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Introduction and Contents

The role of photonics is predominant in our lives today. The importance of light cannot
be taken for granted, because it is essential to most aspects of our contemporary society.!!
Photonics is a branch of optics, which essentially studies the photons' generation, detection,
and manipulation. Furthermore, nowadays, photonics has taken on a different connotation,
which concerns the correct use of light as a tool for human beings' benefit. It is not
surprising that photonics has become a part of every aspect of our life, from everyday lives
to highly innovative science. In fact, it is exploited in applications involving data
transmissions, such as optical fibers and optoelectronics, laser printing, two-photon
polymerization, digital holography, fiber-optic lasers and sensors. ! Besides, it is currently
fully involved in a wide range of healthcare applications, such as imaging used in hospitals
or lasers used for optometric surgery, imaging and disease prevention, and endoscopy.!*!
But the aspect that, today, most captures the attention of not only basic scientific research
but also of clinical research, concerns photonics which lends itself as a decisive tool in
biomedicine, theranostics, and above all precision nanomedicine, an emerging field often
called nanobiophotonics.!

Nano-photonics studies the interaction of light with nanostructured matter and offers
the advantage to confine electromagnetic (EM) waves to dimensions lower than the
wavelength of the incident radiation, coupling the light with materials characterized by a
high dielectric permittivity. Among all these materials, considerable interest has been
directed towards metal plasmonic nanoparticles, such as Gold NanoParticles (AuNPs). 4!
One of their most fascinating and useful aspects is their resonant optical property and the
interconnected light-triggered thermal effect, the Plasmonic Photo-Thermal (PPT) effects.

When AuNPs are illuminated by appropriate incident radiation, they concentrate a
strong EM field at the nanoscale, and cause a coherent and dipolar oscillation of the surface
electrons (Localized Surface Plasmon Resonance, LSPR), the damping of which leads to
the heat produced by Joule dissipation.®! This phenomenon is triggered under excitation by
a suitable light of a wavelength that matches the intrinsic LSPR at the interface. AuNPs are
harmless, biocompatible, and unarmed until a suitable incident light triggers them at the
resonant frequency when they become fearsome weapons that convert light into highly
localized heat. This phenomenon has turned AuNPs into a promising tool for cancer
treatment!®, makes them the best candidates for applications requiring spatio-temporal
confined heating.[”)

Cancer is one of the greatest, ever-present challenges facing our world. It affects
everyone regardless of age, gender, or social status and represents a huge burden on
patients, families, and society in general. If no further action is taken, the European
Research Commission says, the number of people newly diagnosed with cancer each year
in Europe will increase from the current 3.5 million to over 4.3 million by 2035. In light of
that statement, cancer has been included among the missions in need of urgent resolution
plans in the European Framework Program for Research and Innovation, Horizon Europe
2021-2027.
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AuNP-based plasmonic photothermal therapy (PPTT) has been extensively explored
for several cancer treatments, generating strong success, and in many cases achieving
promising results.?! Strong optical absorption and highly efficient photothermal
conversion at the cancer sites are crucial to the high efficacy of AuNPs-based PPTT. ¥

Ideal nano-formulations for PPTT should meet several criteria: (i) have strong and
tunable LSPR, especially in the “biological window” (NIR wavelengths) for better tissue
penetration, (ii) high photo-thermal efficiency, (iii) have low toxicity by changing the
common colloidal stabilizer CTAB know to be toxic, (iv) and be easy to functionalize via
bioconjugation for actively targeting specific cancer sites and maximize the cellular
uptake.!”!

The LSPR frequency can be ecasily tuned, in the most suitable spectral band, by
changing the particles' size, shape, or environment, and the light-to-heat conversion can be
optimized.["!! To actively deliver AuNPs in the target tumoral site, several strategies can be
exploited, such as antibody-antigen or ligand-receptor recognition, to have a highly
targeted action.!'?! In that way, laser-induced local heating of tumoral tissue through PPTT
using either pulsed or continuous laser radiation and mediated by light-absorbing AuNPs
provides precisely localized damage limited to even single cells.[!]

Like cancer cells, most bacteria (such as the mesophilic strain of bacteria Escherichia
Coli, E. Coli) viability is compromised when experiencing a temperature greater than 45
°C. Therefore, a similar PPTT strategy can be explored, for sterilization and disinfection
applications, such as a valid tool for dealing with the emergency of antibiotic resistance.
[14-16]

The possibility of tuning the LSPR band, simply by acting on the refractive index of
the medium surrounding the AuNPs, offers incredible possibilities for the realization of
optical and biosensory devices and represents one of the crucial aspects of this thesis work.
Precisely for this purpose, a particular class of soft materials was investigated, thermotropic
Liquid Crystals (LCs), whose optical properties undergo substantial changes under the
thermal effect. Despite the intriguing properties of LCs, they suffer from a lack of
biocompatibility. To channel towards biomedical applications, it was essential to consider
another class of smart and thermo-responsive materials, the hydrogels.

Furthermore, probing and exploiting the AuNPs plasmonic heating, both at macroscale
using the indirect method or at the nanoscale using thermo-responsive materials, is
mandatory for a safe and side-effect free PPTT. This is the main topic of my Ph.D. thesis.

The work in this thesis is organized as follows:

o The first chapter aims at providing a general overview of the physical phenomena
underlying the unique properties of AuNPs. The LSPR optical phenomenon is
treated with the quasi-static approximation, and then the main parameters
responsible for the plasmon band tuning are described.

o In the second chapter, the basic theory behind the AuNPs light-to-heat conversion
phenomenon is discussed. The general equations governing the distribution of heat
from an AuNP to its surrounding medium is not a new concept; the heat transfer
equation has been used to describe all the systems in which a transfer of heat
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between different media occurs for decades. Finally, the PPT heating produced by
an ensemble of AuNPs and its potential uses is examined.

In the third chapter, various techniques to detect the temperature triggered by
LSPR at the macro and nanoscale are introduced. In particular, the infrared
thermography technique is described in detail, underlining the pros and cons of
using this investigation method. Then we focus on using smart and heat-responsive
materials, from whose response to the temperature changes induced by the AuNPs,
it is possible to detect the temperature variation at the nanoscale. The materials
used for these nano-thermometry applications are mainly LCs and hydrogels, soft
materials whose optical properties change in response to temperature changes. The
transition from LCs to hydrogels represents a necessary step to approach the PPT
effect applications in the biomedical field. This first part of the experiments was
mainly performed in the Optics Laboratory (University of Calabria) coordinated
by Prof. Cesare Umeton. Besides, for the part concerning the hydrogels fabrication
and morphological characterization, we collaborated with Dr. Filippo Pierini, from
the Department of Biosystems and Soft Matter, Institute of Fundamental
Technological Research, Polish Academy of Sciences, Warsaw. These
experiments were published and reported in articles 1, 3, 6 of the publication list.
In the fourth and last chapter, two applications of the biomedical field’s PPT effect
are finally presented. The first essentially concerns the use of Au nano-heaters, as
a tool for the fight against antibiotic resistance. An in-vitro method for killing
bacteria is presented, taking Escherichia Coli as a model mesophilic bacterium, by
triggering rod-shaped AuNPs with NIR light. On the other hand, the second
application focuses on the fight against tumors through PPTT mediated by a
completely innovative class of AuNPs, made extremely biocompatible by
bioconjugation with a protein, keratin. The use of Ker-AuNPs has made it possible
to obtain a highly stable and biocompatible colloidal solution, excellent
internalization in glioblastoma cancer cells, and considerable heat-induced
lethality at the nanoscale towards glioblastoma cancer cells. The experiments
concerning the PPTT-based bacteria disinfection were conducted in the Physics
Department's cleanroom (University of Calabria), collaborating with researchers
from CNR-Lab. Licryl, Institute NANOTEC. The Ker-AuNP-based PPT
experiments applied to glioblastoma cancer cells were conducted in the
Biophotonics laboratory of Prof. Luciano De Sio, Department of Medical-Surgical
Sciences and Biotechnology, Sapienza University. Furthermore, for the synthesis
and morphological characterization of Ker-AuNPs we had the fundamental support
of Dr. Giovanni Perotto of Smart Materials, Italian Institute of Technology (IIT).
Part of the results presented can also be accessed in the 4 and 7 published journal
articles.

In the appendix at the end of the thesis, an interesting application in the photonics
field, with possible implications in the medical field, is described. A new class of
waveguides, embedded in a transparent and biocompatible material, the PDMS,
have been created using direct laser writing and the two-photon
photopolymerization (2PP) technique.'”? The 2PP 3D microfabrication method
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works within the near-infrared (NIR) radiation, implementing additive
manufacturing with sub-diffraction limit resolution within the bulk of a
photosensitive material, reaching a much better structural resolution and quality
than the widely exploited soft lithography method.["®! This technique has allowed
the realization of very shallow waveguides at the micrometric scale. Subsequently,
employing a thin film of photo-aligning and a thin layer of Nematic LCs (NLCs),
the waveguide coupled light's polarization-dependent behavior was investigated,
exploiting the intrinsic NLC birefringence. This application could pave the way for
realizing PPTT, not only of superficial tumors but also of deep tumors reachable
by light coupled in micrometric and biocompatible fibers. The fabrication and
characterization of these waveguides were entirely performed in the Optics
Laboratory of Prof. Demetri Psaltis and the cleanroom of the Center for
MicroNanotechnology (CMi) at the EPFL, Ecole Polytechnique Fédérale de
Lausanne, Switzerland.

Introduction and Contents (Italian)

La fotonica ha assunto un ruolo predominante nelle nostre vite, tanto da rendere
I'impiego della luce essenziale per la maggior parte degli aspetti della nostra societa
contemporanea. Essenzialmente la fotonica ¢ una branca dell'ottica, che studia la
generazione, il rilevamento ¢ la manipolazione di fotoni. Inoltre, al giorno d'oggi, la
fotonica sta via via assumendo una connotazione diversa, che vira verso il corretto utilizzo
della luce come strumento a beneficio degli esseri umani.

La fotonica trova impiego in applicazioni concernenti la trasmissione di dati (fibre
ottiche e optoelettronica), stampa laser, scrittura laser diretta e polimerizzazione a due
fotoni, olografia digitale e sensori. Inoltre il suo impiego ormai si estende anche ad
applicazioni sanitarie, come le tecniche di imaging, le metodiche diagnostiche per la
prevenzione di malattie, la chirurgia laser e I'endoscopia. Ma l'aspetto che, oggi, cattura
maggiormente 1'attenzione della ricerca scientifica traslazionale, riguarda la fotonica che si
presta come strumento determinante in biomedicina, teranostica e soprattutto
nanomedicina di precisione, un campo emergente spesso definito nanobiofotonica.

La nano-fotonica studia I'interazione della luce con la materia nano-strutturata ed offre
il vantaggio di poter confinare le onde elettromagnetiche (EM) in dimensioni inferiori alla
lunghezza d'onda della radiazione incidente, accoppiando la luce con materiali
caratterizzati da un'elevata permittivita dielettrica. Tra tutti questi materiali, le
nanoparticelle plasmoniche metalliche, come le nanoparticelle di oro (AuNPs), rivestono
un ruolo di particolare rilievo. Il loro fascino deriva maggiormente dalle loro proprieta
ottiche correlate alle proprieta foto-termiche.

Quando le AuNPs sono illuminate da un’opportuna radiazione incidente, confinano un
forte campo EM su scala nanometrica; viene, cosi, generata un'oscillazione coerente e
dipolare degli elettroni liberi di superficie (Risonanza Plasmonica Superficiale Localizzata
LSPR), il cui smorzamento produce calore tramite effetto Joule. Questo fenomeno ¢ indotto
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dall’interazione con un fascio di luce caratterizzato da una lunghezza d'onda che
corrisponde proprio all'LSPR delle AuNPs. Le AuNPs infatti sono innocue e
biocompatibili, fino a quando non vengono irradiate ed eccitate da una specifica radiazione
risonante, che le trasforma in potentissime nano-sorgenti di calore altamente localizzato.
L’effetto fototermico ha reso le AuNPs uno strumento promettente per la cura del cancro,
e le migliori candidate per applicazioni che necessitano di calore confinato sia nello spazio
che nel tempo.

