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Abstract

This thesis focused on the analysis of the behaviour of nanostructured substrates produced by
pulsed laser deposition (PLD), used as sensors for Therapeutic Drug Monitoring (TDM).
Perampanel, an antiepileptic drug, was analysed using such sensors by Surface Enhanced
Raman Spectroscopy (SERS). This to provide an innovative and totally different approach to
TDM, compared to the current used techniques.

In the first part of the thesis, I tried to understand how to optimize the SERS signal of
Perampanel, starting from results of previous studies that showed how protonation of
Perampanel increases its SERS activity.

Having done this, I successfully tested the sensor ability to detect the drug at concentrations
of medical interest: I observed a good repeatability and reproducibility of the collected drug
signals.

Finally, I carried out a study on the characterization of the substrates analysing first the
dipping time dependence of the Perampanel signal, then the sensitivity of the Au substrates to
different Perampanel concentrations. I observed that the drug signal increases with increasing
the dipping time up to saturation. As to the sensitivity of the Au substrates, I found that the
SERS signal increases with concentration and saturates, exhibiting a higher sensitivity across
the drug therapeutic range of concentration.

The results obtained allow for further developments moving from laboratory solutions to real

samples, i.e clinical samples obtained from patients under drug therapy.



Riassunto

Questa tesi si rivolge all'analisi del comportamento di substrati nanostrutturati prodotti
mediante deposizione laser pulsata (PLD), utilizzati come sensori per il monitoraggio
terapeutico di farmaci (TDM). Perampanel, un farmaco antiepilettico, € stato analizzato
utilizzando tali sensori mediante spettroscopia Raman intensificata per effetti di superficie
(SERS). Questo per fornire un approccio innovativo e diverso al TDM, rispetto alle tecniche
usate attualmente.

Nella prima parte della tesi, ho cercato di capire come ottimizzare il segnale SERS di
Perampanel, partendo da risultati di studi precedenti che mostravano come la protonazione di
Perampanel aumentasse la sua attivita SERS.

Fatto cio, ho testato con successo la capacita del sensore di rilevare il farmaco a concentrazioni
di interesse medico: ho osservato una buona ripetibilita e riproducibilita dei segnali del
farmaco raccolti.

Infine, ho condotto uno studio sulla caratterizzazione dei substrati analizzando prima la
dipendenza dal tempo di immersione del segnale di Perampanel, quindi la sensibilita dei
substrati di Au a diverse concentrazioni del farmaco. Ho osservato che il segnale del farmaco
aumenta con l'aumentare del tempo di immersione fino alla saturazione. Per quanto riguarda
la sensibilita dei substrati di Au, ho scoperto che il segnale SERS aumenta con la
concentrazione, fino alla saturazione, mostrando una sensibilita piu elevata nell'intervallo di
concentrazione terapeutico.

I risultati ottenuti consentono ulteriori sviluppi passando da soluzioni di laboratorio a
campioni reali, cioé campioni clinici ottenuti da pazienti sottoposti a terapia farmacologica.
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Chapter 1

Chapter 1

Introduction

This thesis is part of a broader research focused on the use of nanostructured substrates as
sensors for therapeutic drug monitoring (TDM). In my activity I studied by means of SERS
technique the Perampanel anti-epileptic drug (AED).

Preliminarly to this study it is useful to recall why it is relevant to monitor the AEDs
concentration in a biological fluid.

TDM consists in identifying the drug dosage needed to maintain the drug concentration in
plasma or blood within a range, optimal for the patient. Thus, it allows to assess the efficacy
and the safety range of a particular drug.

The use of TDM is not mandatory for the majority of medications, but it is relevant in particular

when drugs are characterised by a narrow therapeutic index (NTI) (Kang & Lee, 2009).
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100 -

seizure control

therapeutic index
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inefficacy adverse effects
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Figure 1: Antiepilectic drug therapeutic index. The red curve indicates the minimum
effective drug dose, while the blue the limiting dosage curve to avoid toxic effects
(PISTAFFA, 2017).

AEDs fall in the category of NTI drugs. This means that, the dose range where the drug has
positive effects is a narrow one.

As Figure 1 shows , at doses below, or respectively above the therapeutic index the drug is
ineffective or toxic. The narrower the therapeutic index, the more difficult is to adjust the drug
posology (Tommasini et al., 2018).

For NTI drugs it is important to be able to monitor the level of the drug in blood, allowing
medical doctors to correlate clinical response of the patient to the presence of the drug. For a
given drug the therapeutic index is not the same for all the patients. It depends on sex, age,
weight and other factors, so it is different for each patient. Checking the drug concentration in
blood is helpful for medical doctors to initiate the therapy and to tailor the proper drug dosage
for any individual. The procedure assumes a very important role for AEDs (Kang & Lee, 2009).
The immunological test and high performance liquid chromatography (HPLC) coupled with
mass spectroscometry (MS), are the laboratory techniques used to date for TDM. These are
reliable and well-functioning techniques, but they take long time and are costly, thereby
limiting the patient population that could benefit from them. Hence the need for a technique
that is less expensive and requires less overall analysis time, yet performs equally well. SERS
spectroscopy is a possible way.

Epilepsy is a neurological pathology, concerning chronic disorder of the brain which manifests

with recurrent seizures. These are brief episode of involuntary movements, involving part or

12
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entire body, that can also be accompanied by loss of consciousness and control of some
organism functions. Seizure frequency can vary quite much, from a few per year to several per
day.
Epilepsy is a widespread pathology, as it is estimated that about 50 million people are affected
worldwide. Each year 2.4 million of new cases are diagnosed, especially in low and middle-
income countries, that count a higher percentage of affected people. As a matter of fact, 80%
of people with epilepsy not adequately treated comes from these nations.
This can be related to several factors among which there are:

e Patients not receiving the needed treatment; this is referred as “treatment gap”;

e availability and cost of AEDs.

Anyway, epilepsy can be cured. By using proper AEDs 70% of people can be successfully
treated (Epilepsy.2018).

Reverting to the aim of this thesis, my work focuses on understanding and testing Perampanel
SERS activity on nanostructured gold substrates, having in mind as final objective an
applicative use of these sensors.

This occurs through several steps, starting from understanding the possible beneficial effects
of a protonation of the drug, discussed in Chapter 4. The behaviour of the drug alone was first
investigated by Raman and then its SERS response Hence the studies on methanol, a good
solvent in which the Perampanel dissolves, which gave a positive feedback on the effect of the
acidification.

Moving from this information and from the background given by previous studies, the SERS
response of the drug in water solutions was analysed in Chapter 5. This is a condition closer to
possible samples coming from people under Perampanel therapy. So, the sensitivity of the
sensors to detect the drug signal at concentrations in the therapeutic range (see Y 1.1
Therapeutic concentration range) was tested, pushing to even lower concentrations to
investigate their limit. This showed not only that the Perampanel signals are clearly visible at
clinical concentrations, but also a good repeatability of the spectra both within the same
substrate and among different substrates of the same kind.

Finally, in Chapter 6, I investigated in detail the time- and concentration-dependence of the
interaction of the Au substrates with Perampanel. This made possible to understand more
about the sensors response to the drug aiming at optimizing the parameters for a future

application of the sensors.
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1.1 Therapeutic concentration range

For the possible applications of the nanostructured sensors, it is extremely important their
ability to detect drug molecules at a concentration level of the same order of magnitude, and

even lower, than the concentration of drug in the blood.
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Figure 2: Plot showing the trend in reduction of seizure frequency (%) corresponding to
each actual median dose (Gidal, Ferry, Majid, & Hussein, 2013).

Looking at Figure 2, we can estimate the range of concentrations which could be used for
therapeutic purposes. Figure 2 shows the reduction in seizure frequency (%) with respect to
an average drug dose to which corresponds an average concentration of Perampanel in plasma.
The average concentration at stead state, Cass, was obtained, by (Gidal et al., 2013), from a

model based on the relation:

DOSE 1,000
avss = ( 24 ) NG
where:
e DOSE is daily dose in mg, the values ranging from 4 mg, to 8 mg or to 12 mg.

e Cl/F stands for individual Perampanel apparent clearance.

Before indicating the concentration range considered, it is useful to explain the meaning of the

acronym EIAEDs, in Figure 2.
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EIAEDs stands for enzyme-inducing antiepileptic drugs. It represents a kind of antiepileptic
drugs (AEDs), that lead to the formation in the liver of enzymes that could alter the
pharmacokinetics, and therefore the efficacy of the drugs, upon interacting with the AEDs
themselves. In the particular case study by (Gidal et al., 2013), carbamazepine, oxcarbazepine
and phenytoin as EIAEDs were considered. Perampanel differs from the above EIAEDs, since
it is non-enzyme-inducing.

From Figure 2, we see that the concomitance of EIAEDs reduce the exposure to Perampanel,
consequently the Perampanel average plasma concentration decreases. However, this does not
affect the slope of the predicted reduction in seizure frequency curve.

So, to cover all possibilities, with and without EIAEDs, a possible therapeutic range of
concentrations spans between about 100 ng/ml and 1000 ng/ml. This corresponds,
considering Perampanel molecular weight (MM = 349.384 g/mol), to a concentration interval

between about 3x10°M and 3x107M.
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Chapter 2
Methods

2.1 Raman Spectroscopy

Raman spectroscopy is a widely used technique to detect vibrations in molecules. It can
provide information on chemical and physical structures of the analysed substances, through
their characteristic spettrum. The samples to be analysed can be in the solid, liquid or gaseous
state.

When light, thus photons, interact with matter, they may be absorbed, scattered or
transmitted without interacting with it. If the photon, with an energy equal to the gap between
two energy levels of the target molecules, is absorbed it promotes a molecule to the excited
state. It is possible that the photon interacts with the molecule being scattered from it. The
scattered photon can be collected and observed. In this case it is not needed that the photon

energy corresponds to an energy gap of the molecule.

Virtual
states

n Vibrational
states

1

m
Stokes Rayleigh anti-Stokes

Figure 3: Scheme of scattering processes in Raman spectroscopy (Dent & Smith, 2005).
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At room temperature, the majority of the molecules are in the lowest energy vibrational state,
m.

Most of the photons, when impinging onto the molecule, will lead to Rayleigh process. The
molecule, initially, passes to a virtual state and immediatly returns to its initial state. An elastic
collision occured and the incoming photon energy is conserved (Figure 3).

Inelastic collisions can also take place and they can originate two scattering processes:

e Stokes scattering: from the m state the molecule passes to a virtual level, due to the
interaction with the photon, and comes back to a n state with energy higher than the
initial state. This leads to an outcoming photon with lower energy than the incoming
one.

e Anti-Stokes scattering: the energy of the outgoing photon is higher than that of the
starting one, since the molecule passes from a higher n state to a lower state (i, in

Figure 3).

