
scattering cross section of the analyte adsorbed on the metal surface. The electronic
cloud of the adsorbed molecule can be more or less distorted by the interaction with the
metal surface depending on the strength end the kind of bond involved on the

adsorption. This interaction imposes a change in the electronic cloud of small
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molecules, which is more dramatic in the case of chemisorption. The electronic cloud
becomes that of a new surface structure, with different point group symmetry, hence
with new electronic states which are resonant with respect to the excitation radiation
employed, and yielding a new vibrational spectrum. The interaction involved in the
adsorption process distorts indeed the molecule polarizability, hence the Raman
intensity and the pattern of a SERS spectrum, which may differ from the Raman

spectrum of the same free molecule”’.

2.4  Nanoparticles as SERS substrates

The interpretation of the electromagnetic mechanism is based on the idea of “nano-
resonators”, metallic nanoparticles with different shapes, such as spheres, nanowires,
nanostars or other hybrid structures (e.g. metal nanoparticles coated with a silica
shell)*°.

As already mentioned in the previous section, Au, Ag or Cu nanomaterials achieve the
resonant condition, according to the equation 2.12, in the UV-visible part of the
electromagnetic spectrum. Thus, when such kinds of materials interact with
electromagnetic radiation, the plasmons coherently oscillate in response to the
electronic component of the field. Then, if the radiation is resonant with the surface
plasmons, a band in the UV-visible spectrum appear, called surface plasmon band
(SPB), or extinction band. Surface plasmons give rise to the SERS effect and vary
depending on the metal, the shape and the dimensions of the nanoparticle’®*!. In order
to achieve the enhancement of the Raman signal, it is necessary that the SPB of the
nanomaterial will be “tuned” with the excitation wavelength. This “tuning” can be
modulated by varying the metal, the shape and the dimension of the nanostructure.

In complex metal nanostructures (i.e. aggregated formed by metal NPs) the plasmon
modes of the NPs interact electromagnetically, resulting in hybridized plasmonic states.
This coupling gives rise to the so-called “bright” and “dark modes”. Bright modes are

generated by the frequencies of SP, which fall in the visible range of the
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electromagnetic spectrum, while dark modes usually do not show up in optical
absorption experiments.

Dark modes are of essential importance as well for the generation of highest local fields
and for the spectroscopic performance of a plasmonic nanostructure.”* As will be
discussed in the chapter 2, for instance, Ag NPs feature a SERS enhancement when
irradiated in the visible region (i.e. 530 nm) due to the excitation of the bright modes.
Nevertheless, in the NIR region (i.e. 785 nm) it is possible to excite their dark modes.
The effect is a larger enhancement of the Raman signal leading to a higher band
intensity in the SERS spectrum. The correlation between excitation wavelength and
SERS bands intensity will be discussed in detail in section 2.3.

Owing to the rapid development of the nanotechnology field, NPs have become object
of intense research duo to their optical, electronical and catalytic properties. Metal
nanoparticles are employed in several nanotechnology fields thanks to their
functionality and optical properties. Nanosensors*, drug delivery®, catalysis*® and
diagnostics®’ are just few of their applications in nanotechnology. In this PhD thesis we
focused on optical properties of NPs, which are utilized to enhance the Raman signal,
taking advantage of the surface plasmons which cause the SERS effect.

SERS substrates can be tentatively classified into three main classes™":

* Colloidal dispersions.
* Solid metallic nanostructures obtained with top-down processes.

* Solid metallic nanostructures obtained with bottom-up/self-assembly processes.

Colloidal dispersions of metallic nanoparticles are the most popular SERS substrates
due to their ease of use, their high enhancement factors and the relative inexpensive
synthesis.

Non stabilized NPs tend to attract each other due to the Van der Waal forces and,
without repulsive forces able to counteract, they aggregate, eventually leading to
precipitation of macro-aggregates. To avoid these effects and to keep the NPs dispersion
stable, it is necessary to stabilize the NPs constituting the colloid through either steric or

electrostatic stabilization.
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With the steric stabilization, the colloidal aggregation is prevented by adsorbing bulky
molecules such as polymers (i.e. polyvinyl alcohol (PVA)), surfactants
(cetyltrimethylammonium bromide (CTAB))*' or ligands (thiols)’' on the NPs surface,
providing a thick protective layer.

The electrostatic stabilization consists in the formation of an electric double layer at the
NPs surface. The attractive Van der Waals forces between the bare nanoparticles are
counterbalanced by Coulombian forces generated by negatively charged ions adsorbed
on the NPs surfaces. In the figure 2.3 a cartoon representing the metal colloid double
layer and the Coulombian potential is reported. This is the case, for example, of the
citrate stabilized colloids: NPs are surrounded by an electrical double layer formed by
positively charged metal and anions which are attracted to them. The result is a

Coulombian force avoiding the colloids aggregation™.

van der Waals
Attraction
P

Figure 2.3. Schematic representation of electrostatic stabilization of metal colloids and electrostatic

potential ™.

Nevertheless, it is possible to break the Coulombian potential barrier by increasing the
ionic strength of the solution or by replacing the ions which surrounds the NPs with a
neutral adsorbate. In this way the potential barrier will be break and the colloids will
aggregate. This is a crucial point for the NPs used as SERS substrates.

It is been demonstrated that the SERS substrates which feature the larger enhancement
are not the single nanoparticles, but their aggregates’’’. In particular, the higher
enhancement is being observed at the gaps of few nanometers between two or more

nanoparticles, called /ot spots. These localized spots can produce SERS enhancement
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factors of 10'**'. Thus, with the SERS technique, an aggregation process of the NPs is
necessary to produce the enhancement of the Raman signal. As already mentioned, the
aggregation will take place by the replacement of the stabilizing ions, such as citrate,
with the analyte under SERS detection, or by an increase in ionic strength due to the
ions present in the analyte solution. Moreover, since the analyte must adsorb onto the
metal surface, it is important that the stabilizer is easily exchangeable with an analyte.
Therefore, for SERS applications, electrostatically stabilized colloids are the best
choice, rather than the steric stabilization. The choice of the metal colloids depends
basically on the kind of analyte, which have to be detected. Not all the functional
groups, in fact, feature the same affinity for all the metals.

Concerning the non-colloidal SERS substrates, metal nanostructures can be divided in
two classes depending on their preparation: top-down and bottom-up methods. Top
down synthetic methods involve direct fabrication of small features on a large area (i.e.
electrochemical roughening, lithographic techniques, metal sputtering, etc.). The
bottom-up techniques consist in a self-assembly preparation process of the metallic
nanostructures forming colloidal aggregations™ (i.e. dip coating method® or glass slides
functionalization™).

Metallic roughened electrodes, through which the SERS phenomenon have been
discovered™, are active plasmon substrates developed with oxidation-reduction cycles.
The main advantage of this kind of substrates is the simplicity of their preparation and
use. Nevertheless, depending on roughening procedure used, electrodes can have highly
variable surface roughness which results in non-uniform enhancement of the signal®.
Moreover, the use of metallic roughened electrodes is declined also because of the
relatively low enhancement factors typically achievable™.

One of the main challenge in SERS is the fabrication of SERS substrates featuring an
hot spot architecture able to reach the best enhancement of the scattered light'”™". For
these purposes, there are a lot of top-down techniques and methods to prepare highly
ordered solid metallic nanostructure. Lithography-based nanofabrication methods, such
as electron beam lithography and reactive ion etching, are well known techniques to
prepare highly uniform and reproducible SERS substrates, offering control over the
size, the shape and the spacing of the nanostructures. Nevertheless, such kind of

techniques are hampered by the slowness of the fabrication process and the high cost™.
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As a non-lithographic method, a technique pioneered by Van Duyne’s group, involves
the assembly of polystyrene nanospheres into a regular array, using this as a mask to
create a periodic nanostructure (metal island films). Metal island film substrates are
easy to fabricate, and the SPR wavelength can be tuned by varying the film’s thickness
and confluence. However, the enhancement factors achieved with these films are
generally smaller than those observed with other SERS substrates®. Another top-down
technique involves the evaporation and sputtering of metal for depositing SERS-active
metal on substrates. Other classes of more simple top-down fabrication techniques are,
for instance, the in situ synthesis (i.e. the silver mirror reaction® or galvanic
replacement’’) and the inkjet printing method. Those two methods have the advantage
of being easy to implement and cost-efficient. However, with the in-situ synthesis it is
not easy to tune the shape of the nanostructures and a potential industrial process is not
easily scalable. The inkjet printing method required a printer and the obstruction of the
cartridge by NPs is quite common, producing non uniform and homogeneous SERS
samples.

The dip-coating method, on the other hand, is a self-assembly approach to produce solid
SERS substrates. It does not require any instrumentation, it could be scalable and allows
the tuning of the metal, the shape and the aggregation of the NPs'". This technique
consists of simply dipping a solid support (i.e. filter paper) onto a colloidal solution for
few days and then removing the supernatant. The use of common filter paper as support,
besides of being extremely inexpensive, in principle allows a separation of different
components present in a complex matrix, similar to chromatographic technique, or the
mixing of other reagents with the analyte solution, as in the paper-analytical-devices
(PADs)** %2, Moreover, the three dimensional structure of cellulose fibers on which the
NPs are adsorbed, allows an increasing on the inter-particle coupling, hence the
enhancement of the SERS signal'.

For these reasons, during my Ph.D. project, colloidal solutions of metal nanoparticles
were synthetized and then deposited on common filter paper through the dip-coating
method in order to optimize non-colloidal SERS substrates for quantitative analysis. In
such a way it was possible to develop a cost-efficient, reproducible, scalable and easy-

to-produce solid SERS substrates for quantitative analysis.
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Within the work presented in this thesis, four kind of metal NPs electrostatically

stabilized were synthesized:

» Au NPs obtained with Turkevich method® (c-Au NPs).
» Ag NPs obtained with Lee-Meisel method® (c-Ag NPs).
* Ag NPs obtained with Leopold Lend]l method® (h-Ag NPs).

* Ag Nanostars obtained with a two-step process developed by 4. Garcia-Leis et

al’® (Ag NSs).

The choice of these colloids, and hence their application, depends basically on the type
of analyte that have to be detected. Not all the functional groups, in fact, feature the
same affinity for all the metals. Moreover, for the adsorption process, the stabilizer
present in the surface of the materials (i.e. sodium citrate) must be taken in
consideration as well.

The synthesis of metal NPs are based on physico-chemical techniques, depending from
which is possible to control NPs shape, their dimension and composition. The most used
chemical methods in solutions, such as those employed in this work, allow a better
shape and dimension modulation by varying the experimental conditions such as
temperature, stirring, rapidity of reagents addition and the concentration of reagents.
The details of each synthesis methods will be discussed into the detail in the next

chapter.

2.5 Molecules adsorption model

The adsorption process, schematized in figure 2.4, takes place due to attractive
intermolecular forces between the adsorbate and the atoms which constituent the surface
(the adsorbent). Therefore, the adsorpt (the substance to be adsorbed) diffuses from the
bulk of the liquid or gas phase to the adsorbent®. Then the molecules adsorb on the
surface through two kinds of interactions: physisorption or chemisorption, depending on

the adsorption energy.
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Adsorpt —— . .
Adsorbate\ ‘

[OOQ [ 1 1 1)

Adsorbent I

Figure 2.4. Cartoon depicting the main players in the adsorption process.

The amount of adsorbate is determined by several parameters, such as the nature of the
adsorbate and the adsorbent, the surface area and the activation energy of the adsorbent,
the temperature and the adsorpt concentration. Adsorption process is usually studied
through graphs known as adsorption isotherms. These graphs represent the amount of
adsorbate on the adsorbent as a function if its pressure or concentration at constant
temperature and it is described by the function /" = f (p), experimentally determined.

Depending on the physical and chemical conditions, several adsorption isotherms are

experimentally observed. In figure 2.5 are reported eight common examples.

A. Linear B. Freundlich C. Langmuir D. Siemoid
Fl/ FI/ ' ,
Porc Pore Porc Pore
E.BET F. BET G. High Affinity H. Step isotherm
FI/ rl/ r | FV
Pore Porc Pore Porc

Figure 2.5. Eight types of adsorption isotherms commonly observed. In the case of adsorption from the
gas phase, the abscissa is the partial pressure (P). In the case of liquid phase, the abscissa is the

concentration (c)*.
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1.

The type A is the linear model, which can be used to describe the initial part of

many adsorption isotherms. It is described by the Henry equation:

I = KP (2.14

Where I is the surface coverage, Ky is the Henry's constant, and P is the partial
pressure.

Type B describes a heterogeneous systems consisting of high affinity and
simultaneously low affinity regions, which feature the Freundlich adsorption

isotherm. This model is described by the following equation:

I = Kz P4 (2.15

Where Ky and q (q < 1) are empirical constants for each adsorbent-adsorbate
pair.
The case C is the Langmuir model and it is described by the Langmuir

adsorption isothermal equation:

_ _KiP o =_" (2.16

T 1+K P’ Fmon

Where 6 is the relative coverage, K is the Langmuir constant and I, is the
maximum amount of adsorbate which, in the Langmuir model, corresponds to a
monolayer. The systems featuring a Langmuir adsorption are characterized by
saturation at high concentrations. This is the case of molecules adsorbed on
metal nanoparticles where. At low concentration, the molecules approach the bi-
dimensional surface adsorbing without reaching the I',,,. Then, increasing
gradually the concentration of the solution, the amount of molecules adsorbed
increases until the surface filling and the isothermal curve reaches the plateau.
In this case the binding energy does not depends of the presence of other

bounded molecules®’.
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4. The case D indicates cooperative effects. The molecule interacts better with the
surface when another molecule is yet adsorbed due to lateral interactions
between the adsorbate and the adsorpt.

5. The type E is the BET (Brunauer, Emmet and Teller) adsorption isotherm. It is
quite similar to the previously discovered Langmuir model but extended to a
multilayer adsorption. According to this model, the adsorpt interacts first with
the adsorbent and then with the adsorbate. In other words, the molecules first
form a Langmuir monolayer and then, increasing the concentration or the
pressure, the free molecules interact with the ones yet adsorbed, forming a
second layer and so on. This kind of isotherm is characterized by two constants:
Kag, describing the interaction between the molecule and the surface, and K, (<<
Kag), describing the intermolecular interaction. If the affinity of a molecule for
the substrate is weaker than its affinity for a yet adsorbed molecule (when K, >>
K.g), the type F is expected®™. In figure 2.6 the schematic drawing of the
Langmuir and the BET isothermal processes are reported.

6. The type G is a high-affinity adsorption isotherm and occurs when the molecules
binds very strongly the surface.

7. Finally, type E is a step isotherm. It is a variation of the BET model but the
number of layers that can be formed is limited. This curve is typical, for
instance, of porous materials. At low pressure a Langmuir monolayer is
adsorbed, then a second layer is formed which fills the pores and therefore

inhibits the formation of a subsequent layer®.

a) b)

."0 Il Layer
.. ‘.. Il Layer
l (1111111 M 1111111 IRE%y

Adsorbent I l Adsorbent I

Figure 2.6. Schematic drawing of a) the Langmuir adsorption model (at the saturation point) and b) the

multilayer BET adsorption model.
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Since the adsorption, as described above, occurs only through an interaction between
the adsorbate and the adsorbent, the molecules must have functional groups with some
degree of affinity for the metal structure in order to be adsorbed, and hence detected
with the SERS technique®.

For an analyte adsorbed on a SERS substrate, the variation of the SERS signal with the
concentration can be fitted with an isotherm adsorption model. In the simplest case of
an interaction between a metal nanoparticle and a molecule that does not interact with
others, the adsorption process, hence the signal-concentration response is a Langmuir
model. The Langmuir isotherm (as I will report in the next two chapters and as reported

in several works of analytes quantification through SERS technique'®***"%72

) is one of
the most common models for a SERS system. This is because the molecules, for being
detected, must be adsorbed or be in a close proximity to the metal surface, and so just
the first layer of the NPs can be “felt” by the metallic nanostructure. This model can be
applied when the system deals with a chemisorption equilibrium phenomenon in which
the surface is characterized by a fixed number of binding sites. This model features a
first linear part in which the molecule concentration increase linearly with the signal,
then the signal becomes flat when the surface saturation is reached. Thus, within the
linear range of this pattern, is it possible to determine the amount of a specific analyte in
solution, therefore, to use the SERS technique as a quantitative tool. Moreover, the
trend of the isotherm can provide information about the SERS substrate morphology,

the analyte-substrate interaction and the analyte-analyte interaction, as will be discussed

in the next chapter of this thesis.

2.6 SERS as a tool for quantitative analysis: potential, issues and

limitations.

For specific concentration intervals (i.e. when adsorption sites are still available), the
intensity of a band in a SERS spectrum correlates with the concentration of the analyte.
The SERS technique can be therefore used as a quantitative technique. In a univariate

SERS calibration curve, the intensity of the SERS signal is plotted against the analyte
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concentration, establishing an empirical correlation between these two quantities. The
nature of this correlation, hence the shape of the signal-concentration graph, depends on
the nature of the adsorption process, as explained in the paragraph 2.5. Moreover, the
molecular fingerprint provided by Raman spectroscopy, allows the identification of one
or more bands belonging to a specific molecule even if the analyte is present in a
complex mixture. This makes possible the use of SERS as quantitative tool for a
specific analyte even if it is present in complex mixtures (i.e. anticancer drugs in human
serum).