Il cancro ¢ una delle maggiori sfide da affrontare; colpisce tutti indipendentemente
dall'eta, dal sesso o dallo stato sociale e rappresenta un enorme fardello per i pazienti, le
famiglie e la societa in generale. Senza ulteriori e specifiche azioni, afferma la commissione
Europea per la ricerca, il numero di persone con una nuova diagnosi di cancro ogni anno
in Europa aumentera dagli attuali 3,5 milioni a oltre 4,3 milioni entro il 2035. Proprio alla
luce di tali previsioni, il cancro ¢ stato inserito tra le missioni che necessitano di urgenti
piani risolutivi, nel programma Europeo per la ricerca e I’innovazione, Horizon Europe
2021-2027.

La terapia plasmonica fototermica (PPTT) che fa uso di AuNPs ¢ stata estensivamente
esplorata per il trattamento del cancro riscuotendo forte successo ed ottenendo in molti casi
risultati incoraggianti e promettenti. Affinché la PPTT venga attuata sortendo gli effetti
desiderati bisogna disporre di AuNPs caratterizzate da un’elevata sezione d’urto
d’assorbimento e un’efficiente conversione fototermica localizzata nella regione di
interesse.

Le nano-formulazioni ideali per la PPTT devono soddisfare diversi criteri: (i) una
LSPR facilmente sintonizzabile nella "finestra biologica" (lunghezze d'onda nel vicino
infrarosso, NIR) per una migliore penetrazione nei tessuti; (ii) efficienza di conversione
luce-calore significativa, (iii) citotossicita trascurabile, (iv) funzionalizzazione tramite bio-
coniugazione facilmente accessibile, cosi da bersagliare selettivamente le cellule tumorali
e massimizzarne l'uptake cellulare.

La frequenza della LSPR puo essere facilmente regolata, nella banda spettrale piu
adatta, cambiando le dimensioni, la forma o I'ambiente circostante delle AuNPs; allo stesso
modo la conversione da luce a calore pud essere ottimizzata. Al fine di veicolare
attivamente le AuNPs nel sito tumorale bersaglio, ¢ possibile sfruttare diverse strategie
come il riconoscimento anticorpo-antigene o recettore-ligando, cosi da avere un'azione
altamente mirata e localizzata, scongiurando eventuali effetti collaterali sui tessuti
circostanti sani. In questo modo, il riscaldamento locale del tessuto tumorale indotto dal
fascio laser tramite PPTT procura un danno spazialmente confinato, che puo raggiungere
precisioni anche dell’ordine della singola cellula.

In maniera similare alle cellule tumorali, anche la vitalita della maggior parte dei
batteri (come il ceppo mesofilo di batteri Escherichia Coli, E. Coli) ¢ compromessa quando
questi ultimi sono sottoposti ad una temperatura superiore a 45°C. Pertanto, la strategia
PPTT puo essere efficientemente traslata, anche per applicazioni di sterilizzazione e
disinfezione, cosi da essere un valido strumento per affrontare l'emergenza dell’antibiotico-
resistenza.

La possibilita di adattare la banda plasmonica, agendo semplicemente sull'indice di
rifrazione del mezzo che circonda le nanoparticelle, offre incredibili possibilita per la
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realizzazione di dispositivi ottici monitorabili dall’esterno con la luce, e rappresenta uno
degli aspetti cruciali di questo lavoro di tesi. Proprio a questo scopo ¢ stata indagata una
classe particolare di materiali intelligenti, i cristalli liquidi termotropici (LCs), le cui
proprieta ottiche subiscono sostanziali modifiche sotto l'effetto termico. Nonostante i
cristalli liquidi godano di intriganti proprieta, essi peccano di mancanza di biocompatibilita,
per cui ¢ stato fondamentale, al fine di indirizzare la ricerca alle applicazioni biomediche,
prendere in analisi un'altra classe di materiali termo-responsivi, gli idrogel.

Sintetizzando, lo scopo principale di questo lavoro di tesi consiste nel sondare e
sfruttare il riscaldamento plasmonico indotto dalle AuNPs, sia su macroscala avvalendosi
della termografia infrarossa, sia alla nanoscala mediante i materiali termosensibili, in modo
da ottenere una PPTT sicura e priva di effetti collaterali.

La tesi ¢ organizzata come segue:

e 1l primo capitolo mira a fornire una panoramica generale dei fenomeni fisici alla
base delle proprieta ottiche delle AuNPs. Il fenomeno della LSPR ¢ stato trattato
sfruttando l'approssimazione quasi-statica, dopodiché sono stati illustrati i
principali parametri responsabili del “tuning” della banda plasmonica.

e Il secondo capitolo tratta il fenomeno della conversione di luce in calore ad opera
delle AuNPs. Vengono illustrate le equazioni generali che governano la diffusione
del calore generato da una singola AuNP al suo mezzo circostante, ottenute
partendo dalle ben note equazioni di trasferimento del calore. Infine, ¢ stato
esaminato il riscaldamento prodotto da un insieme di AuNPs e i possibili utilizzi.

e Nel terzo capitolo, vengono introdotte diverse tecniche atte a monitorare e
misurare la temperatura indotta a seguito della LSPR alla macro e nano scala. In
particolare, viene descritta dettagliatamente la tecnica di termografia infrarossa,
sottolineando i pro e i contro dell'utilizzo di tale metodica di indagine.
Successivamente ci si ¢ concentrati sull'impiego di materiali intelligenti e termo-
responsivi, dalla cui reazione ai cambiamenti di temperatura indotti dalle AuNPs,
si riescono ad ottenere informazioni sulla variazione di temperatura alla nano-
scala. 1 materiali utilizzati, in queste applicazioni di nano-termometria, sono
soprattutto i cristalli liquidi e gli idrogel, materiali soffici le cui proprieta ottiche
mutano in funzione dei cambiamenti di temperatura. Il passaggio dai cristalli
liquidi agli idrogel rappresenta uno step necessario per avvicinarsi alle applicazioni
dell'effetto fototermico al campo biomedico. Questa prima parte degli esperimenti
¢ stata condotta principalmente nel Laboratorio di Ottica del Prof. Cesare Umeton
dell'Universita della Calabria. Inoltre, per la parte riguardante la fabbricazione ¢ la
caratterizzazione morfologica dell’idrogel, ci siamo avvalsi dell'importante
collaborazione con il Dr. Filippo Pierini, del Dipartimento di Biosistemi e Materia
Soffice, Istituto di Ricerca Tecnologica Fondamentale, Varsavia. I risultati di
questi esperimenti sono oggetto degli articoli 1, 3, 6 della lista delle pubblicazioni.

e Nel quarto capitolo, vengono infine presentate due applicazioni dell'effetto
fototermico nell'ambito biomedico. La prima riguarda essenzialmente 1'impiego
delle AuNPs come strumento per la lotta contro l'antibiotico-resistenza. Viene
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presentato un metodo in-vitro per indurre mortalita nei batteri, prendendo come
batterio mesofilo modello il ceppo di E. Coli, ed eccitando con luce NIR delle
AuNPs a forma di bastoncino, le Au-Nanorods. La seconda applicazione invece si
focalizza sulla lotta contro i tumori tramite PPTT mediata da una nuovissima
generazione di AuNPs bioconiugate con una proteina, la keratina (Ker-AuNPs).
L'impiego delle Ker-AuNPs ha permesso di ottenere una soluzione colloidale
fortemente stabile e biocompatibile, un’ottima internalizzazione nelle cellule
tumorali di glioblastoma, ed una notevole letalita indotta dal calore alla nanoscala
nei confronti delle cellule tumorali. La campagna sperimentale concernente i
batteri ¢ stata principalmente condotta all’interno della camera bianca nel
Dipartimento di Fisica dell'Universita della Calabria, in collaborazione con i
ricercatori del CNR-Lab. Licryl, Istituto NANOTEC. Gli esperimenti di PPTT,
sfruttando le Ker-AuNPs applicati a cellule cancerose di glioblastoma sono stati,
invece, condotti nel laboratorio di Biofotonica del Prof. Luciano De Sio,
Dipartimento di Scienze Medico-Chirurgiche e Biotecnologie, Universita La
Sapienza. Inoltre, per la sintesi e la caratterizzazione delle Ker-AuNPs ci siamo
avvalsi del prezioso supporto del Dr. Giovanni Perotto dell’IIT (Genova). E
possibile accedere a parte dei risultati negli articoli 4 e 7 pubblicati su rivista.
Nell'appendice a fine tesi, viene descritta un’interessante applicazione in ambito
fotonico. Facendo uso della scrittura diretta tramite laser e della tecnica di
fotopolimerizzazione a due fotoni (2PP) ¢ stata realizzata una nuova classe di guide
d'onda, incorporate in un materiale trasparente e biocompatibile, il PDMS. Il
metodo 2PP di microfabbricazione 3D opera nel range di radiazione del NIR e
consente la scrittura di guide d’onda all'interno di un materiale fotosensibile,
raggiungendo una risoluzione strutturale ¢ una qualita nettamente migliori rispetto
al piu comune metodo di litografia. Infatti, tale tecnica ci ha permesso di realizzare
guide d'onda alla scala micrometrica, molto superficiali. Successivamente tramite
I'impiego di un layer nanometrico di fotoallineante ¢ uno strato sottile di CLs, ¢
stato indagato il comportamento dipendente dalla polarizzazione della luce
accoppiata nelle guide d'onda, sfruttando la birifrangenza intrinseca dei CLs.
Questa applicazione potrebbe aprire la strada alla realizzazione di PPTT, non solo
per tumori superficiali, ma anche tumori profondi e non facilmente accessibili, resi
raggiungibili dalla luce accoppiata in fibre micrometriche ¢ biocompatibili. La
fabbricazione e la caratterizzazione di queste guide d'onda ¢ stata interamente
eseguita nel Laboratorio di Ottica del Prof. Demetri Psaltis ¢ nella camera bianca
del Centro di MicroNanoTecnologia (CMi) dell'EPFL, Ecole polytechnique
fédérale de Lausanne, in Svizzera.






Chapter 1

FUNDAMENTALS OF LOCALIZED SURFACE
PLASMON RESONANCE IN GOLD
NANOPARTICLES

In this chapter, the fascinating optical phenomenon of Localized Surface Plasmon
Resonance (LSPR), arising from the interaction between an electromagnetic (EM) wave
and the conduction electrons in a Gold Nanoparticles (AuNPs), is described. In order to
describe the LSPR, from an optical point of view, it is necessary to explain it in terms of
the extinction cross-section, since the phenomenon is closely related to the phenomenon of
absorption as to that of scattering of light radiation. The optical process is presented, by
considering the interaction of metal nanoparticles (NPs) with an EM wave in order to
induce the resonance condition. This first chapter deals with the theoretical description of
the LSPR by means of the quasi-static approximation approach, valid for sub-wavelength
spheres, without going into the details of the Mie theory that is required to discuss NPs of
larger dimensions and it is not strictly required for the thesis purpose. In the concluding
sections some of the major morphological, chemical, and physical factors that influence
the LSPR, and how to properly manipulate them according to the required application, are
investigated.

1.1 Introduction to Nano-Plasmonics

Gold has always aroused a strong interest, for its unique chemical and optical
properties, both in its macroscopic and microscopic state, but the most intriguing
phenomena emerge in the metallic structures reduced to the nanoscale.

On a macroscopic scale, gold is characterized by its unique bright yellow color and its
chemical stability. At the nanoscale, the optical phenomena manifest themselves
immediately in a perceptible way to our eyes, with very precise colors: indeed a solution
containing spherical NPs has a characteristic purple-red color.

The behavior of the matter at the nanoscale is unexpected and different from that of
bulks and is related to the unusual electronic configuration combines with other effects due
to the extremely small dimensions: (i) high ratio of surface atoms to bulk atoms, so that
overall properties are dictated by the surface atoms, (ii) EM confinement when an optical
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wave interacts with a AuNP giving rise to their specific color through a LSPR, and (iii)
quantum effects that explain the change from metallic to semiconducting character of very
small NPs.['! The branch of optics, and more particularly of nanophotonics, that deals with
the behavior of EM waves in the visible range in nanostructured materials is
NanoPlasmonics?).

In particular, the LSPR phenomenon allows to push down and amplify the electric field
at the AuNPs surface, on a scale much shorter compared to the incident radiation
wavelength. In the far field, such resonant excitation leads to both strong absorption and
scattering of light. The study of these phenomena and their applications is the main goal of
NanoPlasmonics.