The relative intensity of the two processes depends on the population of the vibrational states
of the molecule, given by the Boltzmann distribution.
Usually in Raman spectroscopy Stokes scattering is considered, but sometimes anti-Stokes

scattering can be preferred.

2.1.1 Historical notions

The first to postulate the inelastic scattering of light was Smekal in 1923 (Smekal, 1923). In
1928 the phenomenon was first observed experimentally by Raman and Krishnan on a liquid

sample (Raman & Krishnan, 1928).

17



Methods
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Figure 4: Schematics of Raman original experiments (American Chemical Society
International Historic Chemical Landmarks, 1998).

In their experiment they used a telescope to focus sunlight on purified liquid. They made visual
observation on the change in the sunlight colour (Figure 4). Most of the light observed was of
the same colour as the incident light, that’s what is called Rayleigh scattered light.

Anyway, they were also able to show that there was a fraction of the scattered radiation that
had a different colour. Furthermore, they showed that by using proper filters, placed between
the sample and the observer, the different colour light could be isolated. Thus, a scattered
radiation with different frequency with respect to the incident light was observed.

Thanks to this discover Raman was awarded the Nobel Prize in physics in 1930. Since then,
the inelastic scattering phenomenon of light is commonly referred as Raman scattering
(American Chemical Society International Historic Chemical Landmarks, 1998).

In the same year, i.e. 1928, Landsberg and Mandelstam observed the same phenomenon on
inorganic crystals (Landsberg, 1928).

Finally, who gave a more complete description of the theory of the phenomenon was Placzek
in 1934 (Placzek, 1934).

As described before, Raman for its very first experiments used sunlight as the illuminating
source. It represents a quite weak source to detect inelastic scattering, which is a weak effect
itself. As a matter of fact, very soon, first, mercury arc lamp and then, in general, gas discharge
lamps were used as light sources.

In 1960s, thanks to the development of lasers, Raman spectroscopy became widespread,
competitive and complementary to infrared spectroscopy, for non-destructive testing of
materials. Lasers provide intense enough light beams to amplify the Raman effect and so the

observation of the scattered light.
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Nowadays due to continuous technical improvement in Raman spectroscopy more
applications have become possible. As a matter of fact, applications range from monitoring
manufacturing processes to the analysis paintings, from analysising of nuclear waste to

detecting drugs, up to in situ analysis.

2.1.2 Classical description
As described before, Raman scattering concerns the collision between light and matter. An
oscillating electric field, associated to the incoming light, induces a polarization of the
molecule when hits it. Actually, polarization can be induced if the symmetry of the molecule is

such that the centre of the positive and negative charge is not coincident.

The dipole moment P, due to polarization, is expressed at the first order as:
P = aFE (1)

where a is the polarizability, usually a tensor, which indicates how easy is to form

instantaneous dipoles in the molecules under the action of an electric field, E.

Since the molecule size ranges between 0.1 nm and 10 nm, and the light sources, i.e. lasers,
have a wavelength which is much bigger, from UV to IR, the electric field can be considered to
be time dependent only. So, E has the form:

E = Eycos(wt + @) (2)
where E|) is the amplitude of the radiation, w;, its angular frequency and ¢ the phase.
Raman scattering is based on the effect of molecular vibrations on the polarizability. If the

external electric field is static, the induce dipole will oscillate at the normal mode frequency of

the molecule. Normal modes, @ , which compose the molecular vibrations are expressed by:
Q; = qjcos(w;t + ¢;) (3)

where wj is the characteristic angular frequency for the j-th normal mode.
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In a molecule with N atoms there are 3N-6 (or 3N-5 for linear molecule) normal modes.
The polarizability of the electrons in the molecule will be modulated by the molecular

vibrations so that:

a= ay+ Z(@Q) 4)

0

The derivative with the o subscript refers to the equilibrium configuration.
The polarizability equation is obtainable in the double harmonic approximation so that linear
terms can be considered.

By substituting equations (2), (3) and (4) in (1) we get:

9]
P = aE = (ao + (%) qo cos(wt + ¢ )) Eycosw; t =
0
(5)

Jda
= ayEycosw;t + E, <%) qocos(wt + ¢ )cosw, t
0

By applying Werner’s formula:

[cos(m + b) + cos(m — b)] (6)

N =

cos(m) cos(b) =

Equation (5) can be written as:

P = aF = ayEycosw; t + E, ( Q) % [cos((w, — w)t — @) + cos((w,, + w)t + )] (7)

Equation (7) shows that light can be scattered at three frequencies. The first term is Rayleigh
scattering which is at the same frequency, w;, as the light source. The second term is the Stokes
scattering occurring at frequency w; — w, while the latter is the anti-Stokes scattering at
frequency w; + w.

Equation (7) underlines a particular feature of Raman spectroscopy: changing the excitation

source, so changing w;, does not lead to a change in Raman spectra. Indeed the position of
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the peaks depends only on the vibrational frequency w, so using another excitation line leads
to a shift of the whole spectrum.

Another important information from equation (77) is that only vibrations that change the
polarizability yield Raman scattering. So, the quantity (%), must be different from zero if

Raman signal is to be observed. This is the Raman selection rule.

2.1.3 Limits of classical description

The classical description of Raman scattering is incomplete. It correctly predicts that Raman
scattering should be weaker than Rayleigh scattering, and that polarization and scattering
intensity, both Raman and Rayleigh, are linear with respect to the exciting laser intensity.

According to classical theory the relative Stokes/anti-Stokes ratio is predicted to be:

Is (0, — w)* ws*

<1 (8)

s (0, +©)*  west

So, Stokes intensities should be lower than anti-Stokes intensities. However, Boltzmann
distribution will be the major factor in determining relative Stokes and anti-Stokes intensity.
The excited vibrational state will be only thermally populated, Stokes intensity will be much
larger than anti-Stokes. To better understand the point a quantum approach of the

phenomenon is needed.
2.1.4 Quantum description

We consider, for the sake of simplicity, a diatomic molecule ideally represented by two masses
connected by a spring. Its potential can be described, to a first approximation, by Morse
potential and further simplified considering a harmonic approximation.

The system now can be represented as an oscillator which is characterized by discrete energy
levels labelled by an integer number, n, which is the vibrational quantum number.

By solving the eigenproblem associated to the quantum vibrational oscillator, it is possible to

find the energy eigenvalues, i.e. the oscillator quantized energy levels that are:

E, =hw (n + 1) 9)
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Now it’s worth to introduce what virtual states are. They are transition states that do not
correspond to an eigenstate of the system. That makes them very unstable levels. So, if the
photon energy is not enough to promote the electron to a real state of the system, it goes to a
virtual state and then rapidly de-excites to a lower level proper of the system.

The relative position of the initial and final states indicate the scattering type, whether elastic
or inelastic and if it Stokes or anti-Stokes (as can be seen in Figure 3).

Due to Boltzmann population distribution, the anti-Stokes scattering will be less probable than
the Stokes, because the starting energy level is higher energy.

So, by considering Boltzmann distribution, n, expressed as:

n(w,T) = (10)

eha)/kBT -1

The relative ratio Stokes/anti-Stokes becomes:

(11)

L, (w, —w)* (hw )

— ex
las (@ + @)t P\k,T

2.2 Resonant Raman scattering (RRS)

It has been observed that when the frequency of the laser beam is close to the frequency of an
electronic transition, there is a scattering enhancement of the order of 103 — 105. Raman
spectroscopy becomes much more sensitive and, also, competitive with respect to
fluorescence. Under such conditions Raman spectroscopy is called Resonant Raman
spectroscopy.

Actually, it is often more practicable to use an excitation line which has a frequency as near as
possible to the true resonance frequency to avoid fluorescence effects. That means bringing
the system in a virtual state.

There are two main differences between fluorescence and resonant scattering:

e In time scale, since in case of fluorescence the molecule stays in an excited state for a
longer time with respect to Raman scattering. More precisely in the first case lifetimes
span between 10-8s to 105 s, while for the RRS they are of the order of 10-4s.

e Inthe mechanism of the two phenomena. In fluorescence there is an absorption of the
photon and than an emission, while in RRS there is an inelastic scattering collision

with the photon.
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RRS theory predicts that the most intense scattering will occur mainly between the first and
the second vibronic levels. So, it is not necessary that the maximum absorption of UV visible

transition is the energy at which is obtained the highest enhancement (Dent & Smith, 2005).

2.3 Surface Enhanced Raman Scattering (SERS)

SERS was observed for the first time by Fleischman et all. in 1974 (Fleischmann, Hendra, &
McQuillan, 1974). They reported a strong increase in the pyridine signal on a silver electrode
roughened by means of oxidation-reduction cycles; pyridine was adsorbed from an aqueous
solution.
They attributed the enhancement result to the morphology of the substrate: roughening
induced a higher surface area of the electrode.
In 1977 Jeanmarie and Van Duyne (Jeanmaire & Van Duyne, 1977) and independently
Albrecht and Creighton (Albrecht & Creighton, 1977) showed that the increase in the intensity
was not only given by the roughened surface. Since, they suggest that, even though the increase
in surface area would lead to an enhancement of the absorbed molecule signal it would be less
than a factor of 10 whereas the observed enhancement was of a 106 factor.
Anyway, their interpretation of the enhancement was different. Jeanmarie and Van Duyne
attributed the increasing signal to an electric field intensification at the metal surface. Albrecht
and Creighton, instead, noticed that the adsorption of the analyte at the metal surface modified
its electronic levels creating a sort of Raman resonance condition.
Referring to eq. (1), the dipole moment depends on polarizability (a) and on electric field (E).
Since in Raman scattering the intensity is proportional to the square of the dipole moment,
the enhancement can be provoked by an intensification of one, or both these quantities.
According to the two different theories, in the case of a molecule on a metallic nanostructured
surface, two different Raman scattering intensification mechanisms can operate:

e Electromagnetic enhancement associated to E intensification

e Chemical enhancement associated to a variation, coming from the interaction

between the molecule and the surface

Nowadays the debate is still open, but it can be said that both theories are valid and concur to

the global signal intensification.
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2.3.1 Optical properties of materials

To better understand the SERS working principle, concepts as plasmonic effect and its
resulting properties have to be introduced.

A first approach concerning the interaction between electromagnetic radiation and a metal is
given by the plasma model. The metal is assumed to consist of fixed, positively charged ions
surrounded by free to-move electrons. The considered relevant collisions electrons can
undergo are with ions. After a collision the electron velocity depends only on the local
temperature distribution and it is independent from the velocity before the collision (Maier,
2007).