In figure 2.7, graphics showing the number of the publications founded in Scopus vs
years are reported using as search key words “SERS” and “SERS AND quantitative”. It
is interesting to see that the publications about the use of SERS as a quantitative

technique are approximatively the 8% of the total documents present about SERS.

SERS SERS AND quantitative
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Figure 2.7. Graphics calculated from Scopus showing the number of documents for year using the key

words “SERS” (on the left) and “SERS AND quantitative” (on the right).

Despite all the advantages and potentialities of the SERS technique, it is therefore
important to underline the limitations of the use of SERS for quantitative purposes,
which have so far hindered the use of such kind of technique for routine measurements.
First of all, the analyte must be adsorbed or be in a very closed proximity of the metal
nanostructure, otherwise SERS will not occur. Not all the molecules feature affinity for
all the substrates, therefore it is necessary to find the “right” substrate for each
molecule. Secondly, there is a substantial difference between a colloidal and a non-
colloidal SERS substrate. In general, the overall surface available for adsorption per

volume units is larger in the case of colloidal substrates, resulting in a more intense
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SERS spectrum. In a fixed system (i.e. non-colloidal substrates) the molecules have not
physically access to the whole surface of the nanostructure: in the case of NPs adsorbed
on paper, for instance, a surface moiety is employed with the adsorption on to the
cellulose fibers. Moreover, the liquid medium allows Brownian motions of the NPs
aggregates in the focal volume probed by the exciting laser: this phenomenon
contributes to average the signal over several hot-spots entering and leaving the focal
volume during the measuring time, lowering the inter-spectra variability. In a previous
work, we investigated the variability of the SERS measurements using different
colloidal substrates''; in particular, we found a variability of 1 - 6 % depending on the
experimental parameters (i.e. kind of metal, wavelength of the laser and capping agent).
Those values, for instance, are quite lower in respect to those reported for Au and Ag
NPs non-colloidal substrates'>”>. However, it is important to underline the problems
regarding the repeatability (the ability of an operator to consistently repeat the same
experiment under the same conditions) and the reproducibility (the variation in
measurements made on a subject under changing conditions)** of the synthesis batches
of colloidal dispersions. To achieve a low variability in the SERS measurements, in
fact, the shape and dimensions dispersion should be narrow. This highly depends on the
experimental conditions such as temperature, humidity, stirring rate, etc”*, which lead to
a low inter-batch reproducibility and repeatability™.

Besides the batch repeatability problems, for non-colloidal substrates all the advantages
of the colloidal dispersions (i.e. higher surface available for the adsorption and
Brownian motions) are lost. For instance, if we consider the non-colloidal substrates
developed through bottom-up approaches (i.e. NPs loaded to filter paper by dip coating
method), the repeatability problem affects i) the colloidal synthesis, i1) the substrates
production, which is highly influenced by the operator, and finally iii) the samples
measurements. Generally, in literature there is a lack of information about the
repeatability of paper-made SERS substrates in view of quantitative applications. In

most of the cases the repeatability is not discussed at all'*"**

or only the intra- or the
inter- sample repeatability is reported'*'>"*">"® Moreover, for paper-made substrates,
there are still no works about how the interplay of the experimental parameters (i.e. the

kind of the NPs, the concentration of the colloidal solutions, the wavelength of the laser
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and the porosity of the paper), leads to different results in terms of repeatability of the
measurements.

With regard to this aspect, in the next chapter I will present the core of this thesis: a
systematic study based on repeatability (intra- sample, hence on the homogeneity and
inter- sample) analysis on Ag and Au NPs loaded on filter paper. The aim is optimize
such kind of non-colloidal substrates for quantitative analysis in a repeatability point of
view, hence the development of substrates which lead to the lowest signal variation with

the dip-coating method.
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Chapter 3
Development and characterization of solid SERS

substrates for quantitative analysis

3.1 Introduction

In this chapter the preparation, the optimization and the characterization of paper-made
solid SERS substrates loaded with different kind of NPs will be presented, from a
repeatability point of view. In fact, the aim of this work is to obtain reliable, repeatable,
cost-efficient, easy to produce and scalable solid SERS substrates as a platform for
quantitative analysis.

As discussed in the chapter 2, not all molecules present the same affinity for all kind of
metals. As consequence, it is necessary to develop different kind of NPs, tuning the
shape, the metal type and the capping agent depending on the analyte, which have to be
detected with the SERS technique.

For this purpose, four kinds of substrates characterized by different NPs loaded on filter
paper (with the so called dip-coating method'***"’
capped Ag (c-Ag) and ii) Au (c-Au) NPs, iii) hydroxylamine reduced Ag NPs (h-Ag)

) will be presented: 1) sodium citrate-

and iv) sodium citrate capped Ag NSs (nanostars).

The dip-coating procedure consists of dipping a piece of common filter paper onto a
colloidal solution for few days. During this time, the NPs adsorb onto the cellulose
fibers of the paper; then, after the supernatant removal, the substrates are then left in the
vials and dried for a few hours in air at room temperature. Then, the substrates are ready
to be used. This method was chosen for being a simple and cost-efficient technique: it
allows scalable substrates preparation without the necessity of specific laboratory
equipment. In fact, the substrates obtained with this method do not require any complex

fabrication methodology as physical vapor deposition, electron beam lithography,
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focused ion beam (FIB), electrochemical deposition or roughening®>’®. Moreover, in

23,59

contrast with the in situ synthesis™", it allows a better control of the tuning of the

metal, in size and shape, and the capping of the NPs'* ¢,

Common filter paper was chosen as solid support because, besides its low-cost, it
ensures many more intrinsic advantages and analytical applications for a SERS
substrate compared to a bi-dimensional flexible (i.e. PDMS”) and non-flexible surfaces
(i.e. glass and silicon wafer'"). Thanks to its porosity and flexibility, it can be used as a

swab’’ or in a paper analytical device (PAD®"**"

), providing a detection of a target
analyte present in a complex mixture®”. Moreover, the three-dimensional structure of the
paper ensures an intra- and inter- layer (formed by the net of the cellulose fibers)
plasmon coupling'®, enhancing even more the SERS signal, hence increasing the
substrate sensitivity and efficiency.

Nevertheless, the main issue regarding the use of solid SERS substrates developed with
a bottom-up self-assembling approach (such as NPs loaded on paper) is the low
repeatability. Despite the promising results obtained so far on paper-based solid SERS

substrates'>!> 1883

, there is a lack of information about how experimental conditions
affect their repeatability in view of quantitative applications. The interplay of the type of
the NPs, the concentration of the colloidal dispersions used for the dip-coating step, the
wavelength of the laser and the porosity of the paper leads to different results in terms
of both overall intensity and repeatability of the measurements.

In order to overcome this issue, I firstly performed a systematic study focused on
repeatability (intra- sample, hence on the homogeneity, and inter- sample) analysis on c-
Ag and c-Au NPs loaded on filter paper. The task of evaluating the repeatability of a
solid SERS substrate is, in itself, nontrivial. Different types, or levels, of repeatability
are involved, depending on what set of measurements have to be considered (intra- or
inter- substrate).

The aim of this study is to explore how a series of parameters (e.g. concentration of
colloidal solution, different porosity of filter paper and the presence of an aggregating
agent) affect the analytical performance of the substrates.

Within the experiments, the following parameters were varied in different
combinations: 1) the porosity of the filter paper, ii) the concentration of metal colloids,

1i1) the presence of an aggregating agent and iv) the wavelength of the laser source. In
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particular, a filter paper with pore size of 2 pm and 20 — 25 um was used in order to
investigate which porosity provides the better substrate in terms of overall intensity and
both intra- and inter- sample repeatability. For the same reason, we used “as prepared”
NPs, as well as concentrated ones. Moreover, we analyzed SERS substrates prepared
with or without the presence of sodium citrate as aggregating agent. For electrostatically
stabilized NPs, the role of the aggregating agent, which can be an organic or inorganic
(such as sodium citrate, HCI, KNOs, etc.), is to break the potential barrier formed by the
stabilizer (see section 2.4). The increasing of the ionic strength induces the aggregation
of the NPs, the formation of the “hot spots” and finally their precipitation and
adsorption on to the solid support. Mehn and coworkers, for instance, report a study in
which Au NSs are induced to adsorb on to the filter paper using sodium citrate as
aggregating agent'’, while Hasi et al. employ chloride ions to prepare Ag NPs paper-
based SERS substrates'”.

All the substrates developed in the systematic study were analyzed with two off-
resonant probe molecules, 4-Mercaptobenzoic acid (4-MBA) and Adenine. The reason
for this choice is outlined below, in the section 3.2.3. The substrates were analyzed in
terms of 1) inter- sample repeatability, i1) intra- sample repeatability, iii) sensitivity, 1v)
long-term stability and v) overall SERS performance from a quantification point of
view.

Another important issue regarding the state of the art of solid SERS substrates (in
particular paper based), is the lack of standard protocols supported by adequate
statistics. So far, in some cases authors use the relative standard deviation (RSD, also
known as coefficient of variation or CV) of the intensity or the area of a SERS band,
reporting only the RSD wvalues, without a graphical comparison or a statistical

S9TLTST68388 N oreover, in most of the cases the repeatability analysis of the

discussion
samples is not complete, since only the intra- or the inter- sample one is
reported'>'>7*7>7¢ Finally, in most of the cases the repeatability is not discussed at
Al %1923
Another controversial point is how the spectra were collected for a statistical analysis
and discussion. The spectra collected over a solid substrate, in particular the low
number of the spectra, could affect the reliability of the repeatability results. So far,

spectra are almost always acquired on few (5 — 20) random spots on the substrate,
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leading to an inaccurate intra- sample repeatability characterization'®>%7"73776:8478¢

Wang and coworkers, for instance, report an intra- sample repeatability calculated from
the RSD obtained on 8 spectra®. Villa et al. report an inter- sample repeatability
calculated from 5 spectra on 3 different samples’®. In other works the number of the
acquired spectra from which the RSD were calculated is not reported at all’>’!. Finally,
for what concern SERS paper-made substrates commercially available, Ocean Optics
company produces Au NPs immobilized on filter paper as SERS sensors. However, the
provided data show an intra- and inter- sample repeatability calculated from 5 spectra
on 6 different samples. Despite the low values of RSD reported (13% for the intra- and
8% for the inter- saple repeatability), the characterization performed could be unreliable
for quantitative analysis®’.

For this reason, in this work the RSD for each sample was calculated from the
acquisition of a map (an equally-spaced fixed grid of spectra) consisting of 64 spectra.
By doing so, it is possible to scan an adequate region of the sample to reliably evaluate
the homogeneity (intra- sample repeatability) of the samples.

To improve the statistical information regarding the graphical representation of both
intra- and inter- sample repeatability, the results will be presented and analyzed with
Tukey’s plots. This kind of box plot allows to visually estimate the distribution of a
numerical data set. It is a graphical representation of a variation of a statistical data
population, in the specific case the distribution of the mean integrated areas for each
spectrum acquired in a map.

The spectra distribution will be discussed in terms of -intra and -inter sample
repeatability for each experimental condition. In this way, the development procedure of
the dip-coating method was optimized, yielding a paper-made substrates loaded with c-
Au and c-Ag NPs for quantitative analysis.

Then, other two kinds of paper-made SERS substrates will be presented, characterized
and discussed as well in terms of intra- and inter- sample repeatability: h-Ag and Ag
NSs loaded filter paper.

The study regarding the Ag NSs loaded filter paper and colloidal repeatability was
performed at IEM-CSIC (Instituto de Estructura de la Materia, Consejo Superior de
Investigacion Cientifica) in Madrid, with the collaboration of the group of Dr. Santiago

Sanchez Cortés.
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h-Ag and Ag NSs were developed with the optimized procedure of dip-coating method
obtained from the systematic study. The only exceptions are the use of “as prepared”
colloidal dispersions and, in the case of h-Ag substrates, the use of KNO; as
aggregating agent (the reason of this choice will be explained in the next section).
However, applying the same procedure to different NPs does not necessarily result in a
better repeatability. In this sense, another systematic study should be performed on each
kind of new substrate. For the sake of time, I assumed that the optimal conditions found
for c-Ag and c-Au substrates might be applied as well for the preparation of h-Ag and
Ag NSs.

3.2 Experimental section

3.2.1 Materials and reagents

All chemicals, solvents and the filter paper with 20 um of pore size (qualitative filter
paper, grade 4 Whatman) were purchased from Sigma-Aldrich and used as received.
Filter paper with 2 pm of pore size (qualitative filter paper, 410) where purchase from
VWR international (Milan, Italy). Phosphate buffered saline solution (PBS) (pH 7.4)
was prepared by dissolving one PBS tablet (Sigma-Aldrich) in Milli-Q water (200 mL).
All glassware used for NPs preparation was carefully cleaned with aqua regia and
thoroughly rinsed with Milli-Q water. For all cleaning procedures and preparation of

solutions, Milli-Q water was used.

3.2.2 Paper-made SERS substrates preparation

c-Au NPs were synthesized according to a protocol described by Turkevich et al.®.
Briefly, 10.6 mg of NaAuCly were dissolved in 25 mL of Milli-Q water and heated to
boiling. Of the solution, 750 pL of 1% sodium citrate were then rapidly added under

vigorous magnetic stirring. The solution was kept boiling under stirring for 20 min.
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c-Ag NPs were synthesized according to a protocol described by Lee-Meisel et al.**.

Briefly, 45 mg of AgNO; were dissolved in 250 mL of Milli-Q water and heated to
boiling. Five milliliters of a 1% sodium citrate tribasic solution were then added
dropwise to the AgNOs; solution under vigorous magnetic stirring. The solution was
kept boiling under stirring for 1 hour. Both Au and Ag colloidal solutions obtained were
stored in dark at RT and were stable for at least 8 months.

h-Ag NPs were prepared by the Leopold-Lendl method®. Briefly, 0.017 g of AgNO;
were dissolved in 90 mL Milli-Q water, to which a solution consisting of 0.021 g of
hydroxylamine hydrochloride and 18 mg of NaOH dissolved in 9.5 mL of Milli-Q water
was rapidly added under stirring. After few seconds, silver colloids were obtained
which were stable for at least 1 week (stored in dark at RT)™.

Ag NSs were prepared according to a protocol described by Garcia-Leis et al.*> The
NPs were obtained by chemical reduction of Ag" in two steps and using as reducing
agent neutral hydroxylamine in a first stage and sodium citrate in a second step. Briefly,
500 pL of neutral hydroxylamine 6.02-10 > M was mixed with 500 pL of NaOH (0.05
M). Afterward, 9 mL of AgNOs 1.1-10° M was added dropwise to the first solution
under stirring. The suspension became brown. After 5 min, 100 puL of 1% sodium citrate
tribasic solution was added rapidly to the mixture. The final suspension, showing a dark
gray color, was shaken for 15 min before its storage in dark at RT.

The c-Ag and c-Au colloidal solutions obtained were concentrated using a minispin
Eppendorf centrifuge for 30 minutes at 6000 rpm (2415 g) and 10000 rpm (6708 g) for
c-Au and c-Ag NPs respectively. Thus, the supernatant solutions above the NPs pellets
were removed in order to reach a solution concentrated 10 times in volume.

For the systematic study, 8 different types of solid SERS substrates were prepared for
both c-Au NPs and c-Ag NPs; in particular: 1) with not concentrated (i.e. as prepared)
NPs and with a filter paper with 2 um of pore size, ii) with 10 times in volume
concentrated NPs and with a filter paper with 2 um of pore size, iii) with not
concentrated NPs and with a filter paper with 20 um of pore size, iv) with 10 times in
volume NPs with a filter paper with 20 um of pore size. All these types of substrates
were also prepared in the presence of 20 mM sodium citrate as aggregating agent. The
choice of sodium citrate as aggregating agent is due to two different reasons: 1) citrate

ions are already adsorbed onto the NPs surfaces from the synthesis reaction, ii) citrate
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adsorbs onto the NPs surfaces through relatively weak bonds, allowing the exchange
with the target molecule, hence its SERS detection.