1.2 Optical behavior of metal: the dielectric function

AuNPs have a considerable number of easily polarizable and free conduction
electrons, predominantly distributed at the surface, which is an essential prerequisite for
interaction with EM fields. The main consequence is that the AuNPs are capable of
squeezes EM waves into very small scales; therefore they possess the ability to amplify the
EM field at nanometric distance from the metal surface. This optical process is one of the
fundamental phenomena in the study of plasmonics, in fact, the term "plasmons" refers to
collective oscillations of free electrons in metals. In the presence of an oscillating EM field,
the conduction band free electrons of metal undergo collective oscillations in resonance
with a particular frequency of light, the so-called plasmon resonance w;spg. The electric
component of the external optical field exerts a force on the conductive electrons and
displaces them from their equilibrium positions creating uncompensated charges at the NPs
surface. The difference in the total charge present at the NPs surface behaves as a restoring
force, causing a dipolar oscillation of all electrons, with the same phase. Hence, the
plasmon in an NP can be considered as a mass-spring harmonic oscillator driven by the
energy resonant light wave, where the electron cloud oscillates like a simple dipole in
parallel direction to the electric field of the EM radiation. (Figure 1.1)

Figure 1.1 — Scheme of LSPR for a sphere, showing the displacement of the conduction electron
charge cloud relative to the nuclei.
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Such a coherent and dipolar oscillation of the electron cloud, after the interaction with
the electric field E (7, w) creates a dynamic polarization P (7, w). This quantity expresses
the displacement of the electron cloud relative to the core atoms, in response to the E (7, w).
The polarized atoms result in the creation of an electric displacement D(#, ) linked to the

excitation E (7, ) by the relationship?!-22:
D(# w) = gye(w)E(F, w) (1.1)

&(w), the metal dielectric function, fully describes the optical response of metal to the
EM excitation wave over the entire frequency spectrum. If the surrounding medium is
vacuum, (¢(w) =1, D xE ), € accounts for any kind of materials and in the general case,
it is a complex function expressed as:

e(w) =g (w) +igy(w) (1.2)

For metals, € is dominated by its real part which is a negative function (Figure 1.2). €
is related to the optical complex index i by:

e=f%=[n+ik]? =n%?—k?+ 2nki (1.3)

&, 7l are functions of the angular frequency w (w = 2mc/A, linked to the wavelength
A). This dependence often appears implicitly in equations, in order to simplify the notation,
but is fundamental since the LSPR is directly linked to it.

As described before, the oscillator model is the simplest analytical way to describe the
polarization and gives rise to Drude dielectric function 2! 2-24 of the free electron gas,
modelling the optical properties of metal by a plasma model, and expressed as follow:

Wp (1.4)

=1-—2
£(@) w? + iyw

Electron oscillating motion is damped via collision at a typical frequency y = 1/7, T

2
(%107*5) is the relaxation time and w} = % is the plasma frequency.?!
0
For visible and near-infrared frequencies, where y<w,, the above relation would be

reduced to the following form as:

2
s(w) =1 —w—g (1.5)
)

The Drude model is a good approximation for describing the dielectric functions of an
ideal free-electron metal (¢ - 1,w > w,). However, Drude’s model is not precise and
detailed enough, as it mainly considers free electrons (intraband transitions), completely
neglecting the bound electrons contribution (interband transitions), which plays an
important role for gold -], so an extension to this model is needed. In this framework,
equation (1.5) needs a slight correction by replacing the factor 1 with a constant &4, (usually

10
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1 < €, < 10) that accounts for transitions that do not need to be explicitly expressed in
the visible range, leading to:

wp (1.6)

EW)=Eo =~ .
(@) w? + iyw

From these inaccuracies the Drude model fails to predict exactly the experimental data,
the validity limits are evident in Figure 1.2 where the real & and the imaginary &
components of the complex dielectric function are plotted.
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Figure 1.2 — The Au complex dielectric function ¢ = ¢; + ie>. The ellipsometric
experimental curvel?’l (continuous line), the analytical curve?® (large dots)
obtained on Johnson and Christy’s data!®! and the theoretical curve from Drude
model (dashed line). This model accounts well for the free electron contribution but
not for the bound electrons (intraband transitions). This discrepancy is clearly
visible in the range of 300 nm to 530 nm.

The accurate measurement of the dielectric function is crucial for reasonably
modelling the optical response of AuNPs. One of the preferred measurements was
performed by Johnson and Christy in 19725 and an approximated analytical model has
been provided by Etchegoin'®, In the visible frequency range, especially in the violet/near-
UV region, given the important role played in AuNPs by interband transitions, the free-
electron model is not accurate, causing an increase in €. Indeed, Au has at least two
interband transitions at A~470 and ~330nm, which are fundamental to obtain a reliable
analytic model for e(®).
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1.3 Quasi-static approximation for sub-wavelength AuNPs

From a theoretical point of view, for an isolated spherical AuNP characterized by a
diameter much smaller than the wavelength of visible light (d<<)\) (quasi-static
approximation), the distortion of the electron cloud caused by the electric field can be
defined by the metal polarizability. In particular, when the NP involved in the optical
process is a sub-wavelength metal NP, the interaction with the EM field can be investigated
using the simple quasi-static approximation, introduced first by Rayleigh who studied the
scattering of light from small NPs.l**) Assuming the aforementioned conditions, the phase
of the harmonically oscillating EM field is basically constant within the NP volume,
allowing to determine the spatial field distribution by simply assuming the case of a NP
located in an electrostatic field.

On the contrary, if the sphere diameter is comparable with the wavelength (d=A) the
spatial variation of the field within the NP would create a multipolar surface charge
distribution. If instead d<< (generally less than 30nm), the field inside the sphere can be
considered uniform and the charge distribution on the sphere surface creates a single dipole
(dipole approximation); the same is true in the time domain: the propagation time inside
the sphere will be very small compared to the oscillation period of the field. In the
quasistatic limit, the excitation field and the electronic polarization are in phase (no
retardation effect) and the electrons are displaced globally. In this case, the problem is
simplified, neglecting the temporal dependence of the applied field, to a simple polarization
effect of a sphere immersed in a uniform field, which is solved using the Laplace equation,
setting suitable boundary conditions.!

For a theoretical discussion of the problem, it is reasonable, to begin with the simpler
geometric shape for an analytical treatment: an isotropic, homogeneous sphere,
characterized by a radius a and positioned at the origin of a uniform, static electric field
E = EyZ (Figure 1.3).

v
N

Figure 1.3 — Sketch of a homogeneous sphere placed into an electrostatic field.
The dielectric constant ¢, describes the surrounding, isotropic and non-absorbing

medium, while the dielectric function & (®) (considered as a simple complex number &)
describes the dielectric response of the sphere. Also assume that the field lines are parallel
to the z-direction, at sufficient distance from the sphere."’

In this framework of an electrostatic approachl®®!, we are interested in finding a
solution to the Laplace equation for the electric potential, which enables the calculation of
the electric field.
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V2p=0—E=-Vo (1.7)

Thanks to the azimuthal symmetry, a general solution for the equation (1.7, can be
written as follows:*!

[oe]

o(r,0) = Z[Alrl + Bir~ (D] P(cos 9) (1.8)

=0

where A; and B, are coefficients to be determined, P;(cos@) are the Legendre
polynomials of order 1, which often appear in physics problems expressed in spherical
coordinates. It must be imposed that at the origin the potentials are finite, and two boundary
conditions both for r — co and for r = a (NP surface).’! In particular, it is required that:
(i) at large distance from the sphere, the electric field is the unperturbed applied field (r —
0, Gour = —Ey2); (ii) continuity of the tangential components of the electric field, and (iii)
continuity of the normal components of the displacement field.’] Considering these
requirements it is straightforward to obtain the solution for the potentials ¢;,¢ inside and
& ou: outside the sphere!®:

3¢ 1.9

bin = —ﬁ&,r cos (1.9)
pr 1.1

bout = —Egrcosf + W (1.10)

Therefore, substantially, the potential outside the sphere, ¢, is given by the sum
between the contribution of the applied field and the contribution deriving from a dipole
placed at the NP center. Therefore, the application of the field induces inside the sphere a
dipole moment p of magnitude proportional to |Ey|. Introducing the polarizability defined
via p = gy, x E,, we obtain:

3 & m (1.1T)

a =4na
&+ 2e,

The equation (1.11) is the complex polarizability of a sub-wavelength diameter NP in
the electrostatic approximation, and it is similar to the Clausius-Mossotti relation.*®! In
other words, the metal polarizability can be interpreted as the distortion of the oscillating
electron cloud induced by the electric field?!; this physical quantity undergoes a resonant
amplification, reaching its maximum value when the denominator quantity |& + 2&,,]| is
minimum. The condition, known as Frohlich condition, to be fulfilled can be simplifies to:

Re[e(w)] = —2¢, (1.12)

The mode associated to the equation (1.12) is the dipole surface plasmon of the metal
NP. For a metallic sphere characterized by a complex dielectric function defined according
to the Drude model (equation (1.4) and surrounded by air, the Fréhlich condition occurs at
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the frequency wqy = wp/\/g. From the expression (1.5) setting e(w) = & = —2¢&,, as the
resonance condition, it can be obtain the maximum peak of the LSPR frequency as

_ % (1.13)

Wrspr =
26, +1

Because the relation between frequency and wavelength is denoted as A=2nc/® and
replacing the dielectric constant with the refraction index, the wavelength of LSPR can be

expressed:
’ 1.14
ALSPR = Ap 2n$n + 1 ( )

in which 4, gpp is the peak wavelength of LSPR, while A, represents the corresponding
wavelength to the plasma frequency of the bulk metal.

In the case of a AuNP, with a diameter smaller than ~30nm, in water &,,=1.77 and
considering &, a constant and real parameter, the equation applied to the real part of &:
& + 2¢, = 0, leads to &, = —3.54. From the plot in Figure 1.2 it is easy to observe that
this condition implies a plasmon resonance centered at A;spr = 520nm. If the AuNP was
in air, the plasmon resonance would be at 504nm.These calculated values for the plasmon
resonance in water or air correspond closely to the experimental values of spherical AuNPs.

However, for larger AuNPs (starting from 30nm diameter), this dipolar approximation
is not sufficient, because significant higher order multipolar modes emerge, and more
complex models, such as Mie theory!® 2 32331 accounting for retardation effects, are
required. In a seminal paper, Mie in 19083 in order to find a physical explanation of the
red-purple color of colloidal AuNPs in solution, which at the time had not yet been
theoretically investigated, conceived a revolutionary theory of EM radiation absorbed or
scattered by a sphere.

Above expression (1.9) and (1.10) leads to the calculation of internal field and dipolar
field of NP:

o __3m E (1.15)
M et 2e, °

3n(n-p)-p 1 (1.16)

E =E, +
out — =0 Ameye, T3

As predicted, the resonance in the polarizability value a (1.11), also induces a resonant
enhancement of both the internal E;, (dielectric confinement) and dipolar fields E,,;,
which occurs under the Frohlich condition.
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1.4 Optical Cross Sections

However, in order to proceed one step further and calculate the intensity of light being
scattered or absorbed, the electrostatic model has to be implemented to take into account
that light is a wave and not a static electric field. Upon interaction with the NP, light is
absorbed (absorption cross section o aps) and scattered (scattering cross section o scar). AS
a result, the beam going through a NP undergoes an extinction characterized by the
extinction cross section ( ¢ ext).

The three cross sections are linked by the simple relation[*);

Oext = Ogps T Osca (1.17)

The extinction cross section provides a measure of the total power subtracted from the
incident wave (by both absorption and scattering processes) over the total power
transported by the incident EM wave.

These phenomena are strongly frequency dependent and, therefore, time dependent,
and the representation of an ideal dipole is no longer valid. It is necessary to consider an
electric dipole that is oscillating in time.