Let’s consider the motion of an electron, of charge (-e), under the action of an external electric

field E:

dp p (12)

where p is the momentum and t is a characteristic collision time.

More precisely T is the relaxation time, of the order of 10-14 seconds at room temperature. In
general, the reciprocal of the relaxation time is defined, which is the damping term y = = that

takes into account the damping due to collisions.

Considering a time depended electric field E = E,e~'?, eq. (12) becomes:

m— +ym— = —eE (13)
The solution of equation (13) is:

x(t) = () (14)

e
—F
m(w? + iyw)

The displaced electrons contribute to the macroscopic polarization of the metal. This is clear
by considering the electron dipole moment y = —ex.

By substituting in eq. (14) the polarization P = nu, with n indicating the electron density:
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e
P=nu=—————E(t (15)

Remembering that the electric displacement is D = ¢4FE + P and that for linear, isotropic and

non-magnetic media D = gyeE , it is possible to obtain:

P w
fw)=14+4—= P

gE 1= (w? + iyw) (16)

2
where w, = fi is the plasma frequency.
gom

The dielectric function (w, k) depends both on the frequency and on the wavevector of the
electromagnetic radiation. Yet, considering wavelengths in the material significantly longer
than all characteristic material dimensions, such as the size of the unit cell or the electron
mean free path, the dependence on the wavevector can be neglected.

Furthermore, in general e(w) is a complex number made by a real and imaginary part:
g(w) = &g (w) + igy(w).

Thus, explicitly expressing the dielectric function terms, we have:

2

£,(w) = Re{e(w)} = 1 — wzw—iyz (17)
£, (@) = Im{e(w)} = a)((“)";;fyz) (18)

For large frequencies, w >» y so the damping term can be neglect. Eqns. (17) and (18) reduce

to:

2
glw)y=1- % (19)
2
& (w) = 023)/ (20)

Three different situations can be considered according to eqns. (19) and (20):
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* > w, : the real part is positive while the negative part is negligible. The material
results transparent to radiation.

e w < w, : thereal part is negative, consequently the refractive index is imaginary. The
radiation can propagate in the metal with an intensity that decays exponentially with
increasing penetration depth.

e = w, : the negative part is not negligible anymore. The electrons collectively

oscillate at the same frequency, the quanta of this oscillation are called plasmons.

Plasmons can be found both in the bulk or on the surface of metals. In particular, the last ones
are of high interest for SERS. Surface plasmons, which are confined to surfaces, can occur only
at interface between the metal and a dielectric material. In general, they can be present at the
interface between a material with positive ¢, (w), like a dielectric, and a material characterized
by negative ¢, (w) at the given frequency of light, like a metal. So, the two materials need to
have opposite sign of the real part of their dielectric permittivity. The condition is not sufficient
since the magnitude of the real part of the permittivity in the negative permittivity region
should be larger than the magnitude of the permittivity in the positive permittivity region to
have the light confinement on the surface.

Surface plasmons are characterized by the frequency:

Wp

— (21)
1- Edielectric

C()Sp =

2.3.2 Electromagnetic enhancement

Localized surface plasmons are another fundamental collective excitation of electrons. If
surface plasmons are dispersive waves coupled to the electron plasma of a conductor at the
interface with a dielectric, the localized surface plasmon are non-propagating excitations of
the conduction electrons of metallic nanostructures coupled to electromagnetic field. So, it is
the result of the confinement of surface plasmons in a nanoparticle with a size lower than the
excitation light wavelength.

Due to the presence of an external electric field (E), the electronic cloud of a nanoparticle

oscillates generating a dipole, which in turns generates a local electric field. The total electric

field is now:
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Eror = Eg + Egp (22)

In a quasi-static approximation one considers the nanoparticles as homogeneous and isotropic
spheres embedded in an isotropic medium. It means that the size of the nanoparticles is much
lower than the excitation light, in such a way the external electric field can be assumed to be
static.

By solving the Laplace equation, it is possible to evaluate the external and internal potential,

which induces a dipole moment on the sphere equal to:

p = 4mege,al E, (23)

where ¢, is the dielectric of the medium outside the nanoparticle, a the radius of the

nanoparticle and ¢ is the dielectric of the metal.

The polarizability can now be introduced, since p = €y¢,,aE, , as follows:

E—&n
a = 4mwa’ ———
&+ 2e, (24)
The induced electric field can also be calculated, which yields:
3em
Ey = —— 2
IN= T . 0 (25)

Both the equations (24) and (25) may reach a resonant enhancement when |¢ + 2¢,,| reaches
a minimum. Neglecting the imaginary term of the dielectric constant, so considering just

& (w) = Re{e(w)}, the resonance condition becomes:

2

gw)=1- (Z)iz = —-2&, (26)

From (26) it is possible to calculate the localised surface plasmon frequency:
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Wp

Wyoy = ———
Isp m (27)

The classical electromagnetic enhancement generated by the local surface plasmon is

expressed as:

e—¢g, ad

E
5P = e ¥ 2, (a + d)? Eo

(28)

Being d the distance between the analyte molecule and the surface of the nanoparticle.

Actually, to evaluate the enhancement it’s more convenient to consider Ejs, > E, and evaluate
an enhancement factor, defined by:

3
Eror Elsp €7 & a

E, E, &+ 2¢,(a+d)3

A(w) = (29)

Eq. (29) represents the enhancement in the electric field felt by the analyte molecule.

It is evident the strong dependence of the enhancement factor A(w) on the analyte-
nanoparticle distance. If the analyte molecule is not close enough to the nanoparticle (i.e., large
d values) the electromagnetic enhancement dramatically decreases.

The SERS electromagnetic enhancement is obtained by considering both the incoming

excitation and the scattered radiation:

I(w) = |A(ws) I?|A(w)* =

£(ws) e(wy) 12 (30)
|e(ws) + 2€m| |e(wL) + 2£m| (a+ d)?

where subscripts, S and L stand for Stokes and Laser.

Thanks to this model, enhancement factors of about 106 can be justified.

For higher enhancement, that have been observed, the concept of hot spots was introduced.
They are particular sites between two nanoparticles placed at a certain distance. This situation
is possible, for example, on nanostructured surfaces that allow the hot spot formation, as the

one used for this work.
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It has been demonstrated that the electric field in the junction is not just the linear
superposition of the contributions from the two nanoparticles, but it is more intense since
coupling of higher order dipole moment comes into play. In this case the enhancement
depends on the dimension of the nanoparticles, on their distance, and on the polarization of

the incoming light.

[(ew) ligs olws)

Figure 5: Schematic representation of the electromagnetic enhancement (VILLA, 2018).

2.3.3 Chemical enhancement

As stated above, the electromagnetic mechanism is not the only one that contributes to the
enhancement of the signal in SERS. The chemical interaction between the analyte and the
metal has to be considered, and it also gives its contribution to SERS.

The presence of metal nanoparticles perturbates the electronic structure of the analyte
molecules, that can undergo resonance with the impinging radiation, intensifying the Raman
Spectra.

The mechanism that occurs is called charge transfer. It leads to the formation of surface species
which includes the analyte and some metal surface atoms making possible the transfer of
charge from the metal to the analyte molecule. The formation of this species leads to an
increase in the polarizability of the molecule. Due to the interaction, new electronic state forms
that are thought to be resonant intermediates in Raman scattering.

When the radiation arrives, it is absorbed by the metal, a hole is transferred into the adsorbate
metal atom cluster, then Raman scattering occurs, and the excitation is transferred back into
the metal, and re-radiation occurs from the metal surface (Dent & Smith, 2005).

The resonant character of the charge transfer is strongly dependent on the nature of the
analyte, how it interacts with the metal surface, and its concentration. All these factors can

affect the new energy level that forms. Furthermore, the morphology of the surface and the

29



Methods

orientation of the molecule may also play a role, since they are involved into the superposition
with the orbitals of the metal and can lead to a polarizability change.

It is clear that, the chemical enhancement is strongly dependent on analyte-sensor coupling
and may considerably change, changing one of the two. The intensity due to chemical
enhancement depends proportionally on the number of absorbed molecules, N,;,, and on the

Raman cross section, g, , of the adsorbate:

I(ws) X NgdsOads (31)

2.3.4 Global enhancement

In Raman spectroscopy the intensity of Raman scattering can be written as:

Iraman(Ws) = nyn,o; (32)

By defining n; the number of incident photons per unit surface and time, n, the number of the
analyte molecule in the scattering volume and o, the Raman cross section. The last parameter,
i.e. 0,, indicates the probability that an incident photon is scattered as a Raman shifted photon
with a particular Raman shift.

In SERS, as seen up to now, two contributions to the intensity of the signal have to be

considered. So, the intensity of the SERS signal, recalling eq. (30) and (31), can be written as:

Isgrs(@s) = My NagsTaas|A(ws) 12| A(wp)|? (33)
Remembering that the subscripts, $ and L stand for Stokes and Laser.

It is worth to mention that if, for some reason, the N,;, term goes to zero (i.e. there are no

molecules that are adsorbed on the metal surface) no SERS effect occurs.

2.4 Raman instrumentation

The Horiba Jobin Yvon LabRAM HR800 Raman spectrometer was used to collect all the
spectra reported in this work (Figure 6).
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Figure 6: Image of LabRAM HR800.

It has been used in combination with two different laser radiations:
1. 458 nm (blue light) from an argon ion laser (Stablite 2017, Spectra Physics) for
analysing solutions.
2. 785 nm (NIR) from a solid-state laser (laser XTRA, Toptica Photonics) for SERS
measurements.
The lasers power can be modulated from the nominal value up to 104 its nominal value,

through a series of filters with different optical densities.
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Figure 7: LabRAM HR8o0o0 internal configuration for 785 nm excitation (PISTAFFA, 2017).

In Figure 7 it is possible to see all the major features of the spectrometer. The optical part is
provided by an Olympus BX41 microscope equipped by 10x, 20x and 50x objectives and a
camera for visual inspection. The laser, through a series of mirrors, initially arrives to an

interference filter used to remove spurious spectral lines. Then, after the interaction of light
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with the sample, an edge filter (or a notch filter for 785 nm excitation) removes the Rayleigh
component of the scattered light.