For the substrates prepared with the aggregating agent, a piece of 1 cm” of paper with 2
or 20 um of porosity was placed on the bottom of a cylindrical glass vial (total capacity
of 10 mL) containing 3 mL of c-Au or c-Ag colloidal solution (concentrated or not);
then the sodium citrate was added up to a final concentration of 20 mM. The presence
of the citrate leads to a color change of the colloidal solution from red to grey for Au
NPs and from grey to dark grey for Ag NPs, indicating NPs aggregation. The vials
containing the colloid and the filter paper were then stocked in dark at RT for one week
(“incubation”); during the incubation, the NPs deposited on paper on the vial bottom.
After incubation, the colorless, transparent supernatant solution, devoid of
nanoparticles, was removed with a plastic syringe, taking extra care not to touch or
move the paper substrate. For the substrates developed without the aggregating agent,
protocol above explained was applied without the adding of the sodium citrate to the
colloidal solution. The substrates were then left in the vials and dried for a few hours in
air at RT and then stocked in Milli-Q water until used. If they are dried, the NPs do not
detach from the support, indicating the stability of the substrates in liquid environments.
Ag NSs and h-Ag solid SERS substrates were prepared with the same protocol, using as
prepared NPs (not concentrated), filter paper with 2 um of pore size and 20 mM of
aggregating agent (sodium citrate for Ag NSs and KNOj; for h-Ag substrates). With the
using of KNOs; salt, the h-Ag substrates result being citrate-free: there are no
background problems generated by the still adsorbed citrate onto the NPs surfaces.
Those NPs, in fact, do not show background signals (see figure 3.19-c), as in the case of
c-Au NPs (see figure 3.12), whose spectral peaks could interfere with the analyte SERS
signals. As second aspect, the analyte has no exchange problems with the sodium citrate
in the adsorption process. The analyte, in fact, can adsorb directly to the metal surface
without having to remove the capping agent (e.g. sodium citrate) previously adsorbed
on the NPs. This aspect is particularly important in the case of molecules featuring less
affinity for the metal nanostructure in respect to the pre-adsorbed citrate. Moreover, for
those NPs, the chloride ions act as stabilizing agents. The negatively charged surface
can be exploited in the adsorption process of positively charged molecules due to the

ionic-pair interaction. Moreover, since the chloride ions are smaller than the citrate, is it
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possible to detect the analyte with SERS, without any exchange process®.

3.2.3 Analytes preparation for SERS measurements

4-MBA and Adenine were chosen as probe molecules for three reasons. i) The
molecules are bound to the metal surfaces through different functional groups (through

the thiol for 4-MBA®" and through the purine nitrogens for Adenine’'*?

). This allows a
characterization and a sensitivity study of the substrates for both kinds of chemical
interactions. ii) Both analytes are non-resonant (the UV-vis spectra of Adenine and 4-
MBA in the UV-vis spectra feature an adsorption band, respectively, at 263 nm’® and
302 nm®"). This allows a SERS characterization of the substrates that does not depend
on the nature on the analyte but only on the characteristic of the plasmonic structure,
hence this characterization is indicative of the substrates repeatability and sensitivity.
1i1) Both analytes feature a SERS spectra with an isolated, narrow and intense band (740
cm” for Adenine and 1583 cm™ for 4-MBA) generated by one vibrational normal mode
(the ring breathing). This allows the analysis of the band areas without any interference
with other bands or convolutions of those, ensuring a better reliability of the results.
Mother solutions 1 mM of 4-MBA and Adenine were prepared dissolving the analytes
in MeOH and 1N NaOH, respectively.

For the measurements of repeatability and shelf life of the substrates, the mother
solutions were diluted to a final analyte concentration of 10 uM in PBS in order to reach
a constant pH of 7.4. The low 10 uM concentration were chose to test the repeatability
performance of the substrates were they are used for quantitative analysis. Nevertheless,
this concentration could not be any lower to ensure the SERS detection of both analytes
with all kind of different substrates and with all the laser sources.

For the calibration curves, further dilutions in PBS of the 10 uM solution were obtained.
For all experiments, each substrate (as prepared, 1 cm?) was cut in 4 pieces of 5 mm x 5
mm, that were incubated for 5 minutes (to test the substrates performance for rapid
analysis) in the analyte solution. After the incubation, the samples were gently rinsed
with Milli-Q water, in order to remove the molecules not directly adsorbed onto the NPs

surface, and then were dried for 15 minutes at RT in air before SERS analysis.
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3.2.4 Instrumentation, SERS spectra and images acquisition

Since the concentration, the shape and the diameter distributions are critical factors in
the development of repeatable and reproducible substrates, the colloidal dispersions
were characterized with different techniques able to quantify all those parameters: UV-
visible spectroscopy, TEM (Transmission Electron Microscopy) and NTA
(Nanoparticle Tracking Analysis). Then, the SERS substrates were characterized with
SEM (Scanning Electron Microscopy) and SERS.

The c-Ag, c-Au and h-Ag colloids were characterized by UV-visible absorption
spectroscopy after each preparation using a Lambda 20bio UV-visible spectrometer
(Perkin-Elmer, Monza, Italy). The extinction spectra of Ag NSs were recorded on a
Shimadzu 3600 spectrometer equipped with a photo-multiplier tube for light detection
in the UV—visible range, and an InGaAs detector for the NIR was employed to obtain
the plasmon absorption spectra. All spectra were recorded after dilution with Milli-Q
water, keeping a constant 1:10 v/v ratio between colloidal dispersion and water. Plastic
cuvettes were used to acquire the h-Ag, c-Ag and c-Au spectra and quartz cuvettes for
the Ag NSs spectra.

The concentration of the c-Ag and c-Au colloidal dispersions was determined, in
collaboration with Prof. Amelia Gamini of the University of Trieste, through the NTA
technique (Nanosight LM10, Malvern Instruments, UK), equipped with a 633 nm laser
(Malvern).

TEM images of Ag NSs were taken using a JEOL JEM-1011 at Centro Nacional de
Biotecnologia (CNB), CSIC, Madrid and a Philips EM 208 for c-Ag and c-Au NPs at
university of Trieste.

SEM images of Ag NSs paper made substrates were obtained at CNB, CSIC, Madrid
using a Hitachi SU-6600, 1 kV voltage acceleration, coupled to an energy dispersive X-
ray (EDX) detector.

SEM images of c-Au and c-Ag substrates were obtained at Politecnico of Torino using
an in-lens detector of a Zeiss SUPRA 40 (Zeiss SMT, Oberkochen, Germany) field
emission electron microscope (FESEM). 5 kV voltage acceleration was used for paper
and for Ag-pSi substrates and 10 kV was used for Ag-PDMS substrates.

SERS spectra of c-Ag, c-Au and h-Ag were obtained by means of a Renishaw inVia
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Raman microscope (Renishaw plc, Wotton-under-Edge, UK) equipped with a
microscope Leica DMLM with a 10x objective (N.A. 0.25). Three laser sources were
used to excite the samples: a 785 nm diode laser (Toptica, with a 450 mW output
power), a 633 nm HeNe laser (Melles-Griot, 35 mW), and a 514 nm Ar-ion laser
(Modulaser, 50 mW). The spectrograph was equipped with a 1200 lines/mm (for 785
nm excitation) or with a 1800 lines/mm (for 514 nm excitation) grating, and a charge-
coupled device (CCD) detector. The frequency calibration for all gratings was done
using the emission lines of a Ne lamp. Before each measurement, calibration was
checked using as reference the 520 cm™ vibrational band of a silicon wafer.

SERS spectra of Ag NSs were collected on a Renishaw Raman InVia spectrometer
equipped with an electrically cooled CCD camera. Samples were excited by using the
532 nm laser line provided by a frequency-doubled Nd:YAG laser and a power of 2.5
mW at the sample. A 20x objective (N.A. 0.4) was used for the spectra collection.

To avoid thermal and photodegradation, filters were used to reduce the laser power at
the sample. In particular, 0.5% of the laser output power was used for the maps acquired
with 785 nm and 532 nm excitation wavelength and 100% of the laser output power was
used with 514 nm. Moreover, the laser power density at the sample was decreased for
both lasers upon increasing the diameter of the laser spot using the “defocusing” option
(at a value of 100%) of the InVia Raman microscope. With an objective of 10x and a
defocusing of 100%, the diameter of the laser spot is founded to be 20 um for both 785
and 514 nm. Such diameters were calculated with the method proposed by Cai and
coworkers”.

To facilitate handling, before each measurement each paper substrate was attached to a
standard glass microscope slide. The slide was then immobilized onto the microscope
stage.

For the repeatability studies, from each substrate a set of 64 SERS spectra was acquired
from a square grid of 8 x 8 spectra, yielding a small map (400 um x 400 pm area with a
50 um step). All these maps were recorded using the “static” acquisition mode of the
WIiRE software, centered on the SERS band of interest. For the analytes under
investigation, we chose the most intense bands of the spectra, at 740 cm™ for Adenine

1

and at 1583 cm™ for 4-MBA, corresponding to the ring breathing mode of the

molecules’”®?. In all maps, spectra were recorded using a single scan (5 s of exposure

36



Chapter 3. Development and characterization of solid SERS substrates for quantitative
analysis

time for each spectrum).

SERS spectra for the calibration curves were recorded using the “extended” acquisition
mode of WiRE Software, over a wavenumber range from 600 to 1500 cm™ for Adenine
and from 800 to 1700 cm™ for 4-MBA; all spectra were recorded using one

accumulation (10 s exposure time) at 7 random locations on the sample.

3.2.5 Data pre-processing, analysis and plotting

All data were collected using the WiRE 3.2 software (Renishaw). Data pre-processing
and analysis was performed within the R software’® environment for statistical
computing and graphics building. Special attention was paid to spectral data pre-
processing [e.g., offset-Baseline Correction (BC) and Area Normalization (AN)]. The
pre-processing workflow consisted of five steps: (i) removal of cosmic rays; (i1) BC;
(111) smoothing interpolation (using a LOESS Local Polynomial Regression Fitting, with
a step of 0.5) to increase the signal to noise ratio; (iv) AN; and (v) calculation of
median, standard deviation (SD) and relative standard deviation (RSD%).

In particular, data import and export, pre-processing, and visualization (i.e. SERS
spectra, Tukey’s plots and calibration curves) were performed with the hyperSpec
package’’ for R. For BC, a first-order polynomial baseline was automatically fit to the
spectral range and subtracted from each spectrum of the dataset using the modpolyfit
function from the package baseline’®. ChemCal package” was used to plot the
calibration curves.

In order to obtain a reliable comparison of the area bands obtained with different laser
sources, all the spectra were normalized. In particular, the area values of the analytes
bands under investigation were normalized with the value of the maximum intensity of
the Si band (520 cm™) recorded with the same laser. Then, data were normalized for the
power percentage used for the spectra acquisitions. We chose to normalize the data with
the Si band value instead of with the laser power on the sample, in order to consider all
the optical path and components, from the laser source to the CCD. By doing so, data
obtained with different lasers could be compared, since they were normalized with

respect to the spectrograph efficiency (otherwise dependent on the excitation laser
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used).

3.3 Results and discussion

3.3.1 Systematic study on c-Ag and c-Au paper-made substrates

3.3.1.1 NPs and substrates characterization

After each synthesis, the colloidal solutions were characterized with the UV-visible
spectroscopy. The SPB of a metal colloid gives information about the dispersion and
average dimension of the NPs, whose variability affects the Raman enhancement. A low
repeatability of the colloidal synthesis could therefore lead to a low repeatability of the
analyte SERS signal. Consequently, the synthesis repeatability is the first step toward
the development of a repeatable solid SERS substrate.

In figure 3.1 UV-visible extinction spectra of three different synthesis batches of both c-
Au and c-Ag NPs are reported. c-Au NPs feature a SPB at 540 = 2 nm, while the Ag
NPs at 410 = 2 nm. All these values are consistent with the values previously reported
in literature’***!%. The SPBs featured by the extinction spectra of the different colloidal
batches indicate a good repeatability in the shape and dimension of both c-Ag and c-Au
NPs.

The colloids were also characterized by TEM. TEM micrographs (see the insets in
figure 3.1) show that the Au NPs have a spherical shape with a diameter of 50 nm,
while the Ag NPs show a broader shape distribution with respect to the Au NPs, with

diameters ranging between 50 and 100 nm.
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Figure 3.1. UV-visible adsorption spectra over 3 synthesis batches and TEM images (insets) of a) c-Au
NPs (TEM images acquired with 100 K of magnification) and b) c-Ag NPs (TEM images acquired with
80 K of magnification).

c-Ag and c-Au SERS solid substrates were characterized with Field Emission Scanning
Electron Microscopy (FE-SEM). A FE-SEM comparison of c-Ag and c-Au substrates
images at 100 K of magnification is reported in figure 3.2. From the images is it
possible to distinguish the different distribution of shape and dimension of the different
kind of NPs immobilized on the paper support. While c-Au NPs feature a spherical
shape with 50 nm of diameter, the c-Ag NPs are present as spherical NPs, nanowires
and nanorods; moreover, such kind of NPs present a larger dimension, in agreement

with the data presented in literature'".

From the TEM and SEM images, it is possible
to observe that the shape and dimension of the NPs is conserved during the adsorption

process of the NPs onto the cellulose fibers of the paper.
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Figure 3.2 FE-SEM images with the same magnification (100 k) of a) c-Au NPs, as prepared in of 20 mM

sodium citrate and b) c-Ag NPs, 10x concentrated in presence of 20 mM sodium citrate.

In figure 3.3 and 3.4 the FE-SEM images of respectively c-Ag and c-Au are reported,
since the substrates were prepared in different conditions. For both c-Au and c-Ag
substrates, it is possible to observe the effect of both concentrations of the colloidal
dispersion and presence of an aggregating agent on the overall final NPs density on the
paper surface. The amount of NPs adsorbed onto the cellulose fibers increases with both
concentration (as already observed by Ngo et al.'*) and presence of sodium citrate,

1'15

consistently with the results of Mehn et al. ”. Moreover, from the images reported in

figure 3.3 and 3.4, it is evident that these two elements act synergistically on the NPs

1., the present work

deposition process. Despite what claimed by Hasi et a
demonstrates the possibility of loading Ag NPs citrated-reduced on filter paper with the
dip-coating method: the uniform and high density adsorption of the NPs is not
hampered by the electrostatic repulsion between the negatively charged citrate caped

NPs and the carboxyl groups of the cellulose.
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conc NPs
SC 20mM

Figure 3.3 FE-SEM images with the same magnification (5 k) of c-Ag NPs, as prepared (a, c¢) or 10x
concentrated (b, d), loaded on filter paper in absence (a, b) or presence (c, d) of 20 mM sodium citrate

(SO).

conc NPs

Figure 3.4 FE-SEM images with the same magnification (5 k) of c-Au NPs, as prepared (a, c¢) or 10x
concentrated (b, d), loaded on filter paper in absence (a, b) or presence (c, d) of 20 mM sodium citrate

(SO).
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3.3.1.2 Effect of paper porosity, ageregating agent and NPs concentration on substrates

repeatability

The c-Ag and c-Au substrates obtained in different conditions of colloid concentration,
paper porosity and presence of sodium citrate were investigated in terms of intra- and
inter- samples repeatability.

Raman mapping of four replicas of each type of c-Ag and c-Au substrates were
performed after samples incubation in 4-MBA and Adenine PBS solutions. For all c-Ag
substrates, SERS maps were collected with the 514 nm and 785 nm excitation
wavelengths; for c-Au substrates, since neither 4-MBA nor Adenine spectral signature
could be detected at 514 nm, all the data were collected with 785 nm laser.

In figure 3.5 we report, as examples, the map-averaged SERS spectra of Adenine and 4-
MBA obtained from “as prepared” Au and Ag colloids deposited on a filter paper with

an average porosity of 2 um, in presence of sodium citrate as aggregating agent.
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Figure 3.5. Mean SERS spectra of adenine and 4-MBA acquired on c-Au and c-Ag substrates, calculated
from maps consisting of 64 spectra acquired at 785 nm for the c-Au substrates and at 514 nm for the c-Ag

substrates. Shaded areas represent +/-1 intensity standard deviation (SD).
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The results in terms of intra- and inter- sample intensity repeatability for each kind of
substrate, excitation wavelength and probe molecule were compared in the Tukey’s box
plot reported in figure 3.6. We quantified both intra- and inter- sample repeatability and
represented it graphically in this figure 3.6, using RSD%. The RSD% was calculated
with equation 3.1, dividing the standard deviation (SD) with the average signal (M)

obtained from the maps:

SD
RSD(%) = IR 100 (3.1

In particular, for the intra- sample repeatability values, SD and M were the standard
deviation and the mean integrated area calculated from the 64 spectra acquired for each
map. For the inter- sample repeatability, the RSD values were evaluated among the 4
replicas sharing the same experimental conditions; in this case SD and M were

calculated with the mean values of the 4 distributions.