In particular, under plane-wave illumination with E(r,t) = Ege~“t, the induced
harmonically oscillating electric dipole is p(t) = gy&,,aEqe ~“t, with a given by the
electrostatic result (1.11). The model of the radiating dipole allows for calculating the
absorption and scattering cross sections® and links them to a:

Ogps = k Im[a] (1.18)
k* ) (1.19)
Osca alal

The above equations, substituting the polarizability «, the wavenumber k = 27 /A and

4
the sphere volume IV = Ena‘?’, become:

S 18nVe,, 32 &, (1.20)
abs A le + 2&,, |2

S 24m3V2el 1 e — g |2 (1.21)
sea A% £+ 2¢&,

The 04,4 % Vip,and o5, ¢ 1/A* (Rayleigh scattering); while 6455 ¢ Vyp. For a
metal NP (radius = a), immersed in a homogeneous medium, the relationship between the
two cross sections is:

Osca/Oaps X (a/ﬂ-)3 (1.22)

In the quasi-static approx. (a < A), the scattering (which scales with a®) is negligible
compared to the absorption (which scales with a3). The two effects become comparable
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for Au NPs of about 50 nm, and scattering prevails above 70-100 nm. This implies that for

small NP, the extinction cross section, defined as follow!:
&2

[e1 + 2ep,)% + €2

W 3/2
¢ Em

(1.23)

Ooxt = 9 V

it strictly depends on the absorption process: gg.q <K Ogps = Oyt By increasing the
radius of the NPs, on the contrary, the scattering process becomes predominant (Figure
1.4).
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Figure 1.4 — Comparison of the extinction ex, absorption oy and scattering oscq efficiencies as
a function of AuNPs diameter. For NPs of 20 nm diameter (4), and 40 nm (B) absorption prevails,
while for 80 nm NP, scattering and absorption are comparable. (C). Adapted from B9

A proper calculation within the discrete dipole approximation formalism has been
conducted by El-Sayed and coworkers ¢! and shows that for 20 nm AuNP, no scattering
occurs and the NPs only absorb radiation. For larger NPs scattering dominates (see Figure
1.4). Therefore, depending on the application it is possible to choose the most suitable
AuNPs size. For biomedical applications where AuNPs have to be used as markers, it is
mandatory to work with brilliant NPs, so it is appropriate to choose AuNPs with a large
diameter (d >40 nm). Indeed, AuNPs with d=40 nm have a calculated molar absorption
coefficient £ of 7.66 x 109 M! cm™ at A spr=528 nm, that is five orders larger than the
molar extinction coefficient for indocyanine green (¢ = 1.08 x 104M'.cm™' at 778 nm), a
NIR dye used in theranostic*’*%), On the contrary for PPTT where AuNPs must act as nano
sources of heat? 4411 is important to deal with AuNPs characterized by high absorption
cross section, so AuNPs with a relative small diameter (D «< 40nm), since the Au-NPs
photo-induced thermal response is dictated by the absorption (see Chapter 2).

From equation (1.23) it is evident that: (i) the plasmonic properties of any material are
defined by its &(®); (ii) Oex: scales with NP volume; (iii) Gex iS maximum when the
denominator is minimized, in other words, the Frohlich condition (1.12), defines the LSPR
position. Clearly, the frequency of the LSPR is tunable by changing the em(®) of the
surrounding medium, but it is also strongly affected by NP size, shape, and composition,
as discussed in the next section.

16



Chapter 1

1.5 Experimental parameters shifting the LSPR of AuNPs

In most of the applications, which involve the use of AuNPs, it is often necessary to
tune the LSPR wavelength. This is the case, for example, in the field of PPTT where the
excitation of AuNPs through the human skin requires a light source operating in the
biological window (650-900 nm)!'* 1 Another case among many others is the use of
AuNPs, in sunlight driven smart photonic devices (i.e. smart window) or water disinfection
applications: it might be necessary to work with broadband-light absorbing AuNPs“*41. A
further example is represented by the case in which the NPs are exploited as chimeric
agents for theranostic applications®™”, in which to carry out the detection part it is necessary
that the AuNPs work at suitable wavelengths to realize the in-vivo imaging.

The plasmon band of AuNPs strictly depends on various parameters such as their size,
shape, geometry, metal composition, nature of the dielectric environment, and the
electronic interactions between the stabilizing ligands with NPsP®!. By changing these
parameters, the plasmon band can be tuned in terms of wavelength, and intensity. In the
following three paragraphs, the main effects deriving from changes in size, shape, and
chemical surroundings are studied.

1.5.1 Size effects

To understand the NPs size impact in a clear way, the general approach must be
distinguished into two regimes such as small NPs having sizes smaller than the incident
light wavelength and large NPs with the size comparable to the light wavelength. As
theoretically explained previously, small NPs whose radius is up to 50nm, can be efficiently
described by a dielectric dipole. In such case, acting on NPs size mainly affects the width
and the intensity of the plasmon band, while the shift in the Arspr is almost negligible as
shown in Figure 1.5 B.

Furthermore, it is worth specifying that, in order to study the effects induced by size
change in this range, it is necessary to differentiate between intrinsic and extrinsic size
effects. Intrinsic size effects are due to the modification of the metal optical constant when
AuNP size is below 30 nm. In particular, the free electron scattering at the NP surface is
no longer negligible when the conduction electron mean free path (~30 nm for Au) becomes
comparable to NP size. In order to better explain the underlined mechanism, it is useful to
introduce the quality factor Qrspr that gives quantitative information about the LSPR
intensity?:

__ Re[egu(w)] (1.24)
Qrspr(w) = —Im[gAu (@]

While Re[ggqy(w)] describes the resonance frequency of a plasmonic system,
Im[&4, (w)] describes its losses, that limit the persistence of plasmonic oscillation. Losses
result from several processes, including electron gas confinement, radiative damping,
structural imperfections, and metal heating losses™.
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The intrinsic size effect is responsible for the increase Im[€Au], and thus the decrease
of Qvsp, and it appears as damping of the LSPR band for decreasing NP size. Indeed, LSPR
quenching is almost total in AuNPs smaller than 2 nm.

The extrinsic size effect, is a retardation effect and is a bare EM phenomenon, appears
in the optical absorption spectrum as broadening and redshift of the LSPR for increasing
Au NP sizeP?, and is more evident in AuNPs bigger than 50nm.
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Figure 1.5 — (A)Contribution of dipolar (red), quadrupolar (green), and octupolar (blue) LSPR

to the oy (black) in Au NPs with a size of 50 and 200 nm. (B) LSPR broadening and damping in

Au NPs with size decreasing from 25 to 5 nm. Adapted from 1.

On the other hand, AuNPs with radii greater than 50 nm, cannot be described simply
in terms of dipole approximation due to the nonnegligible dimensions compared to the
wavelength. Therefore it becomes necessary to consider multipolar terms, which lead to
the formation of multiple plasmonic bands, characterized by different peaks (two peaks for
quadrupole, three peaks for an octopole). Figure 1.5 A shows the contribution of the
various terms to the extinction cross section of Au NPs (with size of 50 and 200nm). It is
evident that the quadrupolar and octupolar term can be neglected for Au NPs with radius
below 50 nm.

1.5.2 Morphology effects

As explained in detail in the previous paragraph, increasing the AuNPs diameter could
shift the plasmon resonance, but with nanosphere, one can hardly shift the resonance above
600 nm. Furthermore, the size of AuNPs cannot be arbitrarily increased for some
application, in particular for biomedical application, in which the smaller the AuNP is, the
more it can be easily internalized in cancer cells’®*, and cross biological barriers™! and
reach the target site for localized therapy or deliver specific drug.[>®!

The other strategy, to shift the Arspr, consists in deviating from a spherical shape. To
substantially red-shift the Arspr it is convenient to act on the aspect ratio (Iength divided by
width) of the AuNP, using nanorods (AuNRs or GNRs) or discs for instance. By changing
the axes lengths the Arspr can be tuned from A = 500 nm up to the NIR range 4%,

The morphological changes of the AuNPs, thanks to the advances in nanochemistry,
can go even further, up to the most exotic forms. Nowadays it is possible to synthesize
AuNPs with a plethora of different geometries, such as nanoshells (NSs), nanowires,
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nanocubes, nanostars, nanotriangles, and nanocones, just to mention a few (Figure 1.6) ['*
37581 Significant examples are the core-shells and NRs, whose Arspr can be tuned away
from the intraband transitions of Au, thus neglecting the losses and improving the Qrspr*°\.
This category of AuNSs, a type of spherical NPs consisting of a dielectric core which is
covered by a thin Au shell, was introduced by Naomi Halas in the late *90s%,
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Figure 1.6 — Au NPs with different shapes along with their corresponding optical and
morphological characterization. Images adapted from review .

In order to explain shape effects, AuNRs are the best examplel®. Richard Gans further
extended the Mie theory, to include spheroidal NPs of any aspect ratio in the small NP
approximation. In the Gans theory, the absorption is mainly related to the aspect ratio of
the NPs and not on the absolute dimensions.

Both the polarizability and the dipole moment are described as function of a geometric
factor L; %)

V. E—¢
o = =% x m (1.25)
dn  ep +Li(e—&p)
pi = emaiEg (1.26)

V. is the volume of the ellipsoids given by: V, = 4?nabc, with a, b and c being the

semiaxes of the ellipsoids. For simplicity, we will consider revolution ellipsoids with two

equal axes.
The absorption cross section for a prolate spheroid (rod-shaped NP) is found analogous
to that of the spherical NPs, as [32:
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=£ 3/2V (1/Pj2)€2 (1.27)
S R0 e o Y

Where P; are the depolarization factors along the axes, they are described as functions
of the aspect ratio R and eccentricity e of the corresponding ellipse along axis i.

1—e2[1  [l+e (1.28)
Fo = e? [Zln<1 — e) Bl 1]
1-P
b —p -1 Fa (1.29)
2
€= a B R?

For a sphere (a = b = c¢), the three resonances are equal, so the depolarization factors
correspond to 1/3. In this case, it is easy to check that equation (1.25) gives the
polarizability of the electrostatic model of relation (1.11).

Importantly, the LSPR occurs at the condition that minimizes the denominator of
equation (1.27):

(1.31)

&

and again, like for the Frohlich condition (1.12) for a spherical AuNP, the absorption,
scattering, and extinction cross sections are significantly enhanced under resonance
conditions.
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Figure 1.7 — (A, B) Charge accumulation for longitudinal and transversal LSPRs in AuNRs. The
longitudinal and transverse oscillations of electrons result in different plasmon bands (C).
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As shown in Figure 1.7, for a AuNR, the charge accumulation and the electron
oscillations at the surface, is different along the rod axis (longitudinal plasmons) and along
a perpendicular direction (transversal plasmons). A direct consequence is that the
extinction spectrum consists of two peaks, one matching the transverse plasmon mode and
the other matching the longitudinal plasmon mode. The first band, caused by the excitation
along the minor axis, is slightly blueshifted with respect to the LSPR in an equivalent
sphere, while the second band, caused by the excitation along the major axis, is redshifted
and more intense, since Qrsp increases with wavelength.

When R increases, the transverse plasmon band occurs almost on the same position as
for spherical NPs, the resonance of longitudinal plasmons shifts towards longer
wavelengths. Indeed, the wavelength of the longitudinal plasmon absorption (Akspp ) is
almost linearly dependent on the aspect ratio R and the dielectric constant &,,.°") For
example, from the result by El-Sayed et al., the maximum peak of the longitudinal band
displayed a red shift from 650 to 800 nm after altering R from 2.6 to 3.6.[6!]

1.5.3 Physical-chemical environment effects

The spectral response would also rely on several other factors, such as the local
medium surrounding the AuNP. Following the equation (1.12), a change in &, corresponds
to a change in the LSPR frequency of AuNPs (in a non-absorbing matrix &,, = Re[&,,] =
&1). The surrounding medium, through its refractive index n connected to the dielectric
permittivity: &,, = n?, represents a fundamental parameter in determining the LSPR.