After that, the Raman scattered radiation travels toward a grating that can have two
configurations: 600 gr/mm and 1800 gr/mm. The radiation dispersed by the grating is
directed to a CCD (charge-coupled device) detector. It is cooled by a Peltier cell and has an
operational temperature around -65°C. Finally, the Raman signal is processed by a computer
dedicated software (LabSpectra).
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Chapter 3
Materials

Two different Perampanel powder samples have been used in this thesis work. One was
purchased from Cayman Chemical (item No. 23003; CAS 380917-97-5) and the other was
obtained from Eisai Co.,Ltd. (ER-No. ER-155055-90; Lot No. 173H2901). Reagent grade
methanol (MW = 32.04 g/mol) from Fisher Chemical was used to prepare the Perampanel
solutions. Acidification was done with hydrochloric acid (37% vol., reagent grade, Sigma-

Aldrich). Deionized water from a Department facility was used.

3.1 Perampanel

Perampanel is a novel, orally active, non-competitive AMPA-receptor antiepileptic agent
(Hanada et al., 2011). It is prescribed for refractory partial onset seizures in patient older than
12 years and has been regulatory approved in 2012 (Jacob & Nair, 2016).

Its IUPAC name is 2-(2-oxo-1-phenyl-5-pyridin-2-yl-1,2-dihydropyridin-3-yl) Benzonitrile

(Hanada et al., 2011), and its chemical structure is represented in Figure 8:
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Figure 8: Perampanel chemical structure

In this thesis work it is basic to obtain reference Perampanel spectra to foster the
interpretation of the SERS spectra recorded in different conditions (see Y 3.3 Typical
experimental setup of Raman and SERS measurements) and pinpoint the signals of the drug.
I report in Figure 9, the Raman spectrum of a solid powder sample of Perampanel. Selected
peaks of Perampanel are indicated, which will be later referenced in the analysis of the

collected spectra.

—— Perampanel
1200 .
990 cm 4
1620cm

1000 ~

1

1568 cm
1

,1598¢cm

800

H‘ V

|
\l

mw’|w

Raman intensity (a.u.)

600 | ‘
400 - l }
V uhlblﬁ \ ( |

* i
200 _-.J J”’lh‘ ! J\NVL“JUJ'J‘UL,L‘ﬂ"rb. |“u JJJ“ JJM J "J IMM \Jr

-1
2224 cm

0 L L L L L L A B B |
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavenumber (cm-1)

Figure 9: Raman spectrum of a Perampanel powder sample (785 nm excitation, 10 mW
power, 10 s exposure time, 3 averages) (VILLA, 2018).

An early assignment, based on empirical correlation, of the molecular vibrations
corresponding to the selected Peramapanel Raman lines is reported in Table 1, following
(VILLA, 2018).

Wavenumber (cm-1) Mode
2224 CN bond stretching
1620,1598,1568 Aromatic ring stretching mode
990 Ring breathing
674 Aromatic ring deformation

Table 1: Selected Raman lines of Perampanel (VILLA, 2018).
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Figure 10: SERS of Perampanel in Me(OH) 1x103M collected at 785 nm excitation, 50x
objective, 1 mW power, 15 s exposition time and 3 averages.

The SERS spectrum of Perampanel recorded on a Au substrate (MeOH 1x10-3M solution) is
shown in Figure 10. The arrows indicate some of the peaks mentioned in Table 1 (670 cm™,
878 cm, 994 cm, 2230 cm?). These are well distinguishable from the background signal and
for this reason they will be considered as Perampanel SERS markers in the following Chapters.
Unfortunately given its low relative intensity, the CN stretching (2230 cm™) is not always

reliably detectable, and for this reason it was not considered for quantitative assessments.

3.2 SERS substrates

Noble metal nanoparticles are by far the most widespread materials used as substrates in SERS
spectroscopy. This is mainly due to the possibility to fabricate nanostructured films with
tailored morphologies an thus optical properties, obtaining SERS substrates with high
sensitivity and selectivity.

In this thesis work, I used nanostructured Au films deposited on glass by pulsed laser
deposition. The process was carried out at CNR-Instituto per i Processi Chimico-Fisici in
Messina and it was reported in a previous Master Thesis work (PISTAFFA, 2017). Gold has
been chosen since it has a plasmonic resonance in the range of the available Raman laser

excitations and for its good compatibility in biomedical applications.
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The deposition process is based on the evaporation of a rotating high purity gold target, hit by
a high-power laser beam, forming a plasma plume of the vaporized Au atoms that are collected
on glass slides. It was proved (PISTAFFA, 2017) that a rotating substrate holder helps to
achieve a much more homogeneous deposition of the nanoparticles on the substrates, than
with a fixed configuration, and reduces the standard deviation of the surface plasmon

resonance (SPR) value.

R

Nt

Figure 11: Deposition chamber set up.

The system (Figure 11) is placed in a vacuum chamber filled with Ar gas that favours the
nanoparticle formation increasing the collision rate among the species into the plasma plume.
The typical size of nanoparticles obtained is in the range of 2-20nm. It was observed that the
nanostructured film which forms on the glass substrate depends on the laser pulse number
(Nip). Indeed, it is seen that at low Nip almost spherical nanoparticles form on the glass
substrates. By increasing Nip the substrate surface is covered by more nanoparticles, which
tend to coalesce into islands, up to a percolated structure. Furthermore, if the deposition lasts
enough, a complete coverage of the surface is attained (Agarwal, Ossi, & Trusso, 2019).

Ar pressure and Nip were considered as the main parameters to control the surface
nanostructure of such substrates.

The substrates used in this thesis are characterized by the deposition parameters and optical

properties listed in Table 2.
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Batch Ar pressure Nirp <SPR> [nm] standard
[Pa] deviation/nm]
Rotglass 3 100 30000 809.00 10.91
Rotglass 8 100 25000 728.70 5.00
Rotglass 9 100 20000 733.10 3.80

Table 2: Main deposition parameters and substrate optical properties of the used batches.

These batches have been chosen since they exhibit a surface plasmon resonance close to the

available excitation line (785 nm).

Figure 12: Typical disposition of the glass slides on the substrate holder in the deposition
chamber.

Figure 12 shows how the glass slides are placed on the rotating substrate holder, for a given
Rotglass batch, during the PLD process. This picture will be referenced in the following to show
the position from which the substrates used for the SERS experiments originate; the latter will

be related to the SERS behaviour of the substrate with Perampanel.
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Figure 13: SEM images highlighting the morphology of the Au substrates deposited at
100Pa of Ar with a) 10000, b) 20000 and c) 30000 laser pulses (Agarwal et al., 2019).

Figure 13 shows the SEM micrographs of three substrates obtained by 10000 (a), 20000 (b)
and 30000 (c) laser pulses. We see that in the first two cases (a, b) the morphology of the Au
film is very similar, being characterized by a single layer with aggregates of nanoparticles that
form islands which are irregular in shape and smooth at the edges. These islands are separated
by interconnecting channels with a typical size of the order of 10-20 nm. In Fig c) we see that
the morphology is represented by a two layer structure, where on the first percolated layer is
present a second layer of isolated spherical nanoparticles.

It has been observed, as reported by Agarwal et al. (Agarwal et al., 2019), that different
morphologies lead to a different optical properties (different SPR). In that study it was also
demonstrated, by numerical simulations, that the hot spots are localized in the nanochannels
connecting the islands. These are the sites where one has the highest electromagnetic
enhancement of the SERS signal. For this reason, the percolated structure is of specific
interest, since it allows for preferential molecular adsorption. To be clearer, if a molecule is
small enough, like a drug molecule, it can be preferentially adsorbed on these channels rather

than a bulkier molecule, like proteins, which will be more probably adsorbed on the
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nanoparticle islands. This means that the more relevant SERS enhancement will pertain to

drug molecules. That makes these structures appealing for TDM.

3.3 Typical experimental setup of Raman and SERS

measurements

Unless otherwise specified, along this thesis work I have adopted the following procedures for
sample preparation and spectroscopic measurements.

(a) Sample preparation. Perampanel is supplied as a powder, and it must be dissolved in
a solvent to make the measurements of interest. Methanol is a good solvent, and it can
dissolve Perampanel at a maximum concentration of 1x10-2M. I used a sonication bath
(few minutes) to ensure the complete dissolution of Perampanel. All the Perampanel
solutions used in this thesis (either in methanol or water), have been obtained by
proper dilution starting from Perampanel stock solutions in MeOH (concentration of
the order 102M - 103M). I fostered protonation of Perampanel by adding suitable
volumes of pH controlled aqueous solutions of HCIl. This approach was shown to
increase the SERS activity (VILLA, 2018). When using MeOH as solvent the quantity
of added HCI used will be indicated for each measurement. As for the measurements
made in water, these were carried out by adding suitable volumes of the stock solution
in MeOH to controlled volumes of water acidified with HCl (pH fixed at 2 by
stoichiometry and checked using litmus paper).

(b) Raman. The liquid samples were placed in NMR tubes which do not produce hindering
background in the Raman measurements with 458 nm excitation. With a 20X
objective I focused the laser just beyond the inner tube wall, in such a way to probe
the solution. The laser power was 25 mW. The accumulation time was 15s and 5
collections were averaged.

(¢) SERS. The measurements were carried out with the dip and dry technique: the SERS
substrates first interact with the analyte upon immersion in a controlled solution of
Perampanel. After a controlled immersion time the substrates are extracted and left
drying under a hood. All SERS spectra have been collected on the dry surface of the

substrate.
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Chapter 4
Optimizing Perampanel detection by
SERS

As reported previously by Villa (VILLA, 2018) the protonation of Perampanel with HCl was a
successful approach to increase the SERS activity of the drug. The onset of protonation in
Perampanel is observed at pH 3 and it is complete at pH 2, as demonstrated by the sudden

change in UV-Vis absorption vs. pH (Figure 14)
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Figure 14: UV-vis spectra of Perampanel in acid solutions with unitary variation of pH
(VILLA, 2018). In each measurement Perampanel concentration was 5x105M.
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Figure 15: (a) Raman spectrum of solid Perampanel (785 nm excitation); (b) SERS
spectrum of 3x104M aqueous solution of Perampanel prepared at pH 2. The SERS
spectrum (458 nm excitation) was recorded at the solid-liquid interface of a Ag SERS
substrate produced by PLD (VILLA, 2018).