43



Chapter 3. Development and characterization of solid SERS substrates for quantitative
analysis

108 - 5-106 ]
2510° i1 Adenine@Au 785 . 4-MBA@Au 785 .
1! T ! 1!
P ' f, i
° i 11" i ] Iy ,
108 o ! 3-108 | tr
1.5-10 v o I,TH m:l H :H ' ) H
rel @ '1: 1 . : o Tt N X
_ Gm g 0BG 1 ‘g’ ;! 3 2 g o ol
= e TG 3 T 3 m Lol IBEﬂ 3 1)
& 5105 | i i‘ 8 bt ?f o S 1100 ¢ ! 5 : 1:,, o oW ?;En' :
= i e V| = i R R
£ £ .
G 610 1Adenine@Ag 514 . - 8.10° : 4-MBA@Ag 514
S 3 > 1 i T
14 1 ‘1_ 6-108
S 410¢ - . i & . E;
~ 1 i H 0 3 1 U
~— .k T3 1 It w0 i E ;
. T 1 il — 4-10° 1 DA
: R LS L Y L
< 2104 T T8 % o8 191 2 24108 43 ' gt 88
° o I T < 'm P o 3 it
2 -] ¢ fobe a3t
S 5105 . 2 7
b Adenine@Ag 785 © 4-MBA@Ag 785 !
= 2 1.2.107 IS
= ] i 2 Py
o H c T 1 4 +
= . shr T = i i ' !
3 310° 1 8 e T % 8-106 ) IETEN il b . :{
= .8 o 8 woa ol BT ol ga il
i IR iln) e r g T
oo 4 a0e| 141 HT. gl @9 e o el
106 _| 1 ! il ‘Efl $ 41 4 THEY 1.t
g i g B0 BORD gt o
1 ® ° o H
Q Q Q Q Q Q Q Q
g— g- g- g- w o o o g. g. g. g. N h h oD
N N o < N N o o
x x &8 &8 E E § § ~ x 8 &8 § § § §
- o~ ™~ [= o ~ ~ =)
T T € x x & « - - e % % & &
- o [ad x - o x x
- - o - - =]
= -

Figure 3.6. Comparison of the distributions of SERS intensities integrated over the area of the Adenine
and 4-MBA band. Each column (box) represents the complete distribution of integrated intensities,
calculated over a SERS maps for different substrates, grouped according to analyte, metal and excitation
wavelength, with 4 replicas for each group. For the distributions, the intra- and inter- sample Relative
Standard Deviation (RSD%) values are reported in Tables 3.1-3.3. Different colors correspond to
different paper porosity (green for 2 um, grey for 20 um). Along the median value, the first and the third
quartiles of the data distributions are indicated, as bottom and top of the boxes. 1x and 10x correspond to
non-concentrate and concentrate colloidal dispersion, respectively; 2 um and 20 pm to the porosity of the

paper and SC is referred to Sodium Citrate.

In figure 3.7 the “aggregated” distributions (the data for all conditions but one are
grouped together in a single dataset) for both analytes in terms of intra- [(A), (B) and
(O)] and inter- [(D), (E) and (F)] RSD % are reported. The plotted distributions include
all spectra acquired for both analytes, in order to evaluate the difference caused only by
the experimental conditions (sodium citrate, NPs concentration and paper porosity), one
at a time. In this way it is possible to analyze only the experimental parameters
regarding the substrates, irrespectively of the molecule used as probe analyte. The

graphics are grouped according to the presence or the absence of sodium citrate [(A),
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(D)], the NPs concentration [(B), (E)] and the porosity of the paper [(C), (F)].
Furthermore, the distributions are plotted in different colors according to the
combination excitation wavelength—NPs: green for c-Ag NPs at 514 nm, blue for c-Ag
at 785 nm and red are for c-Au at 785 nm. All the intra- and inter- RSD% values for

each molecule are reported in tables 3.1-3.3.
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Figure 3.7. Comparison of the distributions of RSD % and median calculated from the aggregated
intensities integrated over the area of the Adenine and 4-MBA band. On top are reported the intra- sample
RSD %; at the bottom are plotted the inter- sample RSD % calculated over 4 replicas for each group.
Each column represents the complete distribution of RSD %, calculated over a SERS maps for different
substrates and grouped according to the presence of the aggregating agent, the NPs concentration and the
porosity of the paper. For the distributions, the intra- and inter- sample Relative Standard Deviation
(RSD%) values are reported in Tables 3.1-3.3. Different colors correspond to different combination NPs-

excitation wavelength (in green: c-Ag-514nm, in blue: c-Ag-785 nm, in red: c-Au-785 nm).
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Figure 3.8 Comparison of the aggregated distributions and median calculated from mean integrated area

over the Adenine and 4-MBA band for each collected map. Different colors correspond to different

combination NPs-excitation wavelength (in green: c-Ag-514nm, in blue: c-Ag-785 nm, in red: c-Au-785

nm).
c-Au 785 nm RDS % intra sample (RSD % inter-sample)
substrates
Porosity NPs Concentration No Citrate Citrate
2um 1x 10.8,27.3, 14.1, 14.3 12,13.7,16.2, 15.6
(13.4) (6.2)
10x 27.9,14.3,26.9,19.4 14.7,16.0, 10.4, 17.9
(23.7) (7.3)
4-MBA
20 ym 1x 27.5,19.8,20.4, 23.7 17.9,22.7,18.2,23.7
(14.4) (60.6)
10x 27.5,32.0,25.3,26.6 32.0,11.3,21.1,11.5
(34.1) (6.4)
2um 1x 13.4,12.6, 12.5, 14.8 12.5,9.3,12.8,9.8
(6.1) (6.0)
10x 34.3,245,19.4,315 14.9,21.6,11.7,9.8
(10.7) (11.7)
Adenine
20 pm 1x 21.8,17.0,18.4,18.5 13.8,13.4,17.3, 18.5
(19.3) (57.6)
10x 26.6,24.2,24.0,31.5 35.3,25.6,18.9,24.5
(17.0) (32.3)

Table 3.1. Intra- and inter- sample repeatability values (RSD) of the 4-MBA band area between 1550 ~

1615 cm'l, and of the Adenine band area, between 700 ~ 770 cm'l, calculated from SERS maps for all

kind of c-Au substrates. The spectra have been acquired at 785 nm. The inter- sample repeatability was

obtained from the integrated intensity averages calculated for each map of the same kind of substrate.
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c-Ag 514 nm RDS % intra sample (RSD % inter-sample)
substrates
Porosity NPs Concentration No Citrate Citrate
2um 1x 11.0,9.8,12.1, 124 16.7,15.9, 15.7, 18.3,
(4.4) (6.6)
10x 21.0,17.4,24.0, 154 13.9,11.6,9.6,9.4
(31.6) (9.1)
4-MBA
20 um 1x 12.4,11.6,14.1,9.5 17.8,16.9, 16.8, 9.5
(12.1) (26.8)
10x 12.8,12.1,12.8,11.3 12.8,13.3,15.5,12.5
(25.6) 9.4)
2um 1x 8.4,9.7,12.6,11.8 16.7,13.7,12.8, 13.4
(20.0) (7.4)
10x 9.7,9.1,9.8,8.5 104, 13.0,12.2,8.4
(14.7) (12.5)
Adenine
20 um 1x 12.9,12.3,10.4, 10.7 15.5,17.2,17.0, 10.7
(21.8) (29.0)
10x 11.4,8.2,7.2,8.8 19.0, 31.1,21.4,26.4
(7.6) (21.7)

Table 3.2. Intra- and inter- sample repeatability values (relative standard deviation) of the 4-MBA band
area between 1550 ~ 1615 cm™’, and of the Adenine band area, between 700 ~ 770 ¢cm™’, calculated from
SERS maps for all kind of c-Ag substrates. The spectra have been acquired at 514 nm. The inter- sample

repeatability was obtained from the integrated intensity averages calculated for each map of the same kind

of substrate.
c-Ag 785 nm RDS % intra sample (RSD % inter-sample)
substrates
Porosity NPs Concentration No Citrate Citrate
2um 1x 38.1,41.3,41.2,36.0 29.1,23.3,27.9,31.3
(6.9) (26.9)
10x 31.3,24.8,17.5,21.1 21.5,20.7, 22.9, 23.3 (23.4)
(42.6)
4-MBA
20 um 1x 34.5,32.7, 35.3, 30.1 33.4,29.5,28.1, 30.1
(28.4) (35.6)
10x 15.0, 18.2,19.3 15.0 20.0, 29.0, 31.1, 35.3
(40.0) (20.2)
2um 1x 47.3,27.8,38.8,37.8 26.4,24.1,22.5,28.0
(24.7) (15.2)
10x 15.8, 16.9, 12.6, 14.9 16.5, 25.0, 19.3, 22.1
(7.4) (15.6)
Adenine
20 um 1x 21.9, 39.0,21.7,27.2 17.1,19.6, 19.6, 27.2
(35.2) (18.6)
10x 22.4,13.3,16.3,14.4 33.1, 324, 30.0, 34.1
(16.3) (14.1)
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Table 3.3. Intra- and inter- sample repeatability values (relative standard deviation) of the 4-MBA band
area between 1550 ~ 1615 cm™’, and of the Adenine band area, between 700 ~ 770 ¢cm™’, calculated from
SERS maps for all kind of c-Ag substrates. The spectra have been acquired at 785 nm. The inter- sample
repeatability was obtained from the integrated intensity averages calculated for each map of the same kind

of substrate.

From the Tukey’s plots reported in figure 3.6, the distributions values of RDS% in
figure 3.7 and the related values reported on the tables 3.1-3.3, it is possible to draw
some conclusions.

In general, the dependence of the inter- sample repeatability is less evident than that of
intra- sample (see fig. 3.7). For the intra- sample repeatability, in fact, the change of the
parameters (e.g. using not concentrated and concentrated colloidal dispersions)
produces a larger variation in the RSD % compared to the one obtained for the inter-
sample repeatability. This means that the experimental parameters affect more the
homogeneity of the substrates than their intra- sample repeatability, which depends
more from their preparation, hence from the operator handling.

Concerning the correlation with the excitation source, it is possible to observe a general
effect of the wavelength of the laser on the SERS intensity and RSD on the c-Ag
substrates. For the sake of clarity, in figure 3.8 are reported the intensity data (integrated
over the areas of the molecules) grouped by excitation wavelength. In this graph, all the
distributions calculated for the spectra acquired with the same excitation wavelength
and metal type are plotted together. From the figure 3.8 it is evident that c-Ag substrate-
785 nm is the combination yielding the most intense spectra (two orders of magnitude
larger with respect to the excitation at 514 nm).

This could be explained taking in consideration the EM mechanism and in particular the
LSP (Localized Surface Plasmons) of two closely spaced nanoparticles (hot spot). As
explain in Chapter 2 (section 2.4), when two NPs interact to each other, their plasmon
modes interact electromagnetically as well, resulting in hybridized plasmonic states.
Those states are commonly referred as “bright modes”, since they can be directly
excited and observed with the incident light, and “dark modes™*.

Since Ag NPs feature a SPR in the visible region (figure 3.1), it is possible to excite
their “bright modes” with a 514 nm laser, responsible of the Raman enhancement at this

wavelength. Nevertheless, exciting the NPs with a NIR wavelength (785 nm) is it likely
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that the dark modes are excited as well. Apparently, this leads a larger enhancement of
the Raman signal, hence an higher band intensity**'*.

Despite the weaker intensity, the c-Ag substrate with 514 nm laser yields more
repeatable results. In fact, data dispersion reported in figure 3.8 increases by
approximately 50% upon near-infrared excitation, especially in the case of intra- sample
repeatability. At the moment it is difficult to explain this fact. Possibly, a hypothesis
could be tentatively formulated taking in consideration the dark modes. At 785 nm the
enhancement is higher compared to the one at 514 nm due to the presence of dark
modes. Moving the laser spot at 785 nm from a region rich in hot spots to another
poorer one, the difference on the spectra intensity is larger with respect to the same
collection at 514 nm. This results in a higher RSD if the substrates are excited at 785
nm.

The data clearly show that the combination yielding the best SERS efficiency in terms
of signal intensity is the c-Ag substrate with 785 nm laser. Therefore, this combination
could be the best choice for qualitative analysis. For quantitative purposes, we suggest
that for c-Ag substrates it is better to use as excitation wavelength the 514 nm laser
instead the 785 nm, whereby the intra- sample RSD values increase from 10 ~ 20% to
20 ~ 40%.

On average, the combination c-Ag with 514 nm laser also appears to be less affected by
parameters such as NPs concentration, aggregating agent and paper porosity. On the
other hand, these parameters seem to affect other metal-laser combinations. In
particular, the repeatability of c-Au NPs paper substrate, when excited at 785 nm,
improves by using less porous paper and by adding citrate. Using “as prepared” c-Au
NPs seems to improve intra-substrate repeatability and to reduce the variability among
different replicas.

Substrates developed with a lower porosity filter paper feature better intra- and inter-
sample repeatability for both c-Au and c-Ag NPs and for both analytes. These results

1.> since the authors observed a

disagree with the ones observed by Cheng et a
negligible variation between SERS signals acquired on filter paper with different pore
size. This general behavior of the filter paper can be explained with its intrinsic three-
dimensional structure. A lower porosity of the paper implies a denser structure of the

fibers onto which the NPs can be adsorbed. Thus, within the area illuminated by the
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laser spot, the surface appears more homogenous and less irregular with respect to the
paper with 20 um of porosity. The consequence is a minor variation of the laser focus,
hence a minor variation of the SERS signal from a spectra to another acquired inside the
map and from a map to another.

Using a filter paper with 2 um of pore size as support, both c-Au and c-Ag SERS
substrates feature RSD values below 16% with both analytes (see tables 3.1-3.3); such
RSD values could allow performing quantitative analysis.

Not always does a parameter affect the repeatability of different types of substrates in
same way. For instance, the use of concentrated nanoparticles improves the repeatability
of c-Ag NPs substrates, but worsen the repeatability of c-Au NPs. This might be related
to the different NPs concentration as found in the “as prepared” metal colloids. c-Au
colloids are, in fact, more concentrated than c-Ag colloids, as can be seen in SEM
images (fig. 3.3 and 3.4). This is consistent with the NTA experiments performed to
measure the colloidal solutions concentrations, from which it can be inferred that Au
NPs are one order of magnitude more concentrated compared with the Ag NPs (5 -10°
NPs/ml for Au and 4-10° NPs/ml for Ag).

Ngo et al. observed that, for c-Au paper-made substrates developed with the dip-coating
method, the SERS signal increases linearly with the colloidal concentration of Au
NPs'*. In contrast, I observe that the c-Au substrates, obtained with concentrated
nanoparticles, feature a lower SERS intensity for both MBA and Adenine and a general
larger RSD (see figure 3.7).

This phenomenon could be explained with the 3D structure of the whole substrate and
with the relation between paper porosity and the density of the NPs absorbed onto the
support. The c-Au substrates made with concentrated colloidal solution presents a
denser NPs layer (see FESEM image 3.4). The surface of the paper results almost
completely covered by the NPs (see figure 3.4), with the result that the substrate almost
loses its three dimensional structure to become a two-dimensional one; as consequence,
the laser cannot diffuse below the surface, inside the three dimensional structure of the
paper: thus there are less scattered photons which can be collected from hot spots below
the surface and the signal becomes less intense. The signal decrease with the c-Au NPs
was observed by Villa et al.”® as well. This behavior indicates that the enhancement

coupling between the NPs in the interlayer structure of the support is necessary for a
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sensitive and efficient substrate.

It is interesting to observe that c-Ag substrates feature a different behavior depending on
the analyte. With 4-MBA, in contrast with what observed for Au substrates, the SERS
intensity grows increasing the NPs concentration for all the kind of c-Ag substrates,
while with Adenine there are no revealing differences on the signal SERS intensity
changing the colloidal solution concentration. The lack of correlation between the SERS
intensity and the NPs concentration could be explained in terms of analyte-NPs
interaction. Adenine is bound less strongly with the metal with respect to 4-MBA and
the difference that can be observed changing the parameters is less evident. Moreover,
the RSD values vary depending on the other parameters, such as the aggregating agent
and the porosity of the paper. On the other hand, the increase of the SERS intensity with
the NPs concentration observed with 4-MBA could probably be due to the minor
concentration of colloidal solution of the c-Ag NPs obtained from the synthesis with
respect to the c-Au NPs.

The citrate effect on the RSD is not as relevant as we expected observing the SEM
images reported in figures 3.3 and 3.4. Indeed, those images show a better coverage of
the cellulose fibers support when the substrates are prepared in the presence of the
aggregating agent. Therefore, we expected a general improvement on the RSD values
due to a more homogeneous hot spot distribution, in spite of the fact that, for c-Ag
substrates, the intra- and inter- sample repeatability values do not clearly correlate with
the presence the aggregating agent. Instead, for the c-Au substrates it is possible to
observe a general improvement with the aggregating agent on both intra- and inter-
RSD (see table 3.1), which yields a more appropriate substrate for quantitative analysis.
This result is in agreement with what observed by Mehn et al.">. Moreover, in contrast
to what was observed by Ross et al., with c-Au NPs loaded filter paper™, the signal
intensity does not increase dramatically with the use of an aggregating agent. This
aspect could be probably explained with the nature of the salt. For this study an organic
salt was used, instead an inorganic one as the agent employed by Ross et al. This point
to the fact that the nature of the salt used is another parameter to take into account for
further studies, since it apparently affects the overall intensity.

Finally, from the Tukey’s plots and the values reported on the tables 3.1, 3.2 and 3.3, it

is possible to find the best combination of the parameters to develop c-Au and c-Ag

51



Chapter 3. Development and characterization of solid SERS substrates for quantitative
analysis

substrates in terms of intra- and inter- sample repeatability and SERS intensity. Is it
therefore possible to conclude that, independently from the kind of analyte used as
probe molecule, the c-Au substrates featuring the best SERS performance for
quantitative purposes are developed with 1) a filter paper with 2 pum of porosity, ii) in
the presence of the aggregating agent and iii) with an “as prepared” (i.e. non
concentrated) colloidal dispersion. Such kind of substrates features an intra- sample
RSD included between 9% and 16%, and an inter- sample RSD of 6% for the both
analytes. For c-Ag NPs, the best substrates were obtained with the same conditions but
using a 10x in volume concentrated colloidal solution. Such substrates, with the
excitation wavelength at 514 nm, present an intra- sample repeatability between 8% and

14% and an inter- sample repeatability of 9% for 4-MBA and 13% with Adenine.