Since &;decreses versus wavelength (see Figure 1.2), equations (1.13), (1.14) imply
that the LSPR is redshifted for increasing &, (i.e. going from water to glass) and blueshifted
for decreasing &, (i.e. going from water to air). It is not surprising that the surrounding
medium plays such a dominant role in determining LSPR, considering that LSPR
phenomena occur on the AuNP surface. Indeed, due to the nanometric size of NPs, i.e. to
the large fraction of surface atoms over the total, the LSPR position is very sensitive to the
environmental dielectric properties, such as changes in liquid or gas density, change in LCs
director orientation!®?, formation of organic shells such as those of stabilizing ligands, and
in general to any surface adsorption of chemical compounds®?!. This interesting property
can, therefore, be suitably exploited for a dual function, both to detect chemical-physical
changes in the host medium, but also to implement an active control (i.e. dynamic
modulation)!®? of the LSPR by exploiting smart materials (such as LCs, hydrogel, etc.), as
illustrated in the following chapters.
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Optical absorption (arb. units)
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Figure 1.8 —.(4) LSPR bands for 10nm Au in a dielectric medium with different dielectric functions

calculated according to Mie theory.[3] (B) Color variation of colloidal AuNPs solutions from pale
red to violet, induced by changing the solvent refractive index./*"

Figure 1.8 A shows the absorption spectra for 10 nm size spherical AuNPs surrounded
by media with different dielectric functions. The surrounding medium does not affect the
bandwidth, that is mainly related to the NP size, but significantly modifies the resonance
intensity that increases as the &, increases.[®! This, and also the A, ¢pg redshift, are the
expected behaviors for a forced oscillator. As &, increases, the total NP surface charge
decreases, causing the restoring force to decrease. From classical physics, it is well known
that reducing the restoring force leads to: (i) smaller resonant frequency (larger
wavelengths), and (ii) higher resonance amplitude. Mathematically this is evident from

equation (1.23), from the relationship o,p,s « 5,3,'1/ 2, Figure 1.8 B shows the change in color
of different colloidal AuNPs solutions dispersed in water from pale red to violet with
respect to the change in refractive indices of surrounding media. This behavior indicates
that dispersion of similar NPs in different dielectric media such as water, ethanol and other
transparent oxide matrices leads to a remarkable shift in the A; ¢pp of NPs.

The high gextand the possibility to modulate the LSPR in response to a change of the
surrounding chemical environment make the Au NPs an excellent signal transducer, widely
used for the development of sensors [, Sensing of chemical and biological species using
plasmonic AuNPs has received considerable scientific attention with important
implications in the field of environmental sciences, diagnostics, and medicine (! Besides,
optical extinction in NP ensembles can be probed with UV-Vis spectrometers that are
present in most laboratories, without altering the sample, and the registration of the
spectrum requires short times 1?2, Looking at the equation (1.14), it is possible to find an
approximated linear relationship between the LSPR maximum (Arspr) and the environment
refractive index.
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Chapter 2

BASICS OF THERMO-PLASMONIC HEATING

The localized surface plasmon resonance (LSPR) is an efficient way to confine energy
on an extremely small scale, thus drastically enhancing both absorption and scattering
cross-sections of an AuNPs.[*”! While the scattering cross section tells how energy is re-
radiated by the NP in the form of light, the absorption cross section suggests how the
absorbed light is re-emitted in the form of heat. Thus, absorption is what primarily matters
in thermoplasmonics®, the domain of nanoplasmonics that uses plasmonic NPs as
nanosources of heat. Taking advantage of this light-to-heat conversion provides access to
an innovative way of studying and controlling heat-induced phenomena at the nanoscale.
In this chapter, it is discussed how the plasmonic properties can turn AuNPs into efficient
nano-sources of heat. The first part of this chapter shows the photo-induced generation of
thermal energy within and around AuNPs, by providing the basic principles and
considering cases useful for some applications. Then temperature arising from bulk
medium containing AuNPs is examined.

2.1 Physics of Plasmonic Heating

The LSPR absorption is an efficient and fast way of inputting energy into the AuNP
by macroscopic light excitation, the inner exchange mechanisms then allowing this energy
to be mainly converted into heat at the nanoscale. In order to gain a deeper insight into
these processes, it must be considered that the optical properties of such nano-objects are
governed by a series of energy exchanges, each of them characterized by a typical time
scale!®” (Figure 2.1).

After the interaction with an incident light (i.e. a “very short” light pulse) in the visible
spectral domain, the AuNPs gain energy by absorbing photons through electron transitions.
If the frequency of the incident radiation matches the LSPR band, a resonant coupling with
the EM wave occurs, with consequent excitation of the plasmon resonance (Figure 2.1 A);
this triggering of phenomena manifests itself in a collective, coherent, and dipolar
electronic oscillation in the conduction band. The result is a global non-equilibrium
condition of the electronic distribution, with some electrons absorbing photonic energy and
others remaining unexcited. In order to restore the internal thermal equilibrium of the
electron conduction band, the energy is redistributed, through electron-electron collisions
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(e-e), inside the quasi-free electronic gas. This process, which does not involve loss of
energy acquired by photons, occurs on a time scale of approximately 10fs < 7 < 100fs,
based on the total energy introduced into the system. Subsequently, the energy of the hot
carriers is redistributed with a relaxation process (Figure 2.1 B), through electron-phonon
scattering (e-ph), on a time scale of 100f's < v < 1ps. The last step takes into account the
medium surrounding the nanoparticle, and the transfer of thermal energy to the interface,
via phonon-phonon collisions (ph-ph), on a 10ps < 7 < 10ns time scale. This last process
(thermal dissipation, Figure 2.1 C) leads to the cooling of the AuNP which releases heat
to the surrounding medium, causing its temperature to rise. The dynamics of this process
(see below) strongly depend on the heat transfer properties of the surrounding medium.[%?!

B A B C
Y £ '
+ ' — "J
+ ) = =
++ " Plasmon excitation Carrier relaxatior!”lermal dissipation

D ph — ph

Pulsed excitation

Figure 2.1 — Schematic illustration of (A) photoexcitation of LSPR, (B) relaxation of photoexcited
LSPR, (C) releases of thermal energy to the surrounding medium. (D) Energy transfers involved
in the PPT response of AuNPs on a logarithmic time scale.

To summarize, the effect of this series of energy transfers (Figure 2.1 D), is that the
internal energy of the electron gas subsequent to photon energy absorption goes through (i)
a rapid and resonant enhancement (LSPR), (ii) a confined electron gas redistribution (e-¢)
(athermal regime), (iii) a fast decrease (e-ph) and (iv) a slow recovery of the initial state of
equilibrium (ph-ph) (heat transfer to the surrounding medium).

It is worth pointing out that this light-absorption-triggered nanoscale heating of
AuNPs, should be carefully calibrated in applying the photothermal effect to bio-related
applications!®®], If the AuNP heating, triggered by the absorption of light is much faster
than the cooling by the surrounding medium, the photothermal heat confined within the
AuNP lattice can lead to structural changes of AuNPs, such as ablation, melting, or
reshaping!®®, At the same time, the ideal condition for photothermal-based biomedical
applications is a slower rate of energy accumulation relative to AuNP cooling so that the
temperature inside the AuNP is efficiently transferred to the AuNP surrounding medium.

Therefore, the AuNP thermal dissipation toward its close environment must be
thoroughly analyzed to use gold NP as photo-induced heat nanosources 7, It is easily
understandable, for instance, that the higher the thermal conductivity of the surrounding
medium, the faster the relaxation and the lower the temperature at a given distance from
the AuNP.
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The athermal regime (e-e collisions), closely related to the out-of-equilibrium state for
the conduction electrons, occurs in a short time interval after excitation. After the thermal
equilibrium phase, the energetic couplings within the AuNPs and with their environment
can be treated by classical thermodynamics approaches. In many cases, like the studies
reported herein, the athermal regime can be disregarded, as in the experiments the time
scale under consideration is much larger than the athermal regime duration.

In particular, in order to study the heating generated from the AuNPs, it is possible to
use a steady state regime for the excitation since for CW laser beams, the photo-absorbed
energy input is slow against the typical lifetimes of these off-equilibrium states. This
steady-state analysis has been carried out by different authors.!*!: 7% For this, the energy
absorbed is considered as entirely converted into heat and the electron excitation and the e-
ph coupling can then be disregarded.

The heat source term Q(r, ¢) is calculated by evaluating the power density of the
electromagnetic field absorbed in the NP. This first step can be performed through a simple
approach when the field in the NP can be analytically calculated; (i.e. for an isolated AuNP
in the stationary regime A>>d, see Chapter 1), by calculating the absorption cross section.
In this particular case, the total power of heat generation Q can be ecasily expressed
considering the 0,:

Q = 0gps | 2.0

where I = ncegEZ/2 is the irradiance of the incident plane wave (W/cm?), ¢ is the
speed of light, and Ey is the amplitude of the external electric field. This approach enables
to simple calculate o, analytically, which is the case for a sphere or an ellipsoid amongst
others. For more complicated geometries, a numerical model is required to evaluate Q.

2.1.1 Heat power density distribution

In order to settle the theoretical background of thermoplasmonics and to derive the
main physical underlying rules that govern a temperature field generated by AuNPs, it must
take into account that metals are not ideal conductors, at optical frequencies. Thus, there
are different damping mechanisms for the LSPR phenomenon in AuNPs, like the
aforementioned e-ph collision. This damping exerted on the free electron gas oscillating
inside the AuNPs results in heat generation via the Joule mechanism.

To explore this process, we consider a metallic NP interacting with a monochromatic
light source at the angular frequency w = kqc.

In the following, let specifically consider a common experimental case where the NP
is surrounded by water. The electric field is E(r,t) = Re{E () e‘i“’t}, with E(r,t) its
complex amplitude.

The external radiation produces Joule heating on the AuNP yielding a heat power
density q (7, t), at any time t and any location r, given by 2%

q(r,t) =J(r, t) - E(r,t) (2.2)
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where | is the electric current density (charge per unit time and area) inside the NP.

Using the complex-number formalism, (2.2) reads:
1 . . 2.
q=7( Ee™ 4] E e + ] E+] E) 23)

Since, the oscillations of g at the angular frequency w are much faster than any
subsequent effect observed in thermoplasmonics, from now on, it will be used the time
average q(r) = (q (r,t));, instead of the time-dependent quantity g (r,t). Note that
(e2i@ty, = (e~2iwty, = (. Thus, from (2.3), one gets:

1

1
3= E(,0) =70 E+J E) =7Re(" )

(2.4)

The relations J(r) = 0,P = iwP(r) and P(r) = &y(e,, — 1)E(r) permit to express
the heat power density g as a function of the inner electric field from the previous equation:

7= ) ECI? @3)

where &,,is the metal permittivity. The heat power density g within a NP is thus
proportional to the square of the amplitude of the electric field inside the NP. The electric
field inside the NP can be easily expressed in terms of the external electric field through
the expression:

. 3e(w) (2.6)
T e(w) +2¢,

The total heat power Q delivered by an AuNP can be obtained integrating ¢ over the
AuNP volume:

_ 2.7)
Q=5 m(en) [ IECIP

The expression (2.7 shows that the quantity of the generated heat is governed by the
electric field intensity within the metal. Consequently, the heat power density distribution
strongly depends on the NP size and shapel'!l.

In order to investigate numerically the heat generation in AuNPs, Baffou et al.l'’: 7%,
have taken in consideration different NPs shapes, assigning at all nanostructures the same
volume, in order to focus specifically on morphology effects. Their work allows the
possibility to map the spatial distribution of g inside the AuNPs, explaining in detail the
origin of heating as a function of the morphology, progressively deforming an Au-sphere
into a rodlike geometry, at a constant volume. Figure 2.2 A displays calculations of heat
power spectra Q for different geometries of colloidal AuNPs surrounded by water (n=1.33,
to mimic physiological environments) and illuminated by a plane wave
(I=1mW/um*=10°W/cm?). Two fundamental properties arise from the calculations, in
addition to the theoretically expected LSPR redshift as the AR increases (see 1.5.2), a
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considerable enhancement in the heating efficiency occurs (60% respect to the sphere)
(Figure 2.2 A).

The reason is clear looking at the 3D mapping of g in Figure 2.2 B: (i) in the excitation
process of the LSPR in a spherical AuNP, the heating generation derives substantially from
the incident radiation exposed region of the NP; (ii) for rod-shaped AuNRs, the heating
process involves the entire AuNR volume effectively, being the outer and internal region
almost attached, which explains the noticeable increase in the heating efficiency.!'!)

40

4 (N"W/nm3)

w
o
|

Heat power Q (uLW)
= N
o o
L

0 T T T L
400 500 600 700 800 900

Wavelength 2 (nm)

Figure 2.2 — Heat generation in AuNPs: (A) trend of the heat power with the AuNPs aspect ratio,
along with the (B) 3D mapping of the heat power density for different AuNPs of the same volume
at their respective LSPR [readapted firom [''1].

The drastic influence of the NP geometry on the photo-thermal conversion efficiency
offers some degree of control for designing efficient nano-source of heating, remotely
controllable by laser illumination. Note that the maps represented in Figure 2.2 B must not
be confused to the temperature distribution inside the NP.