Based on these results, I explored the behaviour of protonated Perampanel in SERS by using
a different set of SERS substrates, still made by PLD, but made of Au instead of Ag. When
working with water solutions I assumed, and verified by personal experience, that pH = 2 is
the best condition for detecting Perampanel also on Au substrates. Of course, a water
environment at pH 1 is also effective in protonating Perampanel, but I considered this to be a

harsher condition on the SERS substrates, and for this reason I have discarded this option.
In the following, before addressing SERS, I will discuss a series of Raman experiments on

acidified MeOH solutions of Perampanel. These were carried out to show the vibrational

markers of protonation, paralleling Villa’s UV-Vis experiments reported in Figure 14.
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4.1 Raman spectroscopy of Perampanel in acidic

conditions

A series of Raman spectra of Perampanel in acidified methanol solutions have been collected
to provide experimental data which could be used in future work to infer the possible
protonation centres of Perampanel. The acidification was done in four steps at increasing acid
concentration. At each step I collected the Raman spectrum of the MeOH solution, looking for
variations through the spectra which could be related to protonation, based on the assignment
of the major Raman lines of neutral Perampanel provided before (Table 1). I successfully
detected changes in the Raman spectra of Perampanel upon addition of HCl. Major changes
occur over the ring stretching region of the spectrum (1000-1650 cm), which suggests that

protonation occurs at the pyridine moiety of Perampanel.

Experimental setup

To run the experiments described here, I have prepared 575 pl of Perampanel stock solution
at 1x102M concentration. Since I am working on methanol solutions, pH, which is defined for
water environments, cannot be introduced as a parameter to characterize the acidic

conditions. So, I considered the molar ratio (x) between the moles of HCI and those of

. . [Hcl]

Perampanel in solution, namely: x = ———
[Perampanel]

Small volumes of a controlled water solution of HCl were gradually added to the Perampanel

solution in MeOH, setting the molar ratios x = 0, 0.33, 0.66, 1.0, 2.0 (excess of HCI with respect

to Perampanel). I scheduled the HCl addition on the Perampanel solution, in four steps as

reported in Table 3 below:

1ststep  2ndstep 3 step 4th step
Added HCI solution [ul] ‘ 1.6 1.6 1.6 5.2
HCI concentration [M] ‘ 3.3X1073 6.6x1073 1X10-2 2X1072
X ‘ 0.33 0.66 1 2

Table 3: Preparation scheme for the acidified MeOH solutions of Perampanel.

The Raman spectra were recorded by using the 458 nm excitation focused by a 20X objective.
The power employed was 25 mW and the exposure time was 15 seconds; for each recording 5

spectra were averaged.

Results
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Figure 16: a) Raman spectra of the Perampanel solutions in methanol acidified with HCI
(458 nm excitation, 25 mW, 20x objective, 15 s exposure time, 5 averages). The red
spectrum belongs to pure methanol. b) Zoom through the region between 1050-1700 cm!
of all the spectra in a).

Figure 16 shows the spectra of the different solutions of Perampanel in MeOH, acidified with

HCI, starting from Perampanel solution with no HCI (x = o, light blue) up to excess of HCI
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(grey, x = 2). For reference, the spectrum of pure MeOH is also shown. The use of the 458 nm
excitation is favourable: it grants pre-resonance Raman intensities since it is closer to the
electronic transition of protonated Perampanel (see UV-Vis characterization reported above).
As shown in Figure 16b), the rising up of a peak at about 1638 cm is evident in the ring
stretching region, and is correlated to acidification. In particular it can be seen that, already at
X = 0.66, the intensity of this peak almost saturates. This indicates that a measurable
protonation of Perampanel in MeOH is reached already at a concentration of HCl just slightly
larger than half the concentration of Perampanel. Consistently with changes across the ring
stretching region, the aromatic breathing region (1000 cmw), is also perturbed by
protonation: some peaks change their positions and new features appear.

To actually understand the details of protonation at the molecular level accurate first-principle
calculations are required which should rationalize the observed changes in the Raman spectra
of Perampanel in MeOH upon addition of HCI. This is outside the scope of the present

experimental thesis work.

4.2 SERS of Perampanel in methanol on Au substrates

To further examine the effect of protonation on Perampanel, I recorded SERS spectra on PLD
made gold substrates. My aim was to check if the protonation actually improves the SERS
activity of Perampanel on such substrates. For this purpose, I recorded and compared the

SERS spectra of neutral and protonated Perampanel.

Experimental setup

I prepared a 1 ml stock solution of Perampanel (1x10-2M), that I split to produce the neutral
and acidified sets of solutions. The neutral set comprised four 2ml solutions with Perampanel
concentrations of 5x104M, 1x104M, 5x105M and 1x10-5M, which are reached by dilution of
the stock solution with MeOH.

Following the previous Raman experiments (see 1 4.1 Raman spectroscopy of Perampanel in
acidic conditions), I prepared a volume of acidified Perampanel solution with HCI at a molar
ratio x = 2. Then, starting from this protonated Perampanel solution, I prepared four solutions
with concentration and volume as before (2ml, 5x10-4M, 1x10-4M, 5x10-5M and 1x10-5M).

To match the plasmon resonance of the PLD Au substrates, the SERS spectra were collected
using the 785 nm excitation (NIR) focused with a 50x objective. 1mW power was employed.
The substrates were immersed for five minutes before being analysed.

The substrates used come from Rotglass 3 batch, which main deposition parameters and
optical properties are reported in Table 2. Specifically, substrates 1-2-3-5 were employed for

neutral Perampanel solutions(respectively for 5x10-4M, 1x104M, 5x105M and 1x105M
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concentration), while 8-9-10-11 for acidified Perampanel solutions (respectively for 5x10-4M,
1x104M, 5x10-5M and 1x10-5M concentration); their disposition in the deposition chamber is

shown in Figure 12.
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Figure 17: a) Spectra representing the four solutions of Perampanel labelled 1-
2-3-4 with decreasing concentration, plus the spectrum of a reference
substrate. Spectra were collected using 785 nm excitation, 50x objective, 1 mW
power, 15 seconds exposure time and 3 averages; b) Zoom of the a) spectra
that focus on the characteristic peaks of Perampanel.

Figure 17 shows the SERS spectra from the four neutral Perampanel solutions at the different
concentrations, labelled with decreasing concentration: Perampanel 1 (red) corresponds to
5x104M, Perampanel 2 (blue) to 1x10-4M, Perampanel 3 (yellow) to 5x10-5M, and Perampanel
4 (green) to 1x10-5M. Furthermore, I report in Figure 17 also a spectrum (black, collected with
the same Raman setup) of a reference substrate that has not interacted with any solution. This
allows to discriminate the effective Perampanel peaks from background signals. The
characteristic peaks of Perampanel are observed at 672 cm, 875 cm* and 1001 cm.

At first sight, due to constant fluctuations of the background, it may seem that there is no
monotonic trend of SERS instensity vs. concentration. However, considering the intensities of
the Perampanel markers from the background (Figure 17b), their decreasing trend vs.
concentration emerges more clearly.

As it reported in Table 2, the substrates do not have the same plasmonic characteristics (see
<SPR> standard deviation) and this could lead to the observed fluctuations of the SERS
spectra. These small differences can lead to a different background given by each substrate. It
is something that can be expected, in some way. However, as underlined, it does not affect the

Perampanel peaks and their trend as a function of the concentration.
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After observing the SERS behaviour of the drug in neutral conditions, I have investigated what
happens when Perampanel is protonated. In this way it is possible to understand the effects

that protonation brings on the SERS signals of Perampanel.
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Figure 18: a) Spectra of the four solutions of Perampanel acidified with HCI labelled 1-2-
3-4 with decreasing concentration, plus the spectrum a reference substrate. Spectra were
collected using 785 nm excitation (NIR), 50x objective, 1 mW power, 15 seconds exposure

time and 3 averages; b) Zoom of the a) spectra that focus on the characteristic peaks of
Perampanel.
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Figure 18 shows the SERS spectra of methanol solutions of Perampanel protonated with HCI
(x = 2). Spectra are named as before (i.e., 1-2-3-4 with decreasing Perampanel concentration),
and the reference spectrum of a blank substrate (black) is also represented. In Figure 18b) we
see that the intensity of the peaks has a monotonic trend with increasing concentration, and it
is more evident than in the case of neutral Perampanel. At the higher concentrations (red, blue
lines) we observe that the marker peaks of Perampanel (670 cm, 875 cm™ and 1001 cm™) are
well-defined and intense. This means that the effect of the protonation effectively enhances
the detectable signal of Perampanel. At lower concentrations (yellow, green spectra) it seems

that acidification does not bring a significant gain.

Hence, to better assess the efficacy of protonation on the SERS signal, I directly compared the

spectra of the drug (shown before) collected in neutral and protonated conditions.
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Figure 19: Comparison between Perampanel with HCl(red) and without HCI(blue) for
each of the four concentrations considered. Also, a spectrum of a reference
substrate(yellow) is depicted.

Figure 19 shows that for higher Perampanel concentrations (Perampanel 1 and 2) protonation
leads to a strong increase of Perampanel peak intensity. As a matter of fact, Perampanel
markers appear much more intense and resolvable. Furthermore, it can be seen the rising up
of several peaks in the central region of the spectra (1000- 1650 cm range). It’s worth to notice

that a new peak at about 1635 cm appears in the protonated spectra. This peak is visible also

48



Optimizing Perampanel detection by SERS

in the Raman spectra of acidified solutions of Perampanel in MeOH (see 1 4.1 Raman
spectroscopy of Perampanel in acidic conditions). In particular, also in that case, the peak was
not present in neutral solutions but emerged upon Perampanel protonation.

As for the spectra at lower concentration (Perampanel 3 and 4), it seems that acidification does
not lead to any significant gain since the Perampanel signal, after protonation, does not
improve. In addition, the 1635 cm peak is not visible, and the 1000-1650 cm- spectral region
does not show any significant change (which was clearly seen at the higher Perampanel
concentrations, Perampanel 1 and 2). Hence, if we assign these changes to protonation, it is
possible that at low Perampanel concentrations (Perampanel 3 and 4) protonation has not
occurred in the SERS experiment.

The lack of protonation at low concentrations could be attributed to an effect due to the Au
substrate. The surface of Au has a good affinity for chlorine, and tends to capture it from
solution. This is not a problem at high Perampanel concentrations, where the availability of
chlorine is enough both to saturate the substrate and to protonate Perampanel. By diluting
Perampanel, while keeping fixed the molar ratio x = 2, the amount of chlorine in solution
decreases, while the substrate surface does not practically change, so there is a greater
competition for chlorine between the substrate and Perampanel, which may explain why
protonation becomes less effective. In other words, at low Perampanel concentrations a molar

ratio x = 2 is not enough to obtain Perampanel protonation.
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Chapter 5
Towards SERS sensing

Based on the results obtained so far, where I verified that protonation leads to an enhancement
of the SERS signal of Perampanel, I tested the gold films produced by PLD (see Y 3.2 SERS
substrates) as sensors to quantify the drug through its SERS activity as a function of
concentration. To approach the problem in a more realistic way, I considered Perampanel
solutions in acidic water (pH 2), instead of solutions in methanol. With this goal in mind, I
have first analysed the SERS response of these sensors to Perampanel concentrations in the
therapeutic range (3x107M-3x10°M see 1 1.1 Therapeutic concentration range), discussing
also the repeatability and reproducibility of the measurements with different sensors. Then,
based on the positive feedback given by the sensors at such concentrations, I have investigated
the lower limits of Perampanel detectability on such PLD substrates, going below the

therapeutic concentration range.