3.3.1.3 Substrates stability in time

Long term stability experiments were performed on both c-Au and c-Ag substrates in
order to study how the intensity of SERS spectra changes in time if the substrates are
stocked in air at room temperature. For this shelf-life assessment study, the substrates
featuring the best repeatability were chosen (see above), and a 10 uM Adenine solution
was chosen as sample.

SERS maps have been acquired in a time interval ranging from day 0, immediately after
the removal of the substrates from the water, to day 80.

Tukey’s plots of the variation of the SERS signal collected in the Raman maps in time
of both c-Au and c-Ag substrates are reported in figure 3.9. All Raman maps were
acquired with the same experimental conditions used for the systematic study, reported
in the experimental section.

From the Tukey’s plots is possible to see a different behavior of the c-Au and c-Ag
substrates when they are stocked in air. There are evidences in literature that the signal
intensity of the c-Ag substrates with filter paper decreases after 1 to 3 days due to the
surface oxidation of the NPs™*. However in agreement with the study of Hasi et al.*’,
is it possible to observe that on c-Ag substrates the SERS intensity of the Adenine band
seems to decrease after four weeks (figure 3.9-b), while the RSD for the substrates

stocked in air increases after one day.
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Figure 3.9. Variation in time of SERS integrated band area of the Adenine (700~770 cm-1) on a) c-Au
substrates, acquired at 785 nm, and on b) c-Ag substrates, acquired at 514 nm. The measurements were
collected from day O (fresh substrates) to the day 80. The substrates were stocked in air, at room

temperature and in the dark.

The shelf life for c-Au substrates was evaluated for the first time. In this case,
differently from what is observed with c-Ag, the signal decreases by 70% after the first
day, while the RSD remains constant.

The combined efficiency and uniformity analysis performed among 2 mounts, since the
intensity signal decreases quite significantly after the first day for c-Au and after the
third week for c-Ag substrates, shows that both substrates should be stock in Milli-Q
water to maintain constant their SERS properties. Whereby, an air stocking can affect

the efficiency (signal intensity) of c-Au and the repeatability of c-Ag substrates.

3.3.1.4 Enhancement factor calculation

Since its difficult to know the effective SERS active area of the substrates as well as the
number of molecules adsorbed on the NPs, a practical enhancement factor (EF) have

been determined by the following expression, as reported in literature®':

I M aman .
EF=(SERS>( R ) (3.2

IRaman MSERS
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where the intensity I is the average height of a selected band (the 1583 cm™ band of 4-
MBA or the 740 cm™ band of Adenine) in normal Raman or SERS spectra, and M is the
molarity of the Adenine and 4-MBA solutions. The EF’s were calculated for c-Au and
c-Ag substrates developed with the optimized conditions (filter paper of 2 um of
porosity, with 20 mM of sodium citrate, with a colloidal solution not concentrated for
Au substrates and 10x concentrated for Ag substrates). We thus measured the Raman
signal of 10 uM Adenine and 4-MBA on the substrates with c-Ag and c-Au NPs, and
the Raman signal of 0.3 M of Adenine and 0.5 M of 4-MBA dried on the substrates
without NPs. It was not possible to determine an EF for Ag substrates with the 514 nm
laser because of the fluorescence background produced by the scattering of the cellulose
with this excitation wavelength, which totally overwhelmed the Raman signal of the
analyte on the bare paper support. Therefore, all the spectra for this study were acquired
with the laser at 785 nm.

The EF determined this way on c-Au substrates for Adenine and 4-MBA were found to
be 4.35-10° and 4°10°, respectively. The EF obtained for c-Ag substrates for both
molecules are 2.4:10” and 3.2:107, respectively. As expected, the practical EFs
calculated as previously described for the two analyte are rather similar. Analogous
results for non-resonant analytes are reported in literature for spherical Au NPs loaded

filter paper' ™™

, while for non-spherical Au NPs (i.e. nanorods) the EF reported are quite
larger'®?. On the other hand, the c-Ag substrates feature an EF two orders of magnitude
larger compared with the h-Ag substrates developed by Hasi et al."* with hydroxylamine

reduction.

3.3.1.5 Adenine and 4-MBA guantification

SERS performance of c-Ag and c-Au substrates in terms of quantitative analysis was
assessed by obtaining the calibration curves of Adenine (figure 3.10) and of 4-MBA
(figure 3.11).

As in the case of time stability study, the substrates that feature the best SERS
performance for quantitative analysis were chosen (i.e. the ones with the lowest RSD).
The adsorption curves were derived plotting the mean integrated area over a SERS band
(700 ~ 770 cm™ for Adenine and 1550 ~ 1583 cm™ for 4-MBA) at different

concentrations of analyte.
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The average SERS spectra of Adenine and 4-MBA on both c-Ag and c-Au substrates
are reported in figures 3.10a-b and 3.11a-b. SERS spectra were obtained incubating the
substrates in aqueous solutions at different concentration of the analyte, from the lowest
detectable concentration up to concentrations where the SERS intensity tend to saturate
due to the formation of a monolayer and the depletion of the surface sites available for
adsorption. The zero concentration values in the calibration curves were calculated from
the background spectra of the substrates without the analyte (reported in figure 3.12).

These two analytes work as model analytes for the application of these substrates to
quantitative analysis, and univariate calibration models can be constructed fitting the
data with a Langmuir isotherm (as reported in figures 3.10c-d and 3.11c-d). However,
the calibration model obtained for 4-MBA on c-Ag substrates (figure 3.11d) seems to
work worse: in particular, at high concentrations, the signal intensity slightly decreases,
whereas it should remain constant. This could be due to the inter- sample variability, a
fluctuation of the laser power or an experimental inaccuracy from the operator. The
univariate calibration curve can be constructed as well for specific concentration ranges

where the response is linear (insets of figures 3.10c-d and 3.11c-d).
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Figure 3.10. Average SERS spectra (+/-1 intensity SD as grey shaded areas) at several concentrations of
Adenine on a) c-Au substrates, collected at 785 nm and on b) c-Ag substrates, collected at 514 nm.
Adsorption curves of ¢) Adenine on c-Au and d) on c-Ag, fitted with Langmuir isotherms (error bars
represent +/- 1 SD over 7 replicates). In the insets of ¢) and d) are reported the calibration curves with
95% confidence (uncertainty in the curve estimation) and prediction (uncertainty about the new values on

the curve) intervals for concentration ranges with a linear response.
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Figure 3.11. Average SERS spectra (+/-1 intensity SD as grey shaded areas) at several concentrations of
4-MBA on a) c-Au substrates, collected at 785 nm and on b) c-Ag substrates, collected at 514 nm.
Adsorption curves of ¢) Adenine on c-Au and d) on c-Ag, fitted with Langmuir isotherms (error bars
represent +/- 1 SD over 7 replicates). In the insets of ¢) and d) are reported the calibration curves with
95% confidence (uncertainty in the curve estimation) and prediction (uncertainty about the new values on

the curve) intervals for concentration ranges with a linear response.
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Figure 3.12. Mean and relative standard deviation of the backgrounds of c-Au solid SERS substrate (in
red), acquired at 785 nm, and on c-Ag solid SERS substrate (in blue), acquired at 514 nm.
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The R? values, the LOD (Lower Limit of Detection) and LOQ (Limit of Quantification)
are reported in table 3.4 for the two analytes and the two substrates under investigation.
Since the LOD values may change with the experimental set up (i.e. soaking time,
excitation wavelength and probe analyte) it is difficult to compare the data with the
literature. Nevertheless, the LOD values for c-Ag loaded filter paper are similar to the
one obtained with picric acid on Ag nanotriangles loaded filter paper (1 pM)™. Also the
LOD and LOQ values calculated for c-Au are similar to those calculated by Villa et al.;
in this case they used c-Au substrates, even if they were obtained with a different

method, and employed a similar probe molecule (LOD = 0.18 uM, LOQ = 0.54 uM)’°.

R? LOD (uM) LOQ (uM)
Au Adenine 0,9753 0,29 0,54
4-MBA 0,9408 1,95 4,07
Ag Adenine 0,9585 2,65 4,83
4-MBA 0,9720 1,27 2,27

Table 3.4. R?, LOD and LOQ values calculated from the linear range of the calibration curves of Adenine
and 4-MBA on Ag and Au solid SERS substrates.

It is worth noting that for all analyte-substrate combinations, the linear range of
concentration covers about 1 order of magnitude. In particular, for c-Ag substrates it is 1
~ 10 uM for Adenine and 0.7 ~ 5 uM for 4-MBA. The linear work range on c-Au
substrate is 0.1 ~ 1 uM for Adenine (rather shorter in respect to the range obtained
under similar conditions by Villa et al.”®) and 0.5 ~ 5 uM for 4-MBA.

It is interesting that Adenine features the lowest (0.29 uM LOD and 0.54 uM LOQ) and
the highest (2.65 uM LOD and 4.83 uM LOQ) values of detection and quantification,
respectively on c-Au and c-Ag substrates; moreover, the Langmuir isotherm for c-Au
substrates reach the saturation at lower analyte concentration (1 uM) with respect to the
c-Ag substrates, for which the Langmuir isotherm reaches the saturation at 10 uM. This

behavior of Adenine could reflect the different affinity for the two metals, which is
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higher for the c-Au than for the c-Ag NPs. 4-MBA on the other hand, feature the

opposite trend of LOD, with intermediate values, reflecting a better affinity for c-Ag

NPs.

3.3.2 Ag NSs paper-made substrates

3.3.2.1 NSs and paper-made substrates characterization

—— Synthesis 1
— Synthesis 2

Synthesis 3
—— Synthesis 4
—— Synthesis 5
—— Synthesis 6
—— Synthesis 7
—— Synthesis 8
—— Synthesis 9

intensity (a.u.)
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Figure 3.13 UV-visible adsorption spectra of 9 synthesis batches of NSs prepared under the same

experimental conditions.

In figure 3.13 the SPR of 9 Ag NSs synthesis performed with the same protocol are
reported. The band at 380 nm is present for all NSs batches, but there is a difference at
420 nm, indicating a variability in shape, hence a lower repeatability with respect to
Lee-Meisel colloids (fig. 3.1).

From the figure 3.13, it is possible to distinguish 3 groups of adsorption spectra: the first

features a huge contribution of the SPR at 380 nm and a little one at 720 nm; the second
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is characterized by a huge contribution of 380 nm band, a medium contribution at 420
nm, present as a shoulder, and a small SPR in the NIR region; finally, the third group
presents as huge contribution of 380 nm band as the first two groups, a higher
contribution (in respect with the group 2) at 420 nm, and a SPR in the NIR region.

All those changes in the adsorption spectra indicate that NSs with different
morphologies are being synthetized. In order to investigate the different shapes and
dimensions of the NSs, both the colloidal solutions and the solid paper-made substrates

were characterized with TEM and SEM, respectively.

(1a) (1c)
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Intensity (a.u.)
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Figure 3.14. On the left: 1-3a) UV-visible adsorption spectra of the 3 groups of Ag NSs synthesis. In the
middle: 1-3b) SEM images of Ag NSs paper solid substrates corresponding to the 3 groups of synthesis.
On the right: 1-3c) TEM images of Ag NSs corresponding to the 3 groups of synthesis.

From the figure 3.14, it is possible to see the different morphologies of the NSs, which
present different adsorption spectra (insets 1-3a on the figure 2.14). Notably, comparing
the UV-vis spectra, TEM and SEM images of the insets 1-3 in figure 3.14, the

contribution at 420 nm indicates the presence of NSs with shorter spikes and a presence

60



Chapter 3. Development and characterization of solid SERS substrates for quantitative
analysis

of spherical NPs. Instead, NSs featured by branched and long spikes (inset 3¢), do not
show this contribution in the extinction spectra, which is characterized by the only 380
nm SPB.

The SEM images (insets 1-3b on the figure 3.14) show the adsorption, as in the case of
c-Ag NPs, of the Ag NSs on to the cellulose fibers. Mehn and coworkers report a study
on Au NSs immobilized on filter paper as solid SERS substrate'’. Nevertheless, this is
the first time that solid paper-made SERS substrates with Ag NSs are presented.

Figure 3.15 Ag NSs loaded filter paper with 2 pm of porosity obtained a) without sodium citrate and b)

with 20 mM sodium citrate.

In figure 3.15, SEM images of Ag NSs paper-made substrates developed with and
without the presence of the aggregating agent. The presence of the aggregating agent, as
in the case of c-Ag NPs, induces the adsorption of the NSs onto the cellulose fibers,

leading to an almost complete coverage of the support.

3.3.2.2 NSs paper-made substrates repeatability

The effect of sodium citrate on the Ag NSs substrates repeatability and sensitivity, as in
the case of c-Ag NPs substrates, were evaluated. Raman mapping of three replicas of
Ag NS substrates obtained in presence of sodium citrate and three replicas of those
obtained without the aggregating agent were performed after samples incubation in 4-
MBA PBS solutions. All the SERS maps were collected with the 532 nm excitation. In
order to evaluate the effect of the sodium citrate on the substrates sensitivity

(independently from the variation due to the synthesis) and repeatability, the same batch
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was used for the preparation of both kinds of substrates. In figure 3.16 the average
SERS spectra of 4-MBA acquired on both kind of substrates (prepared without citrate
and with citrate) are reported. The reported distribution was obtained over the integrated
area of the 4-MBA band. In figure 3.17-a, the distributions of SERS intensities for the
substrates prepared with and without citrate are reported and compared. The RSD

values regarding the intra sample repeatability are reported in table 3.4.
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Figure 3.16. Mean SERS spectra of 4-MBA acquired Ag NSs substrates obtained a) without sodium
citrate (SC) and b) with SC calculated from maps consisting of 64 spectra acquired at 532 nm. Shaded

areas represent +/-1 intensity SD.

It is possible to observe the difference of the intensity between the SERS signal
substrates acquired on the two kinds of substrates. The sodium citrate does not have an
effect on the intra- and inter- sample repeatability, but on the signal intensity. The RSD
values in fact (see table 3.5), are similar in both cases; however, the signal intensity is
larger if the substrates were prepared with the aggregating agent.

For this reason, I decided to perform the repeatability experiment with 4-MBA on the
substrates obtained in presence of sodium citrate. The repeatability study was performed
over 9 samples, grouped according to the synthesis preparation of colloidal NSs. Three
replicas of substrates obtained with three different synthesis batches, for a total of nine
samples, were analyzed. In figure 3.17-b the comparison of the distributions of SERS
intensities for the 9 samples obtained with the 3 different synthesis batches is reported.
In table 3.5 all the RSD % values for the intra- sample repeatability of each sample are
reported.
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Figure 3.17. Comparison of the distributions of SERS intensities integrated over the area of the 4-MBA
band. Each column (box) represents the complete distribution of integrated intensities, calculated over a
SERS maps for different substrates. The distributions are grouped according to a) the absence (in red) and
the presence (in blue) of SC; and b) the synthesis preparation (in red: synthesis 1; in blue: synthesis 2; in

green: synthesis 3).

No SC SC-batch 1 SC - batch 2 SC - batch 3
(RSD%) (RSD%) (RSD%) (RSD%)
34, 29, 28 34, 35, 28 19, 27, 27 23,17, 23

Table 3.5. Intra- sample repeatability values (RSD) of the 4-MBA band area between 1550 ~ 1615 cm’™
calculated from SERS maps with the substrates obtained without citrate and with citrate for the three
synthesis batches. The spectra have been acquired at 532 nm. The inter- sample repeatability was

obtained from the integrated intensity averages calculated for each map of the same kind of substrate.

From the values reported in table 3.5, the intra- sample repeatability, independently
from the presence of the citrate, is larger than those calculated for the c-Ag solid SERS
substrates. However, to provide an explanation for the high signal variation shown by
NSs paper-based substrates is not trivial. Since we used the same filter paper, the 20
mM citrate as aggregating agent, and we acquired the maps with the 514 nm laser, we
can exclude those parameters as the reason of the large RSD values. Perhaps, the low

homogeneity featured by the NSs substrates could be due to the intrinsic morphology of
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the NSs. Such kind of structures, in fact, features a high number of hot spots, especially
at their tips'®. In bulk solutions, the scattered signal is mediated from the Brownian
motions of the NPs. When the NSs are fixed onto a support, the scattered signal depends
on the NSs layer morphology, hence on the plasmonic response of the NSs. The
presence of intrinsic hot spots on the NSs can yield a higher signal variation with
respect to a substrate with spherical NPs. Besides the intra- sample repeatability, this
behavior can affect the inter- sample repeatability as well. The RSD value for the inter-
sample repeatability among the batches for the 3 synthesis was in fact found to be 37%.
Nevertheless, it would be interesting to obtain models (such as local field EM
simulations) to investigate the hot spots behavior present on the NSs tips, the hot spots
generated by the aggregations of the NSs and comparing the results with the spherical c-
Ag NPs systems.

Finally, the enhancement factor of the Ag NSs substrates, calculated in according to the
equation 3.2, was 3-10°. This value (obtained with 4-MBA and 785 nm laser) was found
to be 1 order of magnitude larger in respect to the EF calculated on c-Ag (see section
3.3.1.4), indicating a good sensitivity of such kind of substrates. Moreover, the EF of
Ag NSs results being pretty much higher in respect with the EF featured by Au NSs
coated filter paper, which is 3.8-10°, reported by Mehn et al.”.