2.1.2 Temperature distribution

To derive the temperature [*”]

around a single AuNP, first, it is necessary to determine
the heat sources deriving from the Joule effect; secondly, once we have assumed that no
phase transitions occur in the surrounding medium, we can replace the physical quantities
determined (heat power density) in the general equations governing the distribution of heat

in the surrounding environment and solving the heat transfer equation.[’!!

d
V=0 B @9

Equation (2.8) results from an energy balance: the global amount of thermal energy
generated by a single AuNP must be equal to the total amount of thermal energy generation
(the ones governed by Joule effect), plus the amount of thermal energy confined inside
(AuNP internal energy variation). Considering a medium that can be described by a thermal
conductivity k(r), a mass density p(r) and a specific heat capacity c(r).
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ar(r,t) (2.9)
dt

V- (=k(m)VT(r,t)) = q(r,t) — p(r)c(r)

The factor pc quantifies the ability of a medium to store thermal energy and k
quantifies the ability of a medium to conduct thermal energy.

Considering a continuous wave illumination and the steady state regime, since there is
no variation in temperature over time, the derivative is zero, so the last term can be erased.
For a uniform medium k is constant and the Laplacian operator V2 can be used, so the
heating process inside and outside AuNPs is governed by the Poisson equation:

k V2T (r) = —q(r) (2.10)

A dimensional analysis of this equation permits to estimate the expected temperature
spatial variation T throughout the structure, that turns out to be §T = 0.1°C.['!]

Such a small value comes from the very small spatial dimension of the AuNP: at this
scale, the thermal diffusion is so fast that, even though the heating power density undergoes
strong spatial variations, the temperature diffuses quickly and remains almost uniform.
Moreover, thanks to the extremely high thermal conductivity of metals compared with that
of the surroundings, the temperature T(r) is kept quasiuniform throughout the metal. In
particular, the ratio between thermal conductivity of gold and water is =500, indeed k,,, =
318 Wm ™K1 > kyqter = 0.6 Wm™1K ™1, in terms of thermal diffusion, heat flows so
fast inside the AuNP, compared to the outside medium, that its temperature is nearly
uniform for moderate NP size.!% 7]

The equation (2.10) is valid inside the AuNP, 0 < r < Ryp and, conductivity kg, while
in the region r > Ryp and host medium conductivity ky, the equation governing the heat
diffusion around the AuNP becomes a Laplace equation:

V2T(r) =0 (2.11)

The absence of heat production can be validly explained considering that the only heat
source of the analyzed system is the plasmon structure.

Under the uniform-temperature approximation!’”), the equation (2.10), for a simple
case of a spherical AuNP of radius R, produces a profile of temperature increase given by
a Coulomb potential outside the AuNP.

R
AT(r) = ATNP? r>R (2.12)

AT(r) = ATyp r <R (2.13)

Where ATyp is the uniform temperature increase of the AuNP, generated by the total
absorption power Q, defined as in the expression (2.1). The actual AT experienced by AuNP
is dependent on several parameters, namely its absorption cross-section, its shape, the
thermal conductivity of the surrounding medium, and the wavelength and irradiance of the
incident light.[4%]
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More precisely, the AT of a uniform charged AuNP dispersed in a homogeneous
medium with a thermal conductivity k,,,, can be calculated by imposing equality between
the heat power Q and the integral of the current density J;, = —koVT over the AuNP
boundary '], which gives:

Q _ Oavs! (2.14)
4k, R 4nk,R

ATyp =

and consequently the equation (2.12 can be written as:

aabsl (2.15)

AT(r) = - r>R
m

The 1/r dependence of AT outside the sphere leads to an infinite amount of thermal
energy stored in the surrounding medium (Figure 2.3 a, b). The maximum temperature
increase occurs at the NP surface (i.e. at r = Ryp), and since g,p5 X Vyp < Ryp, the
maximum temperature is proportional to the second power of the NP radius. The two
factors leading to this dependence are: (i) the total heat generation rate inside the AuNP,
proportional to the NP volume; (ii) the total heat transfer through the AuNP surface, which

turns out to be a growing function connected to the AuNP surface area.l”

(b)

—R, —R; 0 Ry R, r
Figure 2.3 — (a) Schematic of PPT conversion process in AuNPs with radius R, and (c) AuNRs
with longitudinal Ry and transversal Ry axes (b) along with its temperature distribution as a
function of distance, r, to the surface of the AuNP and AuNR. (d) The red curve, related to Ry, is
obtained irradiating the AuNR with light polarized along the longitudinal axis, the blu curve,
related to Rr, is obtained irradiating the AuNR with light polarized along the transversal axis.

The measurement of local temperature at the surface of NPs is very challenging and
can be made through monitoring phase transformations of the surrounding matrix 4!+ (i.e.
AuNPs embedded within ice), or with photothermal optical probes,”! based, for example,
on thermoresponsive molecules such as thermotropic LCs’#! or biologically relevant
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molecules such as DNAI™! where the thermal response of the smart material is known. In
the following chapters, the methods used in this thesis work to monitor the temperature
directly, at the nanoscale, or indirectly at the macroscale, will be illustrated in more detail.

To give an order of magnitude of ATy p, a spherical AuNP in water with a diameter of
20 nm, illuminated at the LSPR (A = 530nm), with an irradiance of I = 1mW/um?
experiences a temperature increase of ~ 5°C.[4%!

The validity of the equation (2.15), is not only restricted to spherical AuNPs, indeed
can be used also to extract surface temperatures of non-spherical AuNPs, (Figure 2.3 ¢, d),
by including a dimensionless geometrical correction factor 8 in the denominator!’®):

Taps! 2.16
ATnonspherical = B 47_[2 SR p ( )
mbite

Where R,y is the radius of a spherical shape with a volume identical to that of the

nonspherical AuNP.  has been calculated for a large set of AuNPs morphologies with
axial symmetry (i.e. rods, ellipsoids, discs) and are reported in the Baffou et al. work.[%! In
the uniform-temperature approach, the value of 5 does not depend on any structure that the
NP might have in its interior, for instance, spherical shells behave the same as spheres in
this respect, with § = 1.

Generally, for the AuNPs, the establishment of this steady-state temperature profile is
very fast, the characteristic time scale 1, of the transient regime mainly depends on the
characteristic size L of the system (for instance the radius R for a spherical AuNP), but is
independent on the temperature increase - 77, If the continuous light source is switched
on at time t = 0, the typical time needed to reach the steady state is

Tst  R*/Dy (2.17)

where Dy = ky/pcy is the host medium thermal diffusivity. For water, it equals to
0.14 mm?/s. Hence, 74, =~ 6 ns for a 30nm AuNP in water.[*”! Thus, 10 ns -10 ps is the
range of characteristic time scales of thermal processes that occur at the nanoscale,
independently of the temperature increase.

It is worth underlining that, in all the calculations and observations made previously,
the spherical shape for AuNPs has often been considered, although they are not the most
efficient light-to-heat converters for the reasons expressed in paragraph 2.1.1. This choice
is mainly due to the exceptional thermal stability that characterizes this morphology, and
which makes it, in many circumstances, an excellent candidate for biomedical applications.
Other AuNP morphologies, which may seem more convenient for such purposes, such as
nanostars, suffer from thermal instabilities. Indeed, nanostars although are efficient light-
to-heat nano-converters, have thin spikes that suffer from poor thermal stability when
subjected to high temperatures and could easily reshape changing their optical properties,
thus limiting their use in thermoplasmonics. Spherical shapes are significantly more stable
with respect to morphological changes and structural reshaping, and hence, retaining their
optical properties unaltered even at high temperatures.’!

In the following section the mechanism of heat production in AuNPs ensemble is
explained in detail.
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2.2 From single AuNP heating to collective bulk heating

For photothermal-based bio-applications, it is convenient to know both the single NP
nanoscale heating as well as the global temperature resulting from irradiating a known
density of plasmonic NPs. When an ensemble of homogeneously distributed AuNPs is
involved in the photo induced heating process, it is necessary to consider physical
phenomena that are much more complex than those related to the LSPR excitation of a
single AuNP.[”®l When the AuNPs are immersed in a bio-system a precise prediction of the
induced temperature is fundamental, and it’s not enough to consider the effect of the
temperature increment on individual cells, since all the temperature-induced changes in this
kind of environment are intrinsically related by the intensity and the duration of the
temperature increment.!”! In bulk photothermal experiments, two temperature regimes are
established which operate on different time scales: (i) the nanoscale temperature
surrounding the NP, that equilibrates during 100 ns, and (ii) the global temperature for a
volume with a radius between 1 and 10 mm, with a characteristic heating time of several
hundreds of seconds.

As for nano-scale temperature monitoring, the collective heating from irradiated NPs
immersed in a colloidal solution or deposited on a substrate can be readily obtained from
bulk measurements by using several methods, like thermal imaging®” or a simple
thermometer. Bulk temperature estimation, therefore, provides a robust readout for the
relative photothermal heat generation generated from ensembles of different
nanostructures.!®’

Indeed, experimentally, when illuminating several AuNPs dispersed in solution, the
temperature profile throughout the system is no longer localized around each NP, because
some collective effects can arise.®'Thus, the global temperature becomes uniform
throughout the AuNPs assembly, although the size of the source (the laser beam radius) is
nanometric, a situation suited for application such as PPTT.[#

What has been so far described, is related to heat diffusion in a uniform, infinite
medium of thermal conductivity (kg ), experimentally, this corresponds to the case of metal
colloids dispersed in a solvent. Another class of experiments is rather based on the use of
metal colloids randomly or periodically deposited on a planar substrate. In this case, the
thermodynamic problem is more complex. The first problem arises considering that the
surrounding medium consists of two media featuring different thermal conductivities?”. In
this case, when the experiment is performed at an interface, such as a glass—water interface,
the thermal conductivity of the surroundings can be replaced by an effective conductivity
which is the average of the conductivity of the two media k = (k; + k,)/2.1°0 If the heat
source is located right at the interface, the temperature profile recovers a point symmetric
and reads in any of the two media:

Q (2.18)

VT(r) = —=
) 4mk|r|

This important conclusion represents the basis of a current assumption in thermo-
plasmonics: when conducting numerical simulations involving plasmonic structures lying
on a substrate, one can consider the structures as embedded in a uniform medium of average
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thermal conductivity, which simplifies a lot the numerical simulations. This is an
assumption in the sense that the NPs are not exactly at the interface, as they are standing in
the upper medium and not within the substrate.

In general, the heating effect, due to the presence of several AuNPs, undergoes a
substantial increase generated by the accumulative effect. In this case, the thermal energy
“source” should be written as a sum over all NPs, to take into account the different heat
flux contributions associated with each single NP:

Q(r) =%;Qi(r) (2.19)

where Q; describes the heat generation by the i" NP located at the ; position. The
more NPs, the stronger the temperature increase that appears in the system. If the intra-
particle distance between AuNPs is greater than the AuNPs radius, the heating effect is not
affected by the coupling effect.!*!

Baffou et al.®? derived an analytical expression aimed at calculating the actual
temperature increase at the center of a microscopic assembly of AuNPs, another more
accurate theoretical model was presented by Pezzi et al.**!. To address the theoretical
problem of calculating the heating effect of AuNPs randomly distributed on a given
substrate and surrounded by a known medium, the theoretical model starts from the same
assumption made by Baffou, but taking into account a new parameter, the effective thermal
conductivity of the entire host system, enabling to accurately determine its value for a
generic system. In a system characterized by a huge number of AuNPs (i.e. = 10'° NPs)
homogeneously distributed, every AuNP can be interpreted like a star in the sky for the
Olbers’ paradox.®!

The number of AuNPs at a distance ris N(r) = 2rr/d, grows linearly with r and from
equation (2.15) AT o« 1/r, in order to consider the contribution of all AuNPs to the total
temperature increase the equation (2.15) needs to be multiply with N (r), obtaining:

21 Q Ryp (2.20)

N(r)AT(r) = 3dk,

so the 1/r dependence is deleted. Therefore, even the AuNPs located away from the
laser beam center provide their contribution to the global temperature variation N(r)VT (r),
exactly as in Olber’s paradox the global brightness of the sky is dictated by the identical
contribution of each single star.

Considering, the intra-particle distance D > Ryp the coupling effect between AuNPs
can be neglected and NPs can be treated ad point-like sources of heat.[*

With a high number of heat nano-sources at different position a possible solution for
the equation (2.19) is of the type:

c(DI(ry) 2.21)

— |r =7y
l

AT() = ) ATy =

i indicate the i-th AuNP placed at a position r; distant |r — r;| from r and, the parameter
c(4) provides the photo-heating effectiveness of the system and is equal to:
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c(d) = VnpIm(xnp) 3ey (2.22)
2AkyJey 12ey + enp

where Im(yyp) is the imaginary part of the electric susceptibility.