5.1 Perampanel detectability in  therapeutic

concentration range

I have considerd three concentrations of Perampanel (3x10-M, 1x10-M and 3x10-7M), which
fall in the therapeutic range (3x107M-3x10°M), and I have considered three different
substrates for each concentration. In this way, it was not only possible to test the ability of the
substrates to detect the drug molecule at such concentrations, but also to verify if the response

of different substrates is reproducible (i.e., similar).

Experimental setup
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I have prepared three different solutions of Perampanel in water at pH 2, at the following
concentrations: 3x10°M, 1x10-M and 3x107M. These solutions (1.5 ml each) were obtained
starting from a 3ml stock Perampanel solution (3x103M — in methanol), which was diluted
with water at pH 2 water. I have used nine substrates, three for each concentration, coming
from the Rotglass 8 batch (see Table 2). The substrates have been employed at different

concentrations of Perampanel as reported in Table 4 below.

Concentration/M] Substrate number
3x10°6 20-23-24
1x10° 25-26-27
3x107 28-29-30

Table 4: Substrates used for each concentration.

Figure 20 shows how the substrates are placed on the PLD support; the circled substrates are
the ones used for the experiments described here. In red the substrates used for 3x10-°M, in

brown for 1x10-M and in pink for 3x10-7M.

Figure 20: Substrates disposition on a PLD support. In red are circled the substrate used for
3x10°M Perampanel concentration, in brown the 1x10-6M while in pink the 3x107M.

The substrates were dipped in the Perampanel solutions for five minutes and then dried under
the hood. The spectra were collected using the 785 nm excitation focused with 50x objective
and using 1 mW laser power at the sample. At a given Perampanel concentration, for each of
the three substrates, I have recorded the SERS spectra on five different spots, thus collecting

fifteen spectra.
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Results
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Figure 21: Spectra of Perampanel in H,O at pH 2 for the three different concentrations on
their respective substrates. a) Spectra at concentration 3x10°M; b) Spectra at
concentration 1x10°M; c¢) Spectra at concentration 3x107M. Spectra collected with 785 nm
excitation, 50x objective, imW power, 30 seconds acquisition time and 3 averages.

I report in the panels of Figure 21 selected representative SERS spectra of Perampanel at the
three concentrations of 3x10-°M (a), 1x10-°M (b) and 3x107M (c). For each concentration, the
spectra have been collected on three different substrates. The SERS signals of Perampanel are
visible for each concentration value: in particular the three marker peaks at 672 cm,
875 ecm, 1003 cm?, can be clearly distinguished from the background. Furthermore, also the
CN bond stretching of Perampanel (2240 cm) is observable, but it is much less pronounced;
for this reason it will not be further considered in the following. It is worth mentioning that
the peak at about 2140 cm is related to background signal from the substrates. Based on these
data one can conclude that with such substrates therapeutic concentrations of Perampanel can
be detected.

Furthermore, by observing Figure 21, one can note a good reproducibility of the SERS spectra
among the different substrates (for each concentration value). The spectra recorded at the
lowest considered concentration (3x107M) seem to display larger differences between the
different substrates, and the spectra exhibit larger fluctuations. In particular, with a closer look
to Figure 21c) it can be seen that the intensities of the peaks for substrate 28 are much lower
than the other substrates at the same concentration. This will be more evident, and analysed
in detail in the following part of this Chapter. In any case, by subtracting the baselines of the
different spectra (Figure 22) it becomes evident that most of the differences across the SERS

spectra at a given concentration are due to the background. This can be appropriately
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compensated through the baseline adjustment routine of the Omnic software typically used

for the analysis of vibrational spectra.
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Figure 22: Perampanel spectra, from the top 3x10M, 1x10°M, 3x107M, corrected from

the baseline. The main peaks of Perampanel are indicated by the arrows.
The SERS experiments described above show a good inter-substrate repeatability. Therefore,

it becomes also interesting to investigate the fluctuations of the SERS signal of Perampanel

within the same substrate, probed in different spots. I recall, from the Experimental section
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above, that for each concentration value I collected the SERS spectra on five different spots,

randomly chosen, on the surface of each substrate.
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Figure 23: Spectra of Perampanel in H.O pH 2 collected on the same substrate per each
concentration: a) Spectra at concentration 3x10°M on substrate 20; b) Spectra at
concentration 1x10-°M on substrate 25; ¢) Spectra at concentration 3x107M on substrate
29. Spectra collected with 785 nm excitation, 50x objective, 1imW power, 30 seconds
acquisition time and 3 averages.

The spectra reported in Figure 23 have been collected from five different spots of three selected
substrates (20, 25, 29) out of nine which were dipped in acidic Perampanel solutions at
concentrations of 3x10°M (a), 1x10-M (b) and 3x107M (c). The Perampanel peaks are visible
at all concentrations and positions on the substrates. Consistently with the previous
observation, for the lowest concentration considered, I observe the largest signal fluctuations
across the different spots; at higher concentrations such fluctuations become smaller. Also in
this case, proper background subtraction by the Omnic software routine helps reducing SERS
signal fluctuations across the substrates (Figure 24). Based on these data, one can conclude
that a good reproducibility of the signal also occurs intra-substrate (i.e., the spatial uniformity

of the sensor is good).
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5.1.1 A simple analysis of the fluctuations of the SERS signal of

Perampanel

To further investigate the repeatability and reproducibility of the SERS measurements of
Perampanel on the Au substrates considered (Rotglass 8), I have analysed in more detail how
(for a fixed concentration) the signal fluctuates among the different spots within the same
substrate, and how it fluctuates across different substrates. To this aim, I manually evaluated
the area under the two most intense Perampanel markers (672 cm and 1003 cm™) by using
the Omnic software (on background corrected data).

For each concentration I have collected a total of five SERS spectra for each substrate, totalling
fifteen data acquisitions. In the following analysis, for each substrate, I considered four out of
the five collected spectra, since I excluded the outlier spectrum whose average intensity value
deviated most from the average of the others.

Summing up, I estimated the data dispersion by considering 4 spots for each substrate and 12
spots for each concentration. I evaluated the mean intensity value for each concentration and
for each substrate, and I have estimated the standard deviations.

When considering the dispersion of the peak intensities within a given substrate, the standard

deviation (o) was calculated by the formula:

[ w)?
T @D

where [, in the SERS intensity of a given peak measured in the k-th spot of a given substrate
and (I),;, is the mean SERS intensity of a given substrate.

It is also possible to evaluate the substrate accuracy (%), by defining a coefficient of variation
(CV), which I calculated as:

cv=—""1100
= —
(I)Conc
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Figure 25: Plot of the SERS intensities of the Perampanel peaks at 672 cm* (top) and 1003
cmt (bottom) across the different substrates used at concentration of 3x10-M (substrates 20-
23-24), 1x10°°M (substrates 25-26-27) and 3x107M (substrates 28-29-30). Error bars are
defined as the interval between media-sigma e media+sigma.

Figure 25 shows the dispersion across the different substrates of the SERS intensities of the
peaks of Perampanel at 672 cm (top) and 1003 cm (bottom). The black symbols indicate the

average intensity for a given substrate and the error bars indicate its standard deviation. The
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coloured dots in the background display the individual data points, represented with a
different symbol for each substrate, and with a different colour for each concentration
(substrates 20-23-24 were immersed in 3x10-°M Perampanel solution (red dots); substrates
25-26-27 in 1x10°M Perampanel solution (blue dots); substrates 28-29-30 in 3x107M
Perampanel solution (yellow dots)). The results plotted in Figure 22 are listed in the Table 5
and Table 6 below.

Substrate number (D sup o cv
20 1954.30 412.92 21.13 %
23 1854.30 194.30 10.48 %
24 1824.60 167.83 9.20 %
25 1711.05 170.36 9.96 %
26 1625.05 174.25 10.72 %
27 1668.43 171.37 10.27 %
28 651.30 190.15 20.20 %
29 1385.68 224.36 16.19 %
30 1514.20 379.06 25.03 %

Table 5: Sum up of all the average value with their standard deviation and accuracy of the
substrate for the 672 cm peak.

Substrate number (D sup o cv
20 5069.55 474.46 9.36 %
23 5074.85 606.16 11.94 %
24 4966.20 243.95 4.91%
25 4665.38 460.38 9.87%
26 4497.23 507.30 11.28 %
27 4314.60 348.48 8.08 %
28 1090.55 128.57 11.79 %
29 3894.53 373.27 9.58 %
30 3750.43 789.18 21.04 %

Table 6: Sum up of all the average value with their standard deviation and accuracy of the
substrate for the 1003 cm* peak.

Looking at Figure 25, and considering the tabulated data, we notice that the intensity
dispersion of both the 672 cm* and the 1003 cm! peaks are similar, more or less across all the
substrates.

Furthermore, it can be noticed that the data points become more widely scattered in substrates
28-29-30 which are those which have been probed at the lowest drug concentrations. Finally,

it is quite evident that, compared to the other substrates, substrate 28 is characterized by much
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smaller intensities for both SERS peaks. In other words, the measurements on substrate 28
are outliers. This clearly indicates that something peculiar should have happened either along
the production, or the handling of the substrate. The result could also depend on factors
related to the SERS measurement or to the preparation of the solution. For these reasons

substrate 28 will not be considered in the following analysis.

Following the same approach, I then considered the dependence of the measured SERS
intensities as a function of drug concentration. As discussed above, I chose 12 spots for
1x10°M and 3x10-°M Perampanel concentrations. For the reasons just showed, I considered 8
out of 12 spots for 3x107M Perampanel concentration, excluding the spots of the substrate 28.
I evaluated the average intensity values of both SERS peaks (672 cm and the 1003 cm),

together with their standard deviations. The standard deviation (o) was calculated with the

_ Z(Ik - (I)conc)z
7= n—1)

where I in the k-th spot intensity and (I) ., is the mean value of the SERS intensity of a given

formula:

peak for each considered concentration. It is also possible to evaluate the relative accuracy, by

defining a coefficient of variation (CV), which I calculated as:

cv x 100

_ o
(I)conc
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Figure 26: Plot of 672 cm* and 1003 cm™ Perampanel peaks intensity highlighting
dispersion for different Perampanel concentrations (3x107M, 1x10°M and 3x10°M).
Error bars are defined as the interval between media-sigma e media+sigma.