Nevertheless, the intra- and inter- sample repeatability featured by Ag NSs solid SERS
substrates, besides the low synthesis repeatability, is clearly too poor to allow a

quantitative application for this kind of substrates.

3.3.3 h-Ag NPs paper-made substrates

3.3.3.1 h-NPs characterization and substrates repeatability

In figure 3.18 the UV-visible adsorption spectra of the two different synthesis batch of
h-Ag NPs are reported, which were used to prepare the solid SERS substrates. Both
colloidal solutions feature a SPB at 405 nm, indicating a good repeatability in the shape
and dimension of those kinds of NPs. The values are consistent with the values

previously reported in literature®.
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Figure 3.18. UV-visible adsorption spectra of 2 syntheses batches of h-Ag.

The h-Ag solid SERS substrates were prepared with the optimized procedure discussed
in the section 3.3.1, with the exception of the use of an inorganic salt (KNO3) as
aggregating agent. The choice of this salt is due to three principal reasons: 1) with the
use this salt, the h-Ag substrates are citrate-free. The analyte has no exchange problems
with the sodium citrate in the adsorption process and there are no background issues
generated by the still adsorbed citrate onto the NPs surfaces. ii) For those NPs, the
chloride ions act as stabilizing agents. The negatively charged surface can be exploited
in the adsorption process of positively charged molecules due to the ionic-pair
interaction. iii) Since the chloride ions are smaller than the citrate, is it possible to detect
the analyte with SERS, without any exchange process™ .

Also in this case, both intra- and inter- sample repeatability of the SERS substrates were
characterized through the acquisition of a Raman map (figure 3.19-a), consisting of 64
spectra, with a 514 nm laser. For this study, Adenine 10 uM was used as probe analyte
in a buffer solution at pH of 7.4.

The mean spectrum with +/-1 SD of Adenine (centered on the 740 cm™ band) is
reported in figure 3.19-b. The repeatability study of the h-Ag substrates was performed
among 6 samples for each synthesis batch, for a total of 12 samples. The results in terms
of intra- and inter- sample repeatability were compared in the Tukey’s box plot reported
in figure 3.19-d and the relative values of intra- and inter- sample repeatability

calculated are reported in table 3.6.
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Figure 3.19. a) Raman map acquired at 514 nm on h-Ag substrate with 10 pM Adenine. b) Mean SERS
spectra of Adenine calculated from the collected maps. Shaded areas represent +/-1 intensity SD c)
Background of the h-Ag substrates acquired at 514 nm in a range of 200 ~ 1800 cm™. d) Comparison of
the distributions of SERS intensities integrated over the area of the Adenine band. Each column (box)
represents the complete distribution of integrated intensities, calculated over the maps for different
substrates, grouped according to the two synthesis batch. For the distributions, the intra- and inter- sample

RSD 9% values are reported in Table 3.6.

Synthesis 1 Synthesis 2
Intra- sample RSD % 13.1,13.9,16.0, 12.3,8.2, 17.2 8.2,10.7,8.5,11.8,7.3,20.7
Inter- sample RSD % 16.3 30
Total inter- sample RSD % 28

Table 3.6. Intra- and inter- sample repeatability values (RSD) of the Adenine band area between 700 ~
770 cm™ calculated from SERS maps acquired on the substrates prepared with the two synthesis batches.
The inter- sample RSD % was obtained from the integrated intensity areas calculated for each map of the
same kind of substrate. The inter- sample RSD % are reported among the 6 replicas for each synthesis

batch and among the total (12) number of samples.
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The intra- sample RSD % over 12 different independent substrates and two different
synthesis batches was found to be between 7% and 21% (with an average value around
12%). Those results are in agreement with the data obtained by Hasi et al. for the h-Ag
paper substrates prepared with chloride ions as aggregating agent>.

Comparable intra- sample RSD values (see table 3.6) are expected since the extinction
spectra reported in figure 3.18 are quite similar (indicating that both colloids present
similar shape and dimension distributions). Despite the relatively low intra- sample
repeatability values for both synthesis batches, the inter- sample RSD for the batch 2 is
quite large with respect to the batch 1. In particular, RSD of 16% and 30% were found
for the synthesis 1 and 2, respectively; the RSD calculated among all the substrates was
found to be 28%. The distributions obtained from the samples 7, 9, 10 and 12 show
average intensities that are lower with respect to those obtained from batch 1. Therefore,
h-Ag substrates feature a worse inter- sample repeatability compared with the c-Ag
substrates.

Also worth mentioning is the absence of background signals in the wavelength region of
interest (250 ~ 1800 cm™) for analytes fingerprints (see figure 3.19-c). The only intense
band is at 245 cm™ and can be attributed to the Ag-Cl stretching'®. In literature, the
presence and characteristics of the background signal are often overlooked, although
they can significantly impact on the overall performance of the substrates. With respect
to this issue, the flat background observed for h-Ag substrates is quite a distinctive
advantage.

Finally, the enhancement factor of the h-Ag substrates was 3-10° (value obtained with
Adenine and 785 nm laser), the same found for the Ag NSs substrates. The EF of h-Ag
substrates is 3 orders of magnitude larger in respect to the EF calculated on h-Ag
substrates developed by Hasi et al."® and one order of magnitude larger than the EF
calculated for c-Ag substrates (see section 3.3.1.4). This is in agreement with what
observed by Cafiamares et al.*’ for silver colloids and it could be probably due to the
nature of the capping agent. With h-Ag NPs no exchange process is required for the
analyte adsorption process, as in the case of citrate-capped colloids. Chloride ions allow
the formation of an ionic pair interaction with the analyte and, since they are smaller
than the citrate molecule, it is possible to detect the analyte without a direct adsorption

onto the metal surface.
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Besides the good intra- and inter- sample repeatability, the paper-made h-Ag substrates
feature a good sensitivity, indicating a promising potential for quantitative analysis of

anticancer drugs.

3.4 Conclusions

In this chapter paper-made substrates loaded with 4 kind of different NPs were
presented: 1) c-Au paper-made and ii) c-Ag paper-made substrates; iii) Ag NSs paper-
made substrates, and iv) h-Ag paper-made substrates.

The aim of the systematic study performed on the c-Ag and c-Au paper-made
substrates, was to find the optimal conditions to develop an inexpensive and repeatable
paper-made SERS substrate from metal colloids using the dip-coating method. The
results were compared and it was found that the experimental parameters affect the
substrates performance in terms of overall efficiency (i.e. enhancement capacity) and
repeatability. The wavelength of the laser greatly affects the SERS intensity and the
repeatability of the c-Ag substrates: the combination yielding the best SERS efficiency
in terms of signal intensity, hence allowing a qualitative analysis, is the c-Ag substrates
with 785 nm laser. However, for quantitative purposes, those substrates perform better
with the 514 nm laser. Another parameter which notably affects both intra- and inter-
sample repeatability of both c-Au and c-Ag substrates is the porosity of the filter paper.
Substrates developed with a filter paper with 2 um of porosity result more homogeneous
and repeatable, hence suitable for quantitative analysis. The concentration of the NPs
affects the repeatability of the substrates in a different way, depending on the kind of
NPs. For c-Ag NPs, the use of concentrated NPs improves the repeatability of the
substrates, while for c-Au NPs it is better to use “as prepared” colloidal dispersions.
Finally, the effect of the aggregating agent is not as relevant as the other parameters. For
c-Ag substrates, the repeatability values do not correlate with the presence of the citrate;
however, for c-Au substrates the citrate yields more appropriate substrates for
quantitative analysis.

In conclusion, independently from the kind of analyte, the c-Au substrates featuring the
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best SERS performance for quantitative purposes are developed with 1) a filter paper
with 2 um of porosity, ii) in the presence of the aggregating agent and ii1) with an “as
prepared” (i.e. non concentrated) colloidal dispersion. For c-Ag NPs, the best substrates
were obtained with the same conditions but using a 10x in volume concentrated
colloidal solution.

With the same protocol which leads to a lower intra- and inter- sample RSD % for c-Ag
substrates, Ag NSs and h-Ag paper-made substrates were prepared. The only difference
was in the use of not concentrated NPs (““as prepared”).

The optimized paper made substrates c-Au, c-Ag and feature an intra- and inter- sample
repeatability suitable for quantitative analysis, with RSD values <20% for the intra- and
<10% for the inter- sample repeatability. On the other hand, the intra- sample values
featured by Ag NSs (around 30%) hindered the use of such kind of substrates for
quantitative purposes. h-Ag NPs substrates show quite good intra- sample RSD values
(7-20%) and a slightly larger inter- sample RSD (28% among 12 samples and 2
synthesis batch). For what concern the intra- sample repeatability, such kind of
substrates performed worst in respect with the c-Ag NPs in terms of inter- sample
repeatability.

For all the paper-made substrates the EF upon 785 nm excitation was calculated. The
most sensitive substrates were the h-Ag and the Ag NSs (EF 3-10%); the c-Ag NPs
featured an EF of 3-107 and, finally, the c-Au substrates were found to be the relatively
less sensitive substrates, with an EF of 4- 10°. This is not unexpected, since in literature
it is generally well recognized that Ag substrates perform better than Au substrates in
terms of EF.

The c-Ag and c-Au substrates were characterized also in terms of quantitative features,
having a LOD below 2 and 2.7 uM and a LOQ below 4 and 4.9 uM for the c-Au at 785
nm and c-Ag substrates at 514 nm, respectively. Moreover, such kinds of substrates
feature a working range of linearity of about 1 order of magnitude of concentrations
with a R” between 0.9753 and 0.9408, depending on the analyte — substrate
combination.

Finally, for the c-Ag and c-Au substrates the long term stability was characterized. The
study also revealed that c-Ag substrates stocked in air at RT retain their enhancing

capabilities, although the overall performance in terms of absolute average intensity and
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RSD vary unpredictably in time. On the other hand, c-Au substrates display a decrease
of the analyte band intensity after the first day, but then remain stable as far as absolute
intensity and RSD are concerned. Nevertheless, our experience suggests that it is better
to stock the substrates in Milli-Q water to avoid the loss of plasmonic activity and the
repeatability performance.

In conclusion, it has been demonstrated that the optimized dip-coating method, which is
easy to use, cost-efficient and scalable, with the right conditions could be a reliable
method to produce sensitive, efficient and repeatable substrates for quantitative analysis.
However, timescales such as drying time or incubation time of the substrates into the
analyte solutions may condition their repeatability and enhancement capacity. Leaving
the substrates at air for too long periods of times, for instance, can reduce their
enhancement capacity. As consequence, if those periods are not the same for each
sample, the enhancement capacity of the substrates will be different, leading to an
higher inter- sample variability. The handling of the substrates is another critical point
for their repeatability. When the substrates are not dried, the nanostructures are not yet
completely immobilized onto the cellulose fibers of the paper. Thus, quick movements
during the supernatant extraction, for instance, can alter the homogeneity of the NPs
layers, leading to a higher intra- and inter- sample variability. In view of a scalable
production process, an “industrial automation” (a mechanization) of the dip-coating
method could eliminate the timescales variability as well as the operator-dependence,

leading to more repeatable substrates.
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Chapter 4
Towards Point of Care:
anticancer drugs quantification in biofluids

with paper — made SERS substrates

4.1 Introduction

In this chapter an attempt to employ the substrates presented and characterized in
Chapter 2 for the quantitative determination of a chemotherapeutic drug in human
serum samples by means of SERS will be reported. Solid SERS substrates constituted
by c-Au and h-Ag NPs substrates were used for rapid (i.e. few minutes) analysis of
human serum spiked with different concentrations of anticancer drugs: Imatinib
Mesylate (IMT) and Methotrexate (MTX).

As mentioned in the Introduction, TDM is the clinical practice of measuring specific
drug concentrations at designated intervals to maintain a constant regime in a patient's
bloodstream, thereby optimizing individual dosage regimens'. TDM is highly
recommended in clinical settings to provide individualized patient treatment, optimizing
the efficacy of drugs with a narrow therapeutic window, while minimizing side
effects.'”

The concentrations of MTX and IMT were chosen in a range designed to cover typical
therapeutic plasmatic values (from nanomolar to millimolar) in oncological patients.
The pertinent calibration was obtained by using multivariate regression techniques such
as Partial Least-Squares Regression (PLSR), in collaboration with chemometricians.
Stability selection was employed to select the variables optimizing the model stability,

rather than its accuracy, and double cross validation was used to evaluate the capability
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of a PLSR model to accurately predict and extract spectral variations correlated to drug
concentrations.

Imatinib Mesylate (4-[(4-methyl-1-piperazinyl)methyl]-N-[4-methyl-3-[[4-(3-
pyridinyl)-2-pyrimidinylJamino]-phenyl] benzamide methanesulfonate; Gleevec,
Novartis, Basel, Switzerland) is an oral targeted tyrosine kinase inhibitor approved in
the treatment of chronic myelogenous leukemia (CML) and gastrointestinal stromal
tumor (GIST)'”. Methotrexate (2,4-diamine-N,10-methylpteroyl glutamic acid) is a
folate antagonist included in anti-neoplastic and anti-rheumatic drugs. It is one of the
most widely used anti-cancer agents, with indications and established protocols for
several children's and adult’s cancers.'"’

The chemical structures of MTX and IMT are reported in figure 4.1a-b. IMT and MTX

feature a Amax in the UV-vis spectrum at 281 nm'% and 372 nm109, respectively.
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Figure 4.1. Chemical structures of a) Methotrexate (MTX) and b) Imatinib Mesylate (IMT).

For IMT, while no upper concentration limit has been yet firmly established, a lower
limit of plasmatic concentration has been proposed in different studies. In CML patients
the lower threshold has been established in a concentration range between 1 uM (560
ng/ml) and 3.7 uM (2158 ng/ml)''"®""°. In GIST patients, the lower threshold was
proposed to be 1.7 uM (1030 ng/ml)"'*.

Serum MTX concentrations can vary over 5 orders of magnitude (10 nM to 1 mM) from

one patient to another using a single fixed dose, and in the same patient during
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treatment.'’> For MTX therapy, it is usually desirable to reach an initial serum
concentration between 10 and 100 uM, and then maintaining it for prolonged periods
(12 to 36 hours), which must drop to less than 200 nM after 72 hours. The plasma MTX
concentration at 48 hours after the start of MTX infusion should be <1 uM, as high-risk
toxic, adverse effects are associated with concentrations >10 pM.'"'®

Because of its remarkable advantages such as rapidity, simplicity, and relatively low
costs, recent data on buffered aqueous solutions of MTX suggested that the combination
of SERS spectroscopy with multivariate statistical analysis could be a promising
analytical tool for therapeutic drug monitoring''"''®.

Rath et al. report a semi-quantitative assay for the detection of IMT in human plasma at
concentration of 1.7 uM (1 pg/ml) and above, with Raman Spectroscopy, drop coating
deposition Raman spectroscopy and SERS'".

However, SERS approaches quantifying either IMT or MTX directly in serum or other
complex biofluids, have not been reported yet.

A first important issue is related to the “free drug” available in serum. These anticancer
drugs, in fact, are known to bind to circulating proteins in blood. MTX for instance is
bound for 50% to albumin and IMT for 95% to albumin and a-1-acid glycoprotein
[AGP]"'?*'% Therefore, only the unbound fraction can be detected with SERS in
human serum, if no deproteinization step is performed.

Another important issue regarding the quantification through SERS is data analysis. The
building of a calibration curve with univariate regression, as we quantified Adenine and
4-MBA in chapter 3, could be arduous if the analyte is present in a complex matrix (i.e.
human serum), which is subject to intra- and inter-individual variability. Univariate
calibration, in fact, consists on the variation of the signal intensity of a specific band
with the variation of the analyte concentration. However, because of the increased
complexity and lower S/N ratio of the SERS spectra obtained in complex matrix, the
correlation of any individual band with the analyte concentration was rather low and a
univariate regression approach resulted in a poor prediction of the drug concentration.
Nevertheless, a multivariate analysis based on PLS regression overcomes this issue,
allowing the construction of a prediction model of concentrations based on the entire

spectral variability.
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4.2  Experimental section

4.2.1. Materials and reagents

All chemicals, human serum for IMT quantification and solvents were of analytical
reagent grade; they were purchased from Sigma-Aldrich (Milan, Italy) and used as
received. Filter paper with 2 um pore size (qualitative filter paper, 410) was purchased
from VWR International (Milan, Italy). Phosphate buffered saline solution (PBS) (pH
7.4) was prepared by dissolving a PBS tablet (Sigma-Aldrich) in Milli-Q water (200
mL). Human serum for MTX quantification was obtained from healthy volunteers.

All glassware used for silver nanoparticle preparation was carefully cleaned with aqua
regia and thoroughly rinsed with Milli-Q water. For all cleaning procedures and

preparation of solutions, Milli-Q water was used.

4.2.2 MTX samples preparation for SERS measurements

c-Au paper-made SERS substrates (presented in chapter 3), were employed for all the
MTX analysis.