The huge number of AuNPs and their homogeneous distribution makes suitable to
assume the “continuum” approximation at the macroscale and obtain a simple formula to
predict the temperature variations when the material parameters (Ryp and I) are known.
On the NPs scale, the source density ¢ varies enormously from point to point, however
when dealing with a large scale system (i.e. the beam waist w of the impinging beam) we
can consider a surface element dS = d?r’ = dxdy that can be quite small relative to the
size of the system, although still large enough to contain many AuNPs. In this conditions,
it is allowed to define a continuous source density ¢ such that o(r')d?r’ = ¥; c(A)I(r;)
and to change the sum of equation (2.21) into an integral. Therefore, in the bi-dimensional
case, in the center of the circular area invested by a Gaussian laser beam, the equation
(2.21) becomes:

AT(r =0) = _U o fznf odr'df = 2mow (223)

|T_TL

where it is considered a cylindrical beam with a spatial average intensity lo and
transversal section of radius w to write:

AT (r = 0) = 2mow = 2nwc(A)nypl, (2.24)

Replacing c(4) expression (2.22):

2

VnpIm(Xnp) 3ey (2.25)
AT(r=0)=2 I
r ) ™ 2Aky\eyg 12ey + enp elal

From equation (2.25) several experimentally fundamental information emerge: (i) the
temperature variation AT, induced by a huge number of AuNPs, is a linear function of the
laser intensity AT = S1,, (ii) and the angular coefficient § contains the effective thermal
conductivity ky, that as described above, depends on both the substrate and the surrounding
medium and that (iii) AT can be increased by increasing both the spot size of the laser beam
w or the number of irradiated AuNPs, mw?nyp.

As reported in the following experimental chapters, the thermographic analysis
enables to evaluate temperature values on the entire area irradiated by the laser beam,
empirically verifying the existence of the linear dependence between AT and the incident
light intensity. This also leads to the simple derivation of the ky value using a trivial inverse
relationship, to deduce the angular coefficient of AT plotted as a function of Io.

This theoretical model is valid for: (i) any collective thermal effect deriving from a
huge number of NPs, and for (ii) any NPs spatial distribution that do not allow geometrical
simplification, and can be easily extended to a (iii) 3D bulk distribution of AuNPs, thus
further expanding its range of applicability.®*
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2.3 Photothermal effects and applications

Due to their large optical cross-section, compared with those of organic dyes
commonly exploited for bioimaging and sensing, plasmonic AuNPs have been widely
utilized for their light scattering as nanoantenna or contrast agent for surface Raman
scattering and optical imaging such as dark-field.[®® In all these circumstances, the
absorption of light by AuNPs and the consequent heat generation has long been considered
only a side effect, to avoid or to be minimized,!'!! and a lot of effort has been channelled
towards the compensation of dissipative losses in plasmonic materials.® After the first
demonstration of AuNP-based photothermal cancer therapy in 2003 by Halas and co-
workers!®), the opinion regarding NPs as nano-sources of heat completely changed, turning
the material losses into performance gain, exploring new avenues of research based on
harvesting and using generated heat. From that moment on, many efforts have been made
to translate this preliminary idea into clinical trials. Indeed it was more than clear that
exploiting the strong LSPR absorption followed by the fast energy conversion and
dissipation could be used promptly for the heating, at the nanoscale, of the local
environment by using light radiation with a frequency resonant with the AuNPs LSPR band
in order to destroy cancer cells.® This effect is at the basis of the PPTT and represents a
potentially favourable alternative to traditional treatments of localized tumors such as
chemotherapy, radiotherapy, and surgery. Nowadays, the photothermal effect of AuNPs, is
widely applied not only for cancerous cells and tumors!™ *> 8731 but also to selective
destruction of antibiotic resistant bacterial'® %! drug delivery?®” °*4 gene therapy®,
and to the treatment of HIV®®!, Very recent applications of thermoplasmonics are involved
in the battle against coronavirus. Some examples are mainly devoted to detecting the
current pandemic (SARS-CoV-2), enabling a real-time and label-free detection of viral
sequences 781; other applications are aimed at realizing nano-based antimicrobial and
antiviral formulations that are not only suitable for disinfecting air and surfaces but are also
effective in reinforcing personal protective equipment such as facial respirators.[*’! It is not
surprising such massive use of AuNPs to eradicate viruses, in fact, many studies concerning
the treatment of HIV are also reported.”® Other emerging applications of
thermoplasmonics are present also in non-biomedical field, such as energy!?’, solar and
thermal  energy  harvesting!'’!,  nanofluidics!'®?,  nanofabrication!'®®),  nano-
manipulation!'®, heat-assisted magnetic recording (HAMR) for data storage!!%5-16]
photonics and optoelectronics*!. All these applications, in the most disparate fields, have
given rise to the need to monitor the heat induced by the photothermal effect, not only at
the nanoscale, but also at the macroscale generated by an ensemble of AuNPs.

PPTT and biomedical applications of thermoplasmonic heating will be extensively
described in Chapter 4, with particular emphasis on the application of photothermal heating
produced by AuNPs triggered by a suitable light source in the fight against antibiotic
resistance and cancer-related diseases. The underlying scientific question behind this
research, which represents one of the main objectives of the present work, is to seek a
radically new precision medicine protocol to meet longstanding clinical needs for bacteria
inactivation and cancer treatments.
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Chapter 3

PROBING AND CONTROLLING PHOTOTHERMAL
HEAT GENERATION IN PLASMONIC
NANOMATERIALS

3.1 Introduction

Experimental research has been focusing on determining the photothermal efficiency
of AuNPs immersed in various media, based on the monitoring of temperature changes
under light illumination. Temperature measurements are carried out using various
107-1091 " fluorescent thermometry!!!0-1111,
magnetic resonance imaging !''%, scanning thermal imaging microscopy!'!®!, and IR
thermography!!'*11¢1. Each technique possesses its own strength and weakness. On a

nanoscale, mechanical thermal probes, like scanning thermal microscopy, a modified

techniques, such as thermocouple thermometry !

atomic force microscope to map temperatures with 50 nm resolution, require tip contact
with the sample to measure the temperature. Optical thermal probes based techniques are
noninvasive and benefit from the ability to combine them to ubiquitous optical microscopy,
like Raman thermometry!!!”), photoacoustic thermometry!!'#],[!"%] Particularly interesting is
the thermometry method based on the measurement of fluorescence polarization
anisotropy, by assessing the molecules’ Brownian dynamics directly, enables mapping the
local temperature near nanometer-sized heat sources with 300 nm spatial resolution and
typical accuracy of 0.1 °C!'?%1, Another compelling solution for nanoscale heating detection
can be obtained by monitoring optical transformations of the AuNPs surrounding matrix,
exploiting the thermoresponsive properties of some materials, like thermotropic cholesteric
liquid crystals (CLCs).l"?!] On a macroscale, IR thermography is a contactless, non-
destructive, and inexpensive technique, which enables the measurement of the two-
dimensional temperature distribution, providing a salient visualization of temperature
changes, with sensitivity down to 50 mK (< 0,05 °C) and high spatial and temporal
resolution.['’! In some cases, a macro-scale average temperature is not enough and may
mask important information. Many fields would benefit from accurate and precise
temperature measurements, like electronics, integrated photonic devices, and biology. In
biology, temperature governs many vital cellular processes such as metabolism, division,
and gene expression. The state of most biosystems can be easily controlled by controlling
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heating at the single-cell level. Indeed there are several photothermal-induced processes
under investigation in literature, thermal-induced unfolding and denaturation of
proteins!'??, melting of DNAU!?3, phase transition of lipid membranes and vesicles!'?*!2),
migration or fusion of living cells!'?*'?7] and of course hyperthermia (temperature induced
cell death)!™. A strong limitation to applying AuNPs for hyperthermia for cancer therapy
is that for temperatures above 42°C, cell death also occurs in healthy tissues near the tumor
site. The main goal of PPTT is to thermally eradicate the tumor tissue without causing
damage to the surrounding healthy tissue. Thus there is a clear need to investigate with high
sensitivity (less than 0.5°C) the illuminated area's local temperature.*! Indeed, the analysis
performed using a thermal camera, despite its high sensitivity, is limited in spatial
resolution. Accurate high-resolution monitoring of temperature could help understand
cellular behavior and optimize externally induced procedures, such as PPTT. In the
following paragraphs, we will discuss macroscale investigations of bulk temperature via
IR thermography. Then it is presented the possibility of employing “smart materials” to
study the heating process at the nanoscale. Specifically, the thermosensitive materials
chosen to become familiar with the nanoscale thermometry technique are LCs as their
spectral characteristics (width and position) can be controlled by changing the system
temperature. Subsequently, to exploit the plasmonic heating from AuNPs for PPTT, the
hydrogel was selected as the heat-responsive material to get closer to an environment as
biocompatible as possible and emulate the physiological cellular environment with a water-
based skin-equivalent model.

3.2 Macroscale Thermometer: IR Thermography

Bulk experiments are commonly used in literature to characterize plasmonic NPs and
bulk photothermal efficiency. Therefore, and because for many applications, for instance,
cancer therapy, the plasmonic NPs are administered at a relatively large concentration, it is
relevant to elucidate their collective plasmonic properties.[® In this thesis, to qualitatively
and quantitatively monitor the heating characteristics of a large ensemble of AuNPs
nanoheaters, suspended in a solution or stuck on a substrate, we use IR Thermography.
Although the human eye cannot perceive infrared (IR) radiation, the IR camera can detect
it and convert it into a visual image that represents thermal variations throughout or over a
precise region of the sample.'?®) Thermography has been proved to be a safe, reliable,
sensitive, non-destructive, and non-contacting technique for precisely monitoring bulk
temperature variations.'?! It is a versatile technique, which offers a plethora of
possibilities, and for this reason, it is perfectly suited to different applications in various
fields. In the past few decades, there has been increased interest in active infrared
thermography for non-destructive imaging of industrial materials and art objects and
medical diagnosis applications. Industrially, thermography is used in military, aerospace,
power generation, and automotive industry applications to detect manufacturing and in-
service environment-induced defects.!'**-13!] Recently, research was undertaken to apply
thermal imaging in the field of art conservation to examine structures of panel paintings,

marquetries, and other art objects for diagnostics and authentication purposes.!*?!
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Infrared (IR) imaging is based on the fact that any object at a temperature above
absolute zero (—273°C) will emit IR radiation, even if only weakly, due to the collisions
between molecules within the materials that release energy as photons. The extraordinary
ability to detect passive infrared radiation makes thermal imaging cameras an indispensable
tool in the field of thermometry.l'*¥ For example, the human body has a low thermal
emittance, radiating in a wavelength range that starts around 3pum and peaks in the vicinity
of 10pm and trails off from this point into the extreme IR, negligibly, beyond it.['!®! In the
thermographic-based analysis, the emittance of the object is an important parameter to take
into account. The emittance of a surface is defined as a ratio of the radiation flux per unit
area of the emitter to that of a blackbody radiator at the same temperature and under the
same conditions.["**! In particular, the emissivity of human skin has a known and almost
invariant value in this wavelength region (0.98 for black skin and 0.97 for white skin),!3!
that makes IR imaging and ideal procedure to evaluate the surface temperature of the
human body, and allow to use skin-equivalent models with similar emittance value, for IR
thermal evaluation.!'*!

In this framework, thermography is receiving growing attention in the medical field.
This technique is utilized to detect early caries in teeth with better sensitivity than
radiography!"*®! and bone imaging with the aim of establishing a diagnostic technique for
osteoporosis.[3” In breast thermal imaging, an abnormal infrared image is an effective
marker for a high risk of developing breast cancer.['*¥13% Currently, there is an interest in
thermal imaging for fever screening. Following the respiratory "Coronavirus Disease
2019” (COVID-19), caused by the virus “SARS-CoV-2”, thermal cameras are being
implemented as a means of detecting people with fever-like symptoms in high-traffic areas
such as hospital entrances, shopping malls, office buildings, and potentially mass-
attendance events.!'*"!