Figure 26 shows the dispersion of the intensities of the peaks at about 672 cm and 1003 cm!
at different concentrations and for the different substrates.

The black symbols indicate the average intensity for a given concentration and the error bars
indicate its standard deviation. The coloured dots in the background display the individual
data points, represented with a different symbol for each substrate, and with a different colour
for each concentration (substrates 20-23-24 were immersed in 3x10-6M Perampanel solution
(red dots); substrates 25-26-27 in 1x10-M Perampanel solution (blue dots); substrates 29-30
in 3x107M Perampanel solution (yellow dots)).

The obtained results, respectively for the peak at 672 cm and 1003 cm, are the following;:

Concentration (M) I o cv
3x10°6 ‘ 1877.73 260.45 13.87 %
1x10° 1668.18 159.85 9.58 %
3x107 1449.94 206.43 20.44 %

Table 7: Summary of the average intensity of the SERS peak of Perampanel at 672 cm; the
associated standard deviation and relative acccuracy for the three concentrations analysed
are also reported.
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Concentration (M) I o cv
3x10°6 ‘ 5036.87 424.93 8.44 %
1x10°6 ‘ 4492.40 428.36 9.54 %
3X107 ‘ 3822.48 576.78 15.09 %

Table 8: Summary of the average intensity of the SERS peak of Perampanel at 1003 cm; the
associated standard deviation and relative acccuracy for the three concentrations analysed
are also reported.

As evident by looking at Figure 26, (and confirmed by the numerical data in Table 7 and Table
8), the dispersion of the intensities is similar for the Perampanel concentrations of 1x10-‘M

and 3x10-6M, and it is broader for the concentration of 3x10-7M.

This analysis finally shows that such substrates produced by PLD on rotating supports can be
used to obtain SERS sensors with homogenous response, both within the same substrate, and

across different substrates from the same production batch.

5.2 Investigating the detection limit of Perampanel by
SERS

After successfully verifying that the PLD SERS sensors can detect Perampanel concentrations
of medical interest, I pushed myself below such concentration range, and I have considered
more diluted Perampanel solutions (3x109M, 3x101°M). I did this to check the concentration
limit for which the adopted Au substrates can detect the Perampanel signal in the experimental
conditions considered so far. To be sure that I was able to see the maximum signal from the
sensors, the dipping time used was much larger than the one used before (which typically was
of 5 minutes). This strategy was pursued because at long dipping times one is closer to reaching
saturation conditions of the substrate, thus obtaining the maximum SERS signal that the

sensor can bestow.

Experimental setup

I started from a 3ml stock solution of Perampanel (3x10-3M), then I diluted with pH 2 water,
up to reach 3x109M and 3x10°M concentrations. The total volume of the two solutions was
1.5 ml. I used two different substrates (id numbers 18 and 19, see Figure 12) coming from the
Rotglass 8 batch (see Table 2). The substrate 18, used on the 3x10-9 M solution, was dipped
overnight in the Perampanel solution. For substrate 19, used on the 3x10-°M solution, the

dipping time was about a week end. SERS spectra were recorded using 785 nm excitation, 1
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mW power, 60 seconds exposure time and 3 averages. To focus the radiation a 50x objective

was used.

Results
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Figure 27: a) Spectra of Perampanel in H,O pH 2 at 3x109M concentration on substrate
18, plus the spectrum of a reference substrate b) Zoom of spectra a) underlying
Perampanel markers. Spectra collected with 785 nm excitation, 50x objective, 1imW
power, 60 seconds acquisition time and 3 averages.
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Figure 27, shows the SERS spectra from five spots on substrate 18 exposed to the 3x10-M
water solution of Perampanel at pH 2. As highlighted by Figure 27b), Perampanel can be
detected by the presence of the two markers at 669 cm and 1001 cm . However, the lower
intensity markers at 875 cm™ and 2230 cm™ are no more visible. This result shows that
Perampanel can be detected and, by properly improving the experimental conditions, its signal
can be probably enhanced. Based on these results, I decided to attempt a further decrease in

Perampanel concentration thus testing 3x10-1°M concentration.
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Figure 28: Spectra of Perampanel in H.O pH 2 at 3x10°M concentration on substrate 19
plus the spectrum of a reference substrate (black line). Spectra collected with 785 nm
excitation, 50x objective, imW power, 60 seconds acquisition time and 3 averages.

Figure 28 shows the SERS spectra collected from five spots on substrate 19 exposed to a water
solution of Perampanel at 3x10-°M (pH 2). At such low concentration Perampanel is not
detectable and no markers of Perampanel are clearly distinguishable from the background
signal.

It can be concluded that 3x109M is the lower detection limit of Perampanel with the present

PLD substrates and setup of the SERS experiments.
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Chapter 6
Time- and concentration-dependence of

the sensors response to Perampanel

Once I proved that the Au sensors used in this thesis work are promising in Perampanel
detection, it is worth to study in more detail their interaction with the drug. In particular, I
focus here on the time dependence of the interaction of the drug with the substrates, and on
the concentration dependence of the response of the substrates. I analysed the time response
of the sensor by increasing the substrate dipping time. Therafter, at fixed dipping time, I

measured the response of the sensors to increasing Perampanel concentrations.

6.1 Time response of the sensors

To determine how quickly the sensor interacts with the drug molecules, and to assess when/if
the drug signal saturates, I analysed the SERS signal of Perampanel as a function of increasing
dipping time. Since different concentrations may not exhibit the same time-behaviour of the
SERS signal, the experiment was performed at three different drug concentrations, namely:
1x10-5M, 1x10°°M, and 1x107M. These concentrations are respectively above, within and below

the therapeutic range.

Experimental setup

The three solutions (1x10-5M, 1x10-M, 1x10-7M) were obtained starting from a 3ml Perampanel
stock solution (1x10-3M) properly diluted with water at pH 2. The substrates were immersed
at increasing times, for a total of 8 dipping times: 20s - 40s - 60s - 90s - 120s - 300s - 480s -
720s. Each time the sample is allowed to dry, the measurement is carried out and the substrate

is subsequently re-immersed in the same solution. At each time SERS spectra are collected
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from five different spots on the substrate. At each Perampanel concentration the volume of the
solution is of 5ml to neglect the loss of volume, and so of drug, due to the repeated dipping of
the substrate. I used three substrates (one for each Perampanel concentration value) coming
from the Rotglass 8 batch. The SERS spectra were recorded using 785 nm excitation and 1 mW

power focused on the sample by a 50x objective.

Results

I report here below representative SERS spectra of Perampanel at different concentrations (at
fixed dipping time, Figure 29), and representative SERS spectra of Perampanel at increasing
dipping time (at fixed concentration, Figure 30). The reported spectra were collected from

different substrates belonging to the same batch.

1003 cm™!

672cm’ Perampanel 1x10°"M|
Perampanel 1x10°°M
Y Perampanel 1x10°°M
875¢cm!
—
3
©
S
>
=
w
c
(0]
-
=
c
© ‘_J‘ b
"
E | | 1 Wil ‘“*,.- I |
[ ol v N A i, 'u'.‘."'”\ g ol
| "
l‘\‘\“ "‘I',"n sy b 1 il ‘-. I ) L I‘I‘I"J f'un' 1| ".“]wl‘ Ll “A‘-"';I
Tt APl 1T A T Pl PRI PR L T PR
‘[.‘fu;*..‘,, I 1 \\”N] W .*',"1"1‘".” ﬂ hy M.w I 1 |

T T T T T T T T T T T T T T T 1
500 600 700 800 900 1000 1100 1200 1300
Wavenumber (cm™)

Figure 29: Spectra of Perampanel (baseline corrected) at concentrations 1x105M,
1x10M, 1x107M, obtained at 300 seconds immersion, focusing on the region of the most
intense marker peaks. Spectra collected using 785 nm laser, imW power, 50x objective, 30
seconds acquisition time and 3 averages.

Figure 29 shows the spectra obtained at an immersion time of 300 seconds, for the three
concentrations (1x10-5M, 1x10°M, 1x107M) of Perampanel analysed. The spectra have been
baseline-corrected by Omnic software, and manually stacked to ease the comparison. Figure
29 focuses on the part of the spectrum where the most visible markers of Perampanel are
present (about 672 cm™, 875 cmand 1003 cm). It is important to notice that the peak at

about 1034 cm (the one close to the most intense Perampanel peak) is related to the substrate.
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It is a positive outcome to realize that, by increasing Perampanel concentration, the number
of Perampanel markers visible in the spectrum increases, together with their SERS intensity.
Indeed, at 1x107M Perampanel concentration (red spectrum) only the 1003 cm marker is
visible, while by increasing the concentration at 1x10-°M (blue spectrum) the 672 cm marker

also emerges, and for 1x10-5M (yellow spectrum) one can observe the 875 cm marker as well.
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Figure 30: Spectra of Perampanel (baseline corrected) at 1x10°M acquired at different
dipping time. The arrows indicate the marker peaks of Perampanel, flanked by the height
of the peak. Spectra collected using 785 nm laser, imW power, 50x objective, 30 seconds
acquisition time and 3 averages.

The spectra in Figure 30 show the behaviour of Perampanel SERS signal upon increasing the
immersion time of the substrate, at fixed Perampanel concentration of 1x10-°M. The SERS
markers at 672 cm and 1003 cm are identified and monitored.

By inspection of Figure 30 (that can be taken as examplary also for the other concentrations

considered), it is clear that the signal increases with increasing the exposure time of the
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substrate to the solution containing the drug. Obviously, the figure merely indicates the
behaviour of the substrates and does not suggest a trend yet. To investigate more about it, I
have determined for each time interval the area under the main peaks of Perampanel (the
intensities have been manually evaluated by using the Omnic software on baseline corrected
data). For each substrate I considered four out of the five collected spectra, since I excluded
the outlier spetrum whose average intensity value deviated most from the average of the

others.
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Figure 31: Trend of Perampanel 1000 cm™ peak at 1x10-5M, 1x10-M, 1x107M, fitted by an
exponential curve.

Figure 31 shows the time dependence of the SERS intensities of the peak at 1003 cm at the
three analysed concentrations: 1x105 M (yellow), 1x10-6 M (blue) and 1x107M (red). The dots
representing the evaluated peak intensity (average of the 4 spots), for a given time, are fitted
by an exponential curve using the OriginLab software.