A MTX stock standard solution was prepared by dissolving 5.0 mg of MTX hydrate
(>98% HPLC, Sigma-Aldrich) powder in 0.2 mL of 0.1 M sodium hydroxide and
diluting to 10 mL in a volumetric flask with PBS solution. The MTX stock standard
solution was then diluted to 100 uM in PBS, aliquoted for single use and stored at -
20°C.

Further dilutions were performed in 4% Bovine Serum Albumin (BSA) — PBS, a
surrogate matrix frequently used to simulate plasma and serum, because its pH (7.4) and
ionic strength (150 mM) are similar to those of the two biofluids. BSA was used instead
of (Human Serum Albumin) HSA because it was readily available and less expensive.
BSA was also added at a concentration of 40 g/LL to simulate the protein content of
serum. Such dilutions were performed at room temperature before analysis and in a dark

room, to avoid MTX photodegradation. A set of eleven calibration standards was
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prepared in the concentration range of 0.1 ~ 20 uM for MTX. For the validation of the
analytical method in a real-life matrix, calibration standards were prepared by spiking
drug-free human serum with appropriate amounts of MTX stock solutions, keeping a
constant 1:4, v/v ratio between serum and PBS. The final calibration range for MTX in
diluted serum was 0.1 ~ 300 uM. Small drops of 5 puL of both MTX solutions and
spiked serum samples were deposited on the nanostructured paper substrates and
allowed to dry (15 min).

Among blood sample types (whole blood, plasma, and serum), in the present work
serum was selected because (i) it retains most of the substances present in blood while
not being subject to blood cell interference, (ii) it does not contain anticoagulants which

might interfere with the spectroscopic signal due to the drug'".

4.2.3 IMT samples preparation for SERS measurements

h-Ag paper-made SERS substrates (see chapter 3), were employed for all the IMT
analysis.

A 1 mM stock standard solution of IMT (> 98% HPLC, Sigma-Aldrich) was prepared in
Milli-Q water. For the testing of molecule-substrate system and the analytical method, a
set of 11 further dilutions of the stock solution was performed in PBS. The dilutions
were prepared for a final concentration range of IMT of 700 nM ~ 30 uM. Further
dilutions of mother solution were then performed in 4% Bovine Serum Albumine
(BSA) — PBS. In this case, 10 calibration standards were prepared for a final
concentration range of IMT of 2.5 ~ 20 uM. The substrates were then dipped for 30
minutes into the solutions, allowed to dry (15 minutes) and then analyzed. For the
validation of the analytical method in a real-life matrix, calibration standards were
prepared by spiking drug-free human serum with appropriate amounts of IMT stock
solutions, keeping a constant 20:1, v/v ratio between serum and PBS. The final
calibration range for MTX in serum was 0.5 ~ 10 uM. Small drops of 2.5 uL of both
MTX solutions and spiked serum samples were deposited on the nanostructured paper
substrates and allowed to dry (15 min). In order to prepare a serum spiked solution as

close as possible to a real sample, the human serum was not diluted.
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4.2.4 Instrumentation, SERS spectra and images acquisition

All MTX SERS spectra were recorded with Renishaw inVia (Renishaw plc, Wotton-
under-Edge, UK) equipped with a microscope Leica DMLM with a 10x objective (N.A.
0.25). Since analyses are performed on c-Au substrates, a 785 nm diode laser (Toptica,
with a 450 mW output power) was used as excitation source. The spectrograph was
equipped with a 1200 lines/mm grating, and a charge coupled device (CCD) camera.
The frequency calibration for all gratings was performed using the emission lines of a
Ne lamp.

SERS spectra of PBS IMT and PBS-BSA 4% IMT were recorded with a Renishaw
Raman InVia spectrometer, equipped with a microscope Leica DMLM with a 20x
objective (N.A. 0.40) and an electrically cooled CCD camera. Samples were excited by
using the 532 nm laser line provided by a frequency-doubled Nd:YAG laser, with a
power of 2.5 mW delivered to the sample. The spectral resolution was 2 cm .

SERS spectra were registered over a wavenumber range of 600 ~ 1800 cm™, using the
“extended” acquisition mode of the InVia Raman microscope. All spectra were recorded
using an accumulation of one scan (10 s exposure each) at 6 random locations on the
substrate surface.

Instrument settings were optimized to maximize signal and minimize saturation or
sample degradation arising from laser excitation. In particular, the laser power density at
the sample was decreased down to 0.5% by increasing the diameter of the laser spot
using the “defocusing” option (100%) of the InVia Raman microscope.

SERS spectra of spiked IMT human serum were recorded with a portable Raman
spectrophotometer (i-Raman plus, BWTEK) equipped with a TE cooled 2048 pixel
CCD array and a 785 nm laser. The spectral resolution is 3.5 cm™, the potential spectral
range is from 150 cm™ up to 4000 cm™ and the diameter of the spot is 80 pum. The
instrument is equipped with a video microscope (BACI51B Series) for Raman
Microscopy analysis. A 20%x objective (NA = 0.40) was used for the spectra
acquisitions. The spectra were acquired at 3 different locations on the sample, over the
entire wavenumber range 150 ~ 4000 cm™, using an accumulation of two scans (10 s
exposure each) and a laser power of 10%. For each sample 3 spectra at different

locations on the surface of the substrate were acquired.
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Before each measurement, the instrumental calibration was checked using as reference
the 520 cm™ vibrational band of a silicon wafer.

To facilitate handling, each 5 mm x 5 mm paper substrate was attached with a double-
sided tape to a standard microscope slide (25 mm x 75 mm) immobilized onto the
microscope stage.

Data recorded with Renishaw instrumentation were collected by WiRE 3.2 software

(Renishaw). Data recorded with i-Raman plus were collected by BWSpec™ software.

4.2.5 Data preprocessing, analysis and plotting

All data analysis and pre-processing was performed within the R software environment

124 and glmner'® packages.

for statistical computing and graphics building”® on the pls
Special attention was paid to spectral data pre-processing for the purpose of outlier
rejection and improvement in the robustness and accuracy of subsequent calibration
models. First, the spectral region between 350 and 1700 cm™ was selected for analysis.
Then, the pre-processing workflow consisted of five steps: (i) removal of cosmic rays;
(i1) BC; (i11) smoothing interpolation to increase the signal to noise ratio and to reduce
the number of data points per spectrum (reduction of the dimensionality of the data);
(iv) AN; and (v) outlier detection/removal by Principal Component Analysis (PCA). In
particular, data import and export, pre-processing, and visualization were performed
with the hyperSpec package® for R; for BC, a fourth-order polynomial baseline was fit
automatically to the whole spectral range and subtracted from each spectrum of the
dataset using the modpolyfit function from the package baseline’®; peak picking was
performed using detectPeaks from the MALDIquant'*® package. Anomalous spectra
were automatically discarded by the pcout function from the package mvoutlier'”’. After
the elimination of the outliers, the procedure was continually repeated until no more
outliers were identified, in a self-consistent process.

Univariate calibration (IMT in PBS and PBS — BSA solutions) was obtained plotting the
1300 cm™ peak intensity variation with the drug concentration. The curve was then
fitted with a Langmuir function. Finally, the linear range of the curve with confidence

and prediction bands was plotted using chemCal package® .
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For multivariate calibration Partial Least Squares Regression (PLSR) models were used
to establish a relationship between the drugs concentrations and spectral data'*®. Briefly,
PLSR is a multivariate statistical method widely used in spectroscopy that aims at
building a model bringing in relationship the variations of the spectral data (X matrix,
the predictors) to a series of relevant targets (the Y matrix, the dependent variables)
according to the linear equation Y = XB + E, where B is a matrix of regression
coefficients and E is a matrix of residuals. The goal of PLRS is to predict Y from X and
to describe their common structure.

Basically, PLSR reduces the data to a small number of latent variables, maximizing the
covariance between the spectral data (X) and the property to be modelled (Y, in this
case, the drugs concentration). It is followed by a regression step where the
decomposition of X is used to predict Y.

The model was then validated with the Repeated Double Cross-Validation (RDCV)
strategy'>’. The aim is to optimize through an iterative process the complexity of PLSR
models and to independently estimate the model performance for test set objects.
Finally, model performance was judged on the basis of the Root Mean Square Error of

Prediction (RMSEP).

4.3 Results and discussion

4.3.1 Methotrexate detection and quantification in surrogate matrixes and serum

Figure 4.2 shows the normal Raman spectrum of the MTX powder, along with the
SERS spectra of 10 uM MTX in aqueous solutions and diluted human serum. The
molecular structure of MTX is reported as well as inset of figure 4.2.

All SERS spectra were acquired on c-Au paper-made substrates with the 785 nm laser.
For this preliminary study, we used diluted human serum instead of undiluted serum.
This choice was made to limit the overall amount of biofluid needed, as well as because
diluted samples were easier to work with than undiluted ones, which are rather viscous

and tend to foam upon mixing. For these reasons, diluted serum is routinely used in
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analytical and clinical settings'

Moreover, we observed that dilution does not

significantly influence SERS spectra as acquired using c-Au substrates (see figure 4.3)
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Figure 4.2. (A) Normal Raman spectrum of MTX powder; (B) SERS spectrum of MTX 10 uM in PBS,
(C) SERS spectrum of MTX in 4% BSA-PBS, and (D) SERS spectrum of MTX diluted in human serum

(1:4, v/v). The background signal of the substrate (grey line) is reported for comparison together with

SERS spectra. The chemical structure of MTX is reported for reference in (A). All spectra were collected

using an excitation at 785 nm.
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Figure 4.3. (A) SERS spectrum of human serum, (B) SERS spectra of diluted human serum (1:4, v/v,
PBS). (C) SERS spectrum of MTX diluted in human serum (1:4, v/v, PBS). The background signal of the
substrate (grey line) is reported for comparison together with SERS spectra. All spectra were collected

using an excitation at 785 nm.

The characteristic Raman bands of MTX were consistent with those previously reported
for this drug''""*'"™'**. Compared to the normal Raman, the SERS bands of the MTX
solution in PBS had slightly different positions, relative intensities and widths, as is
often observed for SERS spectra. Such differences are explained by invoking surface
selection rules (for changes in relative intensities) and direct interaction of some
molecule moieties with the metal surface (for shifts of band frequencies). Moreover, an
underlying background due to traces of amorphous carbon in SERS spectra can be
inferred from a generally increased intensity around 1360 and 1560 cm™, due to two
broad bands (also called “cathedral bands™) originating from the stretching modes of sp*
carbons'**'**. Such bands are often observed when employing solid SERS substrates,
because of a minimal photodegradation as a consequence of laser illumination.
However, amorphous carbon has a very high Raman cross-section, so that even small
quantities will yield a detectable background. In the measurements, the presence of

amorphous carbon is kept to a minimum by ensuring a low laser power density (see
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Experimental Section), and thus it is not interfering with MTX detection. Also worth
mentioning is the definite background signal given by the SERS substrates themselves,
reported in light grey in fig. 4.2 along with the SERS spectra. This background, (see
also figure 3.12 of chapter 3) is largely due to the SERS signal of citrate ions',
originally present as stabilizing adsorbates on the surface of colloidal c-Au NPs and as
aggregating agent used to prepare the SERS substrates. Being constant, this substrate
background can be assumed not to interfere with MTX detection. Despite some
differences, several bands in the SERS spectra were observed at Raman shifts very close
to those of the normal Raman spectrum of MTX, so that in some cases a direct
correlation between the Raman and SERS modes is straightforward. This is the case for
the normal Raman bands at 699, 763, 961, 1204 and 1598 cm'l, whose correspondence
to their SERS counterparts is evident for all three SERS spectra reported. A detailed and
complete assignment of the SERS bands of MTX to vibrational modes, as well as a
detailed description of the MTX—metal interaction, is out of the scope of this work, and
it would require carrying out an ab initio computational study at the level of Density
Functional Theory (DFT). The reader interested in a tentative assignment of the SERS
bands is referred to ref'*' %>,

As this paper is concerned with MTX detection in diluted serum, it is noteworthy that
the SERS bands appearing at 491, 694, 965, 996, 1512 and 1596 cm™ in the spectrum of
MTX in PBS solution (B) can be easily retrieved in both the SERS spectra of MTX in
presence of albumin (C) and in diluted serum (D). In other words, MTX can be detected
with SERS even in a complex medium such as diluted serum. Moreover, the presence of
albumin appears to affect the MTX SERS signal, both in terms of absolute intensity [(C)
spectrum is less intense than (B)] as well as in terms of slight band shifts. This is not
unexpected, since MTX is known to bind to albumin, so that only about 50% of the
drug is found as a “free” molecule in serum, while the other 50% is tightly bound to the
protein. Indeed, the absolute intensity of MTX in presence of albumin, as well as that of
MTX in serum, is approximately 40% of the absolute intensity counts observed for the
drug in PBS, i.e. without the protein. Considering that the enhancement due to SERS
dramatically decreases with distance from the metal surface, so that only MTX
molecules directly adsorbed onto the SERS substrate will significantly contribute to the

signal, this decrease in SERS intensity can be readily explained assuming that albumin-
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bound MTX are prevented from adsorbing onto the metal, while free MTX must
compete for the surface with albumins themselves.

In the case of human serum, the complexity and variability in the matrix composition
pose an even harder challenge for calibration and analysis. Serum has several thousands
of components, with more than 4000 metabolites'*’, some of which have a high affinity
for gold surfaces, as proven by the intense SERS signal given by serum when using Au
metal colloids''. To be observed, MTX must compete with all the serum constituents for
adsorption. However, serum MTX concentration can be high, relative to most
metabolites, and, while the presence of albumin appears to affect the overall intensity,
MTX affinity for Au appears competitive enough to keep its SERS signal well
detectable. This affinity can be partially explained by looking at its chemical structure:
heterocyclic nitrogens, carboxylate groups as well as primary amine groups present in
MTX are capable of a strong interaction with gold®.

Such a strong MTX-Au interaction is responsible for the intense MTX SERS signal,
and it makes the detection of this drug possible even in diluted serum. Indeed, other
authors have previously reported the quantification of aqueous solutions of MTX based
on SERS spectra. Hidi et al. used the SERS band around 965 cm™ for quantitative
detection through univariate analysis by relating the peak area directly to the MTX
concentration in KOH solution''”.

However, because of the increased complexity and lower S/N ratio of the SERS spectra
obtained in the presence of albumin or in diluted serum, the correlation of any
individual band area with the MTX concentration was rather low.

As consequence, a univariate regression approach resulted in a poor prediction of the

MTX content, as reported in figure 4.4.
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Figure 4.4. Conventional linear univariate evaluation of the spectral response was performed using
specific Raman bands [(A) 692 cm™; (B) 965 cm™, (C) 1508 cm™ (D) 1596 cm™'] in the SERS spectrum
of MTX in human serum. The signal intensities were plotted against the reference concentrations, and a

first-order least-squares regression line was calculated.

Nonetheless, the spectral signature of MTX is specific, and many Raman shifts (to be
considered as variables for chemometrics purposes) were correlated to the MTX
concentration. These features made selective measurements of MTX possible by
combining spectral information across a wide range of wavenumbers. As stated, the
wide region between 350 and 1700 cm” was considered to build a multivariate
calibration model that incorporates much of the available spectral information. In figure
4.5, the plots of calibration model in prediction for MTX concentration in (A) 4% BSA
— PBS and (B) diluted human serum are reported.
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Figure 4.5. Plots from Repeated Double Cross Validation (RDCV) of SERS data collected in (A) 4%
BSA-PBS, and (B) diluted human serum. The results from the 100 repetitions in RDCV are reported in
blue (for 4% BSA-PBS they are very close together and therefore mostly hidden); the means of 93

predictions are reported in light blue.

The multivariate model calibration provided a MTX concentration prediction in 4%
BSA — PBS solution (A) with a RMSEP of 1.08 uM.

The PLSR modelling process was repeated for the calibration of MTX concentration in
diluted human serum, using the stability selection and pre-processing steps reported in
the experimental section. The multivariate calibration model for this system yields a
RMSEP of 31.57 uM. Finally, the LOD and LOQ for MTX detected on c-Au substrates
were found to be 17.4 and 38.3 uM, respectively.

Based on these values, it can be concluded that the model produces a poorer prediction
than the one built for the surrogate matrix. This is somewhat expected, considering the
increased complexity of real serum with comparison to a buffered albumin solution.
Considering that in this preliminary study we used serum samples from a single donor,
inter-individual variations in serum composition can be ruled-out as a reason for the
increased dispersion observed for data obtained from diluted serum with respect to
those from buffered albumin solution. As serum itself does not yield intense SERS

bands (see fig. 4.3 A and B), usual experimental errors involved in sample preparation
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and spiking might be indirect sources of variation in the SERS data by modulating the
interaction of MTX with the metal surface.

The observed prediction error for MTX is still significantly higher than what is
observed for established reference HPLC-MS/MS methodsl38, and thus an increase in
the precision of the SERS method is still necessary. Considering the difficulty of
achieving quantification in a complex matrix using SERS, however, the results reported
in this study still represent a significant step forward.

Moreover, it is important to note that the SERS substrate used in this study was not
specifically adapted to target MTX. A gold surface might be functionalized to promote a
selective adsorption of the analyte of interest while maintaining the integrity and
activity of the compound'?’, at the same time preventing the competition for the
adsorption sites with the other serum components. Various strategies can be suggested
to increase the affinity of the substrates for the drugs, including molecular recognition
approaches such as MIP (molecularly imprinted polymers)'*® and artificial peptides.
Such approaches are currently under investigation by our group, so that in the future the
accuracy and precision of MTX quantification can be further improved. Furthermore, a
functionalization of the SERS substrates would broaden the applicability of our
SERS/PLSR method, paving the way to its use with those chemotherapeutic drugs
lacking the strong affinity for Au surfaces shown by MTX.

4.3.2 Imatinib detection and quantification in surrogate matrixes and human

serum

c-Ag solid SERS substrates (see chapter 3) were firstly used as nanostructured material
for Imatinib detection. A first trial was performed with a milli-Q 1 mM solution of IMT.
Contrary to MTX and despite the high drug concentration, it was not possible to acquire
any IMT SERS spectra with these substrates. The IMT molecular structure, SERS
spectra of IMT 1 mM, the c-Ag substrate background (SERS spectrum of c-Ag
substrate without the drug) and the Raman spectrum of the IMT powder are reported in
figure 4.6. From a comparison of these spectra, it is clear that no bands of IMT can be

observed in any spectrum (apart, as obvious, in the IMT powder). There are no
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differences with the BK spectrum of c-Ag substrates produced by the citrate adsorbed
on the NPs surfaces. This means that the drug adsorption is somehow hindered: the IMT
affinity for the Ag surface, perhaps, is not high enough to displace the already adsorbed

citrate ions.

N N N_ N x
H,C \@ A CH,SO,H
N cHl N IMT 1 mM

BK c-Ag substrate
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Normal Raman IMT

200 400 600 800 1000 1200 1400 1600 1800
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Figure 4.6. Molecular structure of Imatinib; comparison of Raman spectrum (in red) of IMT powder,
background of c-Ag solid substrate (in blue) and SERS spectrum of IMT 1 mM (in green). All spectra are

baseline subtracted, normalized and have been acquired with 532 nm laser.

For this reason, a second trial was performed with h-Ag substrates. With such kind of
substrate, it was finally possible to detect the drug: the normal Raman spectra and the
SERS spectra of IMT at different concentrations (0.7 — 30 uM) in PBS solution are
reported in figure 4.7A. Moreover, the background of h-Ag substrates does not feature
bands overlapping or interfering with those of IMT (see figure 3.19-c in chapter 3).

So far, we do not have an explanation supported by scientific data about how IMT can
be detected with h-Ag NPs and not with c-Ag ones. Both substrates are capped by a
negatively charge layer. Nevertheless, differently from c-Ag substrates, the h-Ag ones

are ‘“‘citrate-free”, as the capping layer is constituted by chloride ions and the
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aggregating agent used in the substrates production is KNOs. Thus, on these bases, it is
possible to hypothesize that the citrate covering the NPs surfaces could somehow hinder
the adsorption of the IMT onto the NPs.

The univariate calibration of IMT in PBS has been done with h-Ag substrates. The

related calibration curve is reported in figure 4.7B.
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Figure 4.7. A) Normal Raman spectrum of the powder of IMT and SERS spectra of IMT in PBS solution
at several concentrations acquired at 532 nm on h-Ag substrates. B) Corresponding Langmuir fits of the
peak intensity at 1305 cm™ vs IMT concentration. In the inset the linear response of the intensity with the
concentration is reported; the concentration range is 0.7 ~ 12.5 pM. In black is reported the linear fit, in

green the confidence bands and in red the prediction bands.

This preliminary study was performed using a 532 nm laser as excitation wavelength
and focusing on the region between 600 and 1700 cm™. Then, to build the calibration
curve, the variation of the intensity of a selected peak (1305 cm™) of the SERS spectra
was plotted versus the variation of the concentration.

From the figure 4.7A, it is possible to observe that IMT SERS spectra consist of four
bands that match with some of those present in the normal Raman spectra of the drug.
Moreover, the peaks observed in the SERS spectra of the IMT solutions, did not present
significant shifts when compared with the normal Raman spectrum. This could indicate
a weak adsorption (i.e. physisorption) of the molecule on the nanoparticles surfaces,
which does not involve a chemical mechanism but only the electromagnetic mechanism

of the SERS effect®’. Therefore, despite the chloride ions layer, IMT can be sufficiently
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near the surface to “feel” the electromagnetic field generated from the NPs without
necessarily being adsorbed directly to the metal surface.

The Raman and SERS bands observed for the IMT were consistent with those reported
in literature''*!'*!. In particular, according with the ab initio theoretical study performed
by A. Srivastava et al.'*!, the SERS band observed at 992 cm™ is due to the
aminopyrimidine ring out of plane bending and the mesylene salt (S=0O) stretching; the
band at 1030 cm™ is due to the stretching and deformation of the Pyridine ring; the band
at 1305 cm™ is generated by the N-methyl piperazine ring twisting and wagging normal
mode and the band at 1600 cm™ is due to another ring deformation.

In model solutions (i.e. PBS, BSA-PBS), IMT SERS spectra feature bands sufficiently
narrow, with a relatively good S/N ratio and which do not interfere with the bands
generated from the background; this in turn allows a univariate regression approach
with a good prediction of IMT concentration. In fact, the univariate calibration curve,
obtained among the 11 standard solutions in PBS, is reported in figure 4.6B. The peak
at 1305 cm™ was selected to build the calibration and the fitting was made with a
Langmuir function. The curve, according with a Langmuir type adsorption®®, features a
first linear part where it is possible to quantify the analyte concentration. The linear
range was found to be 0.7 ~ 12.5 pM and feature an R*> = 0.9931. Then, at the
concentration of 15 uM, the curve reaches a plateau, indicating the saturation of the
available binding sites for the adsorption of the analytes on the surface. The LOD for
IMT in PBS solution is found to be 1.9 uM and the LOQ is 3.5 uM.

Nevertheless, real-samples such as human serum are constituted of thousands of
metabolites and proteins''. Therefore, to get closer to a real system, a subsequent
analysis was performed with 4% BSA — PBS IMT solutions. These measurements are
not clinically relevant because IMT is known to bind preferentially to AGP'**!'*, In
particular, in vitro binding studies of IMT incubated in conditions reflecting the clinical
situation, reported a free fraction of the drug of 3.1% in AGP and 20% in HSA
solutions'**!*2. Nonetheless, measurements in albumin solution can demonstrate that the
nanostructured surfaces are not fouled by the protein. Therefore, those substrates can be

used with serum without losing their analytical efficiency.
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10 calibration standards were analyzed in a concentration range between 2.5 uM and 30
uM. SERS spectra and the related univariate curve, reported in figure 4.7, demonstrate

that IMT can be quantified with a univariate regression also in presence of proteins.
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Figure 4.8. A) Normal Raman spectrum of the powder of IMT and SERS spectra of IMT in 4% BSA —
PBS solution at several concentrations acquired at 532 nm on h-Ag substrates. B) Corresponding
Langmuir fits of the peak intensity at 1305 cm™ vs IMT concentration. In the inset the linear response of
the intensity with the concentration is reported; the concentration range is 2.5 ~ 12.5 uM. In black is

reported the linear fit, in green the confidence bands and in red the prediction bands.

From the IMT SERS spectra in BSA — PBS solution, it is possible to observe that no
other bands generated by fragments of the protein are present in the SERS spectra,
indicating that the albumin does not interfere with the SERS measurements of the drug.
Nevertheless, as expected, the intensity of SERS spectra of the IMT in BSA — PBS
solutions is five times lower compared to the spectra acquired without albumin (figure
4.7). This signal decrease indicates that, for this system, only 20% of the IMT
molecules interact with the SERS substrate. This data is in agreement with the binding
study performed by Kretz et al., who report a free fraction of 20% in HSA solutions'**.
Beside the signal intensity, also the quantification parameters such as R* value, LOD
and LOQ were found to be smaller in comparison with the “free-albumin” system. For
the IMT in 4% BSA — PBS system the linear range window of concentration was found
to be 2.5 ~ 12.5 uM. The linear fitting features an R* = 0.9554; the LOD is found to be
4.98 uM and the LOQ is 9.39 uM.
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Finally, in figure 4.9, normal Raman spectrum, SERS spectrum of human serum and
SERS spectra of IMT 20 uM spiked in human serum are reported. As a step toward a
POC tool, it was chosen to detect all SERS spectra of IMT in human serum with a
portable Raman spectroscopy. Since the instrument is equipped with only NIR laser,

data were collected with a 785 nm laser.
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Figure 4.9. (A) Normal Raman spectrum of IMT powder; (B) SERS spectrum of human serum, and (C)
SERS spectrum of IMT 20uM in human serum (1:20, v/v). All spectra were collected using an excitation

at 785 nm with a portable Raman spectrophotometer.

Comparing the SERS spectrum of IMT in human serum (fig. 4.9A) with the “blank”
(the SERS spectrum of human serum, fig. 4.9B), it is possible to recognize four bands
belonging to IMT. However, if compared with the IMT spectra in surrogate matrices
(fig. 4.7-8), there are some differences in the Raman frequency of the bands. The band
which appeared at 990 cm™ with 532 nm laser, with 785 nm is shifted at 1000 cm™. The
bands at 1032 and 1600 cm™ do not appear with 785 nm. Instead, two different bands
show up at 1205 and 1650 cm™, generated by different normal modes of the same rings

which generated the bands at 1032 and 1600 cm™, visible with the 514 nm laser'*'.
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Different orientations and binding sites of the functional groups on the nanostructural
surface, can be excited differently depending on the excitation wavelength'*.

Also in this case, due to the increased complexity of SERS spectra obtained in human
serum, a multivariate calibration model was built to predict the IMT concentration. The
plot of a calibration model for the prediction for IMT in human serum is reported in
figure 4.10, for a concentration range of 0.5 ~ 10 uM. Such concentrations are related

with the whole amount of the IMT in the biofluid.
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Figure 4.10. Plot with results from Repeated Double Cross Validation (RDCV) of a Partial Least Squares
(PLS) regression model obtained from IMT SERS data collected in diluted human serum. The results

from the 100 repetitions in RDCV are reported in blue; the means of 93 predictions are reported in light
blue.

The multivariate calibration model for this system yields a RMSEP of 1.13 uM (666.38
ng/mL). The LOD and LOQ values are founded to be 2.29 uM (1.35 pg/mL) and 6.0
UM (3.54 pg/mL). The observed prediction error for IMT, despite the relatively low
inter- samples repeatability of the h-Ag substrates, is quite lower than the one provided
by the model for the system c-Au substrates/MTX in human serum. Also the LOD and
LOQ are rather lower for IMT than for MTX. This could be due to the greater affinity of
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the IMT for the h-Ag NPs, together with the higher EF of the h-Ag substrates compared
to those with c-Au NPs (see sections 3.3.1.4 and 3.3.3.1).

It is noteworthy that, considering that the samples were not deproteinized and that most
of the drug is bound to serum proteins, the effective concentrations detected by the
method presented in this work is quite lower than those reported'*?, since they actually
correspond to the un-bound drug. Based on the drug-protein affinity constants found in
literature, the “real” concentration range detected is 15.5 ~ 310 nM and the “real” LOD
and LOQ values are 71 and 186 nM, respectively.

Current protocols for TDM of IMT involve deproteinization of serum samples to release
the protein-bound drug before measurements with HPLC-MS®. With such validated
procedures in fact, the total amount of the drug (i.e. bound + free) is measured.

The results shown in fig. 4.10 are preliminary and are still subject to replication as of
the moment when this thesis is being written (December 2016). One of the reasons of
the difficult reproducibility could be the relatively low inter-sample repeatability
featured by the h-Ag SERS substrates (see section 3.3.3.1 in Chapter 3). Another reason
could be related to the extremely low free fraction of IMT in human, and the difficulty
in handling the drug. In spite of these repeatability issues, however, this attempt

demonstrates in principle the possibility to use SERS as a POC tool for TDM of IMT.

4.4 Conclusions

The work presented in this Chapter clearly shows that, by using paper-made substrates
as those described in this thesis, together with an adequate data analysis, the
quantification of drugs (in particular MTX and IMT) from biofluids samples with SERS
is possible.

In the case of IMT, the importance of the choice of the NPs for the making of the SERS
substrates was demonstrated. The molecule/substrate system highlighted the issue of the
specificity of the SERS technique. A SERS substrate, in fact, is not “universal”, hence
each molecule requires a different nanostructured substrate to be detected, which must

be tuned in the kind of the metal and the capping agent.
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The data reported for MTX provide an interesting estimate of the difference in the
quantification performance to be expected for anticancer drugs spiked in human serum
with respect to model solutions.

The increasing complexity of the real-life samples related to the presence of proteins
and other serum constituents increase the difficulty of the drug detection. However,
with a multivariate regression approach it is possible to predict the anticancer drugs
concentration in spiked human serum.

For instance, the LOD and LOQ values of IMT in BSA-PBS solutions calculated with
univariate analysis were found to be 5 and 9 uM. The same values of the drug in human
serum but calculated with multivariate analysis were lower (2 and 6 uM) despite the
increase of the system complexity. A comparison of these results demonstrates the
improvement brought by a multivariate approach to data analysis of complex matrices.
However, the precision (RSMEP) of the model for real samples rather decreases
compared to that for surrogate matrices. For instance, the RSMEP of the MTX
quantification in serum decreases one order of magnitude with respect to model
solutions.

Despite the low precision of the quantification in human serum, the results presented in
this study still represent a significant step forward on the development of a new faster

and cost-efficient technique in respect with the currently used for the TDM.
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Chapter 5

Concluding remarks

In this Ph.D. thesis, the development of repeatable, cost-efficient, durable and sensitive
solid SERS substrates for quantitative analysis of antitumoral drugs was reported. Given
the commercial availability of extremely compact (pocket-size) and relatively
inexpensive (few thousands euros) Raman instrumentation, the aim of this work was to
present a methodology based on SERS with solid substrates as a new fast and cost-
efficient POC tool for TDM.

The first aspect I would like to point out is the general lack of information in literature,
to date, about solid SERS substrates developed with a bottom-up self-assembling
approach for quantitative purposes. In particular, no studies are yet available about how
the experimental conditions affect the repeatability and reproducibility of this type of
SERS substrates. More in general, for SERS substrates there is a lack of standard
protocols supported by adequate statistics and, most of the times, the repeatability
results are reported only partially. With the systematic study carried out in this work,
lasted three-year, it was proposed a first sampling methodology for spectra collection,
an approach for the statistical data analysis and a way to present data to reliably assess
substrates repeatability.

This work demonstrates that quantification through paper-made SERS substrates, is
possible without having to resort to more expensive top-down approaches. However,
there are some critical aspects of bottom-up methods which may affect the substrates
performance. Timescales (e.g. drying time or incubation time of the substrates) may
condition their repeatability and enhancement capacity; moreover, the handling of the
substrates is another critical point for their repeatability: sudden movements during the
supernatant extraction, for instance, may alter the homogeneity of the NPs layers,
leading to a higher intra- and inter- sample variability. However, in view of a scalable

production process, an “industrial automation” (a mechanization) of the dip-coating
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method could eliminate the timescales variability as well as the operator-dependence,
leading to more repeatable substrates.

Such kinds of paper-made substrates, along with multivariate analysis, turned out to be
apt for quantitative analysis, providing good figures of merit, at least for the specific
cases of the drugs examined here. While both the substrates preparation and the
precision of the multivariate regression model could be improved, there are some limits
which, using not-functionalized substrates, will be difficult to transcend: among these
limits we indicate 1) the specificity, 1) the sensitivity and iii) the concentration range in
which a target molecule can be quantified. The analyte detection depends in fact on its
affinity for the metal nanostructures. In fact, the substrates worked well for these drugs,
but might not work for other drugs, so that the analysis method proposed is not general.
Moreover, it is not possible to detect and quantify an analyte under its limit of detection
and quantification (of the order of micromolar). Therefore, TDM with such kind of
technique and using the substrates presented in this thesis will be feasible provided that
some conditions are met: the anticancer drug must have a strong aftinity for the NPs and
the drug concentration range covering therapeutic plasmatic values must lie between its
LOQ and the onset of the plateau in the calibration curve.

Nevertheless, a functionalization of the SERS substrates would broaden the
applicability of the method, paving the way to its use with those chemotherapeutic
drugs lacking a strong affinity for the NPs surfaces and perhaps lowering the LOD and
LOQ of the substrates. Moreover, the inter- samples repeatability problem (i.e. samples
produced with different synthesis batches) may be overcome with the use of an internal
standard (i.e. a chemical substance added to samples in a constant amount). Thus,
normalizing the target analyte signal with that of the internal standard, it is possible to
obtain a calibration model whose precision and accuracy will not be affected the inter-
sample variability of the substrates.

It is noteworthy that as much as it would be possible to improve the performance of the
technique in terms of sensitivity and precision, SERS will not reach results comparable
with HPLC/MS. It is a trade-off between gaining in cost and time and losing in
sensitivity and precision. Beside the self-evident cost effectiveness of the technique, a

faster analysis can provide a better adherence to the plasmatic value of the drug in the
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patient, allowing an immediate adjustment of the dosage, and hence preventing more

successfully the side effects of the chemotherapy.
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