For the sake of simplicity I used an exponential equation to fit the data. It is characterized by
a horizontal asymptote, corresponding to the expected saturation behaviour of the sensor. The

fit equation has the following expression:
_t
y=4A (1 —e r)

where the asymptotic value for each concentration A has been set equal to the maximum peak

intensity for each concentration.
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The equation above implies zero intensity at t=0, which is reasonable since in this condition
no contact between Perampanel and the sensor has occurred yet. This works in the fitting if
background contributions to the SERS intensity are correctly removed.
We notice first that, as the concentration changes, the dipping-time dependence of the
response of the sensor is similar, with the asymptotic value changing. This is a good outcome
since it means that the sensor is sensitive to drug concentration. This point of course is a
fundamental requirement for the final purpose of use. By inspecting the trends in Figure 31,
we note that all the curves, i.e. all the concentrations, reach saturation of the signal in the
maximum time considered, i.e. 720 seconds (12 min). The value of 7 in equation above
indicates how quickly saturation is reached. In particular, its value for the three concentrations
considered, is the following:

1. 7= 164.67 % 16.14 seconds for 1x107M

2. 7 =153.67 + 12.04 seconds for 1x10-°M

3. T = 33.41 + 3.02 seconds for 1x10-5M

Saturation is reached faster at higher concentrations, as also evident from the data shown in
Figure 31. This is intuitive since, higher concentration means a higher quantity of drug
molecules that can interact with the substrate and quickly occupy the active SERS sites of the
surface (hot spots). Interestingly we found that, if we plot the time constant 7 as a function of

the concentration we get a linear trend (Figure 32).
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Figure 32: Trend of the time constant (t) vs concentration, for the three cases analysed.
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To properly address the behaviour of the time constant (1) and to get a more accurate view of
the behaviour of the substrate interacting with the Perampanel molecules, a detailed
theoretical model of the adsorption kinetics is needed. This goes beyond the aim of this
experimental thesis work, but the data collected here could pave the way to develope and
validate such models.

Up to now, just the 1003 cm peak has been considered. Indeed this is the only peak that is
visible at all three Perampanel concentrations. Anyway, the kind of analysis just reported can
be applied also to examine the trend of the peak at 672 cm (see Figure 33) at Perampanel

concentrations of 10-5 M and 106 M.
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Figure 33: Trend of Perampanel 672 cm™ peak at 1x105M and 1x10°M fitted by an
exponential curve.

Figure 33 shows the time dependence of the intensity of the peak at 672 cm, visible at
1x105M (yellow line) and 1x10M (blue line) Perampanel concentration. The dots
representing the evaluated peak intensity, for a given time, are fitted by the same exponential
curve as before using the OriginLab software.

Similar to the previous case of the peak at 1003 cm, also the peak intensity at 672 cm™
increases with Perampanel concentration and for both concentrations the peak reaches

saturation at 720s (12 min), more rapidly for the highest concentration.
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6.2 Concentration response of the sensor

After analysing the time response of the substrates to Perampanel molecule, I analysed the
sensitivity of the substrates to the drug concentration by considering different Perampanel
concentrations at fixed immersion time. In this experiment, substrates belonging to the
Rotglass 9 (see Table 2) batch were used. To verify that their behaviour was comparable to the
behaviour of the substrates used before (Rotglass 8), I first checked (at a given Perampanel
concentration, 1x10-°M) the dipping-time dependence of the intensity of the Perampanel peaks

of one of the Rotglass 9 substrates (substrate 7, see Figure 12).
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Figure 34: Trend of Perampanel 670 cm* and 1000 cm™ peaks at 1x10°M Perampanel
concentration fitted by an exponential curve, on substrate 7 of Rotglass 9 batch.

The results of this series of experiments were analysed as before and are summarized in Figure
34, which satisfactorily displays the same trend of substrates from Rotglass 8 batch. Indeed,
Figure 34 shows the trend of the peaks at 670 cm and 1000 cm fitted by the same exponential
curve of before.

After this, I proceeded to analyse five concentrations of Perampanel, namely: 1x107M,
3.33x107M, 6.66x107M, 1x10°M and 3.33x10M.

Experimental setup
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Five solutions were prepared starting from a 3 ml stock solution of Perampanel (1x10-3M) and
then diluted with pH 2 water, to obtain 1x107M, 3.33x107M, 6.66x107M, 1x10°M and
3.33x10°M Perampanel concentrations. Each solution had 1.5 ml volume.

A total of six substrates were used, of which five for the Perampanel solutions and one analysed
dry, i.e. without being immersed in any solution (blank reference spectrum).

I used a dipping time of five minutes. The spectra were recorded using the 785 nm excitation

and 1 mW power focused on the sample by a 50x objective.

Results

Aiming to analyse the dynamic range of concentrations measurable by the sensors, I have
collected the SERS spectra at 300 seconds of dipping time in solutions of Perampanel at
different concentrations. This time has been chosen since it is preferable (than higher times)
for practical applications and gave a signal which is quite close to the maximum obtainable
signal (saturation), as shown in Figure 34. Given the number of different substrates available,

the Perampanel concentrations that I was able to analyse were: 1x107M, 1x10-M, 3.33x10°M.
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Figure 35: Spectra of Perampanel (baseline corrected) at concentrations 1x107M, 1x10°M,
3.33x10°5M, at 300 seconds immersion, focusing on the region of the most intense marker
peaks, plus the spectrum of a dry reference substrate. Spectra collected using 785 nm laser,
1mW power, 50x objective, 30 seconds acquisition time and 3 averages.

Figure 35 shows the spectra obtained with an immersion time of 300 seconds, at three

Perampanel concentrations (1x107M, 1x10°M, 3.33x10°M), manually stacked to highlight the
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differences, and baseline-corrected by using Omnic software. In addition, there is also the
spectrum of a substrate of the same batch, which has not interacted with any solution. Figure
35 highlights the part of the spectrum where the most visible markers of Perampanel are
present (about 670 cm, 875 cm-*and 1002 cm). The peak at about 1034 cm is related to the
substrate.

We notice that, by increasing the concentration, the intensity of the signal also increases and
Perampanel markers appear more defined and distinguishable from the background. Now, to
evaluate the intensity of the SERS signals I used the same procedure as before. Briefly, I
evaluate the intensities, as area under the 670 cm and 1002 cm* peaks (manually, using
Omnic software), considering four out of the five collected spectra for each substrate, excluding
the spectra whose average intensity value deviated most from the average of the other (see |

6.1 Time response of the sensors: Results).
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Figure 36: Trend of Perampanel 670 cm™ and 1002 cm peaks at 1x107M, 1x10°M,
3.33x10°5M, where the zero is the signal recorded with no Perampanel is on the substrate.
Data are fitted by an hyperbolicl curve.

In Figure 36, the intensity of the SERS signal is shown for the peaks at about 670 cm (red)
and 1002 cm (blue), for the concentrations: 1x107M, 1x10-M, 3.33x10-°M.
A hyperbolic function, which is one of the best options to fit such experimental data (Zanchi et

al., 2015), is used for the fitting. In particular the chosen hyperbolic curve has this expression:

_ bPix
P+ x

y

From the fits in Figure 36, we see that the SERS signal of the sensor is saturating at increasing
concentration. We notice that, if we consider the therapeutic concentration range (about
3x107M-3x10-°M), the substrates appear to be more sensitive precisely in this concentration
range (and even below these concentrations). This is particularly interesting for the possible

developments and applications of these sensors.
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Conclusions

In my thesis I studied the SERS activity of Perampanel on Au substrates aiming at exploring

their behaviour and assessing their ability to detect the drug concentrations of clinical interest.

First, I collected Raman spectra of protonated Perampanel in methanol, that could be useful
to infer drug protonation centres, to test the effects of the acidification. Then I verified that

protonation improves Perampanel SERS signal on PLD made Au substrates.

Based on these results, I examined Perampanel solutions in water, approaching the condition
of real samples, acidified with HCl at pH2. I tested three Perampanel concentrations (
3x107M,1x10°°M and 3x10-°M, that fall within the therapeutic concentration range) by dipping
three different substrates for each concentration in the corresponding Perampanel solution for
5 minutes. I showed that the SERS signal of Perampanel is visible at such diluted
concentrations. This opens the way to test hereafter real samples extracted from patient under
Perampanel therapy.

I also verified that the Perampanel signal on the Au sensors are characterized by a good
reproducibility and repeatability, showing that the fluctuations of the SERS spectra (among
different substrates and among different spots of the same substrate at a given Perampanel
concentration) are mainly due to background contributions, that can be properly compensated
by spectra analysis.

I further provided a simple statistical analysis on the dispersion of the SERS intensities of the
two main Perampanel markers, at a given concentration, in the two cases: within the same
substrate, and among different substrates. From such analysis it turns out that the higher data
dispersion occurs for the lowest concentration and the lowest intensity peak. The analysis
confirmed a good homogeneity among the different sensors. Indeed, the obtained results

highlight that such Au sensors are very promising for being used in TDM of NTI drugs.
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After that, I tested the limits of detection by considering highly diluted Perampanel solutions
(3x109M, 3x10°M), and by dipping the substrates for a much longer time than for the
previous measurements (i.e., several hours). I found that, at 3x10-9M the two main markers of
Perampanel are still detectable. At the concentration of 3x10-1°M, however, no reliable signal

of Perampanel can be detected with the substrate I used.

Finally, I investigated in detail the time- and concentration-dependence of the interaction of
the Au substrates with Perampanel. I first considered the response of the sensors at increasing
dipping times in Perampanel solutions. I have found that the Perampanel signal increases with
dipping time with an exponential behaviour, reaching saturation at long enough dipping time.
For the three different concentrations (1x107M, 1x10-°M, 1x10-5M) analysed I found the same
exponential trend, but saturation is reached faster at higher concentrations.

Then I explored the sensitivity of the substrates by analysing the dynamic concentration range
of these sensors. I considered three Perampanel concentrations (1x107M, 1x10°M,
3.33x10°M) showing that the SERS signal increases with concentration, and saturates, with a

hyperbolic trend that exhibits a higher slope (sensitivity) in the therapeutic range.

The outcomes of this thesis show that it is worth to pursue this research, improving and
refining the knowledge already acquired to set up SERS spectroscopy as a reliable and
affordable option for TDM. Furthermore, the technique can be extended to classes of drugs
other than AEDs.

In perspective, it could be interesting to exploit more favourable SERS conditions. For instance
SERRS (Surface Enhancement Resonant Raman Scattering) is an appealing way to further
increase the signal, and make the sensors even more sensitive than the ones used in this thesis
work. Such sensors could be realized by combining surface chemistry and more metals
(making alloys) to properly tailor the optical properties, thus reaching improved resonance

conditions.
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