3.2.1 Thermography for Plasmonic Photothermal Therapy (PPTT)

Thermal cameras have been extensively exploited for in vitro and in vivo temperature
monitoring during PPTT. The realization of homogeneous heat distribution and therapeutic
temperatures in the deep regions of target tumors has been a major problem in the
successful thermotherapy of tumors using conventional thermotherapy systems. Excessive
heat generation at the tumor sites can produce burns, blisters, and pain to adjacent normal
tissues. Furthermore, an insufficient temperature rise in the deep regions of tumor tissue
will result in treatment failure because of intact cancer cells' tumor regrowth.['*!! Studies
have shown that temperatures above 40 °C are sufficient for hyperthermia due to protein
denaturation and temperatures above 85 °C induce conformational changes in DNA, and
RNA.[") Such temperatures would be extreme to use, even in hyperthermia treatment.
They would not likely be achieved in cellular experiments, so it is essential to measure
temperature increase during in-vivo in-vitro PPT experiments.

Thermography enables determinations of the bulk temperature distribution of colloidal
solutions AuNPs dispersed, for example, in a liquid similar to human physiological
fluids.'*¥) Wang et al.l''* recorded IR images of the aqueous suspensions of gold
nanohexapods, nanorods, and nanocages, during laser illumination and evaluated their
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mean temperatures as a function of illumination time. But the technique allows
measurements not only for AuNPs dispersed in solutions but also in animal models or 3D
models. Maksimova et al.l'*! and Terentyuk et al.'*! have measured the temperature
distribution in colloidal Au solutions and on the animal skin surface, demonstrating the
ability to detect the temperature changes in the interior of biological tissue by using
thermograms of its surface. Lopez-Varela et al. monitored the thermal response of AuNPs,
immersed in skin-equivalent phantoms by dynamic infrared thermography, as an infrared
imaging tool for realtime recording of the temperature increases (AT).[''®! More recently,
Xiao et al.l'®! presented a new method, termed depth thermography, that enables
volumetric temperature measurements.

In particular, FLIR camera models (FLIR System, Wilsonville, OR, USA) estimate
temperature differences under 0.02 °C (20 mK), by offering quantitative and in-depth
measurements to detect deepest body problems or skin in biomedicine.!'*”) Furthermore,
the high performance of the thermal imaging camera depends on the excellent resolution.
For example, the model we use FLIR A655sc is characterized by a very high resolution of
the images of 640 x 480 pixels, equivalent to 307,200 pixels (i.e., like the simultaneous use
of 307,200 IR thermometers or thermocouples). With the current technology, a single
thermo-image may contain several thousands of temperature points, recorded in a fraction
of a second.!*8]

Thermal Radiation Principles

Cerruti et al. ¥

I presented a method to investigate the infrared emissivity of AuNPs
deposited on ITO substrates, monitoring with an IR thermal-camera the response of AuNPs
illuminated with a laser light tuned near the LSPR. They exploited the theory behind
thermography, which is quite simple and is mainly related to the radiation emitted by a
blackbody (a hypothetical perfect absorber and radiator of energy, with no reflecting power,
at any wavelength) since IR cameras essentially detect irradiance, not temperature. When
AuNPs are irradiated at a frequency that matches the LSPR, they absorb light and relax
thermally, emitting IR radiation. Planck’s law describes the amount of radiation emitted

(or radiant power, W) at any frequency and temperature by a blackbody!!>"

2hv3 1
_ 3.1
W c? (M) G-
e\kT/ — 1

where ¢ = 3 x 108m/s is the velocity of light, h = 6.6 x 1073% Js is the Planck’s
constant, kg = 1.4 X 10723 J/K is the Boltzmann’s constant. Actually, when dealing
with a real case, the radiation emission from the body represents only a tiny fraction of the
radiation emitted by an ideal blackbody. More specifically, real objects' emissivity
coincides with the ratio between the radiant power from the object to that from a blackbody
under the same conditions of temperature and frequency.

e = Mo (3.2)
v Wv,b
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Moreover, three processes need to be taken into account when dealing with real object
temperature measurements. Indeed real materials can absorb «,,, reflect p,,, and transmit t,,
light. For each wavelength and frequency, the sum of these three contributions must always
verify the following relationship:

a,+p,+17,=1 (3.3)

For AuNPs, which are made up of opaque material, 7, = 0 and the relation (3.3
simplifies to:

a,+ p, =1 (3.4)

According to Kirchoff's law of thermal radiation, for any material, set the temperature
and frequency to particular values, the emissivity and the spectral absorbance are the same,
that is €, = «a,, . From this, the equation (3.4) for an opaque material can be written as:

&+ p,=1 (3.5)

€, 1s an indicator of a material's capacity to emit (emanate) infrared rays and varies
according to the surface properties and material of the object considered: (i) for black
bodies maximum emissivity: € = 1 (100%), (ii) for real bodies € <1, because not only emit,
but they also reflect and eventually transmit radiation; (iii) for non-metallic materials (e.g.,
PVC, concrete, substances organic) the emissivity is high in the long-wave infrared range
and does not depend on the temperature (g = from 0.8 to 0.95); (iiii) for metals, especially
those with a shiny surface, the emissivity is low and varies with the variation of the
temperature. So, for highly polished and perfectly reflecting materials (i.e. a perfect
mirror), (with e— 0), p, = 1. For a graybody radiator (¢ <1, and same ¢ for all wavelengths)
the Stefan-Boltzmann formula, obtained by integrating the Planck’s formula from A = 0 to
A = oo, describes the relation between temperature and total emissive power:

W, = eoT* (3.6)

which states that the total emissive power is proportional to the fourth power of its
absolute temperature and depends on its emissivity.

All metals, including Au, are highly reflective of incident radiation below the plasma
frequency, and consequently, p, is quite high and ¢, is close to zero (in fact, €, for Au
varies between 0.03 and 0.06, depending on surface roughness)!'*!. This implies that, even
if Au NPs are optimal absorbers at a frequency close to their LSPR, the low emissivity
reduces the re-emitted IR radiation as a consequence of the local heating induced by the
absorption. This implies that the technique is not suitable for studying the temperature of a
single isolated AuNP, but is very well suited to the study of AuNPs dispersed in liquids,
biological tissue, or other materials.

The IR thermal camera detects the radiation from the analyzed sample, and the
radiation from the environment that is reflected in the sample’s surface. Both the emissivity
€ (which values can be found in the IR camera manual) and the reflected temperature p can
be set manually in the camera (often corresponds to the room temperature) since these
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parameters can dramatically affect the measurement, eventually leading to artifacts and
misinterpretation of the temperature real values.

Main components and parameters of an IR thermal camera

An IR thermal-camera basically consists of: (i) a lens, (ii) a detector in the form of a
focal plane array (FPA), (iii) a cooler for the detector, and (iv) the electronics and software
for processing and viewing thermographic images.['®! Typically, detectors are sensitive to
a wavelength range (900-14,000 nm or 0.9—14um) narrower than the full IR range.
Besides, in many experiments, the IR camera must detect the sample's temperature
radiating through the atmosphere. Therefore, the detector response curve must coincide
with a precise "atmospheric window", in other words, the range of IR wavelengths that
propagate undisturbed through the atmosphere without being attenuated. These
“atmospheric windows” are basically two (Figure 3.1): (i) the short/medium wavelength
(SW/MW) IR band (2-5.6pm), and (ii) the long-wavelength (LW) IR band (8—14pum). To
meet these criteria, specific materials are used to build sensitive detectors in these
wavelength ranges.

Visible

Ultra-
Violet

Gamma | Infrared
Rays

Visible * Infrared

SWIR

X-Rays

MWIR

0,8 12 micrometers

Figure 3.1 — An illustration of the IR portion of the electromagnetic spectrum seen by an IR
thermal camera.

Furthermore, the materials of which the lenses of IR cameras are made are transparent
to IR (they can transmit almost 100% of the incident radiation) and are opaque to visible
light, such as silicon (Si) and germanium (Ge), and have an anti-reflective coating. Si is
normally used for medium wavelength IR (MWIR) camera systems, while Ge is used for
long wavelength (LW) cameras. ['2®) Furthermore, Si and Ge have good mechanical
properties, are resistant to injuries and impacts, and are not hygroscopic.

The most common detector mounted by IR cameras is the microbolometer type. This
means that inside of a thermal camera, there are a bunch of tiny measuring devices that
capture IR radiation, the microbolometers, and each pixel has one. Microbolometer FPAs
made up of metal or semiconductor materials, work according to non-quantum principles,
so they react to radiant energy by inducing a change of state in the bulk material (i.e., the
bolometer effect). Generally, microbolometers allow compact camera designs (handheld
thermal imaging cameras), as they do not require the additional step of cooling. In practice,
the operation at the base of the microbolometers consists of several steps: (i) the thermal
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radiation impacts on the detector, (ii) the detector sensors increase in temperature, (iii) there
is a change in the electrical resistance of the sensor material, (iv) changes in resistance are
interpreted by a processor generating an image on a display, finally (v) the detector
constructs the thermogram. The whole process happens very quickly, with a rate of about
30 times per second.!'>!]

For experiments that require greater sensitivity to IR radiation, it is preferable to use
quantum detectors, whose operation is based on an intrinsic photoelectric effect. These
materials absorb IR photons, which lead electrons to a higher energy state, causing a change
in conductivity, voltage, or current. By cooling these detectors to cryogenic temperatures,
excellent IR sensitivity is achieved.!!?®]

In particular, the IR camera used, FLIR A655sc is equipped with an uncooled,
Vanadium Oxide (VoX) microbolometer detector that works in the spectral range 7.5-14
um and produces thermal images with a resolution of 640x480 pixels. A large number of
pixels allows generating detailed and highly resolute images, from which it is easy to
deduce the desired temperature information. In fact, the FLIR A655sc allows to clearly
appreciate temperature differences up to 50 mK (<0.05 ° C), with high accuracy. This value
is related to the thermal sensitivity or Noise Equivalent Temperature Difference (NETD)
and describes the smallest temperature difference detectable with the IR camera.

When performing temperature measurements using an IR camera, another important
camera specification is the smallest area of an object that can be accurately detected and
measured at a given distance, i.e. the Field of View (FOV). This parameter, usually
expressed in degrees (e.g. 25 ° x 19 °, 31 © diagonal), is related to the camera lens and focal
plane size, and considered a fixed distance, this indicates the dimensions of the total surface
area “seen” by the instrument (see Figure 3.2). For example, a FLIR A655sc camera with
a 24.6mm lens has an FOV of 0.44x 0.33 meters at a distance of one meter, and 4.4 x 3.3
meters at a distance of ten meters. While the Instantaneous Field of View (IFOV) provides
information on the spatial resolution of a camera’s focal plane array (FPA) detector, and
the area covered by an individual pixel in the array. '?*! The configuration of the FPA in
the FLIR A655sc is 640 x 480 detectors, which makes a total of 307.200 individual picture
elements (pixels). To correctly analyze, using a thermal-camera, an object placed at a
distance of one meter; it is important to determine the IFOV. If the total FOV is 32 X 24mm
at a distance of one meter, dividing these FOV dimensions by the number of pixels in a line
and a row, respectively, turns out that the IFOV of a pixel is an area 0.05 % 0.05 mm. Such
micro resolution dimensions can be reached due to the IR microscopic capability. A close-
up IR lens, 2.9 x (50pm) mounted on the standard 24.6mm lens, lets the camera take images
on a micro-scale. The Flir A655sc camera, with IFOV of 0.68 mrad/pixel, (with a 25° lens,
f=24.6mm) has the pixel that, at a distance of 0.5m, covers an area of 0.35 x 0.35 mm. So,
with the A655sc, at 0.5m distance, one could correctly measure an object's temperature no
smaller than 0.35mm on each side.

Conventionally it is assumed that the object must cover at least 9 pixels (3 pixels per
side), and must therefore be 3 times larger than the single pixel, in order not to measure the
temperature adjacent to the object being measured. The minimum measurable area with
FLIR A655sc (at a distance of 0.5m) is 1.05mm x 1.05mm. Therefore, it is important to
compare the object of interest's size with the IFOV value before performing any
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temperature measurements. Furthermore, in the case of dynamic temperature
measurements of a phenomenon that occurs over time, the acquisition rate of the thermal
images acquired by the sensor must be considered. Also, the following technical
specifications are given in the instrument manual: “the FLIR A655sc provides 14-bit data
up to 50 frames per second at full frame 640 % 480 resolution; it has a high speed
windowing function that increases the output frame rate up to 200 Hz at a 640 x 120 pixel
window.” The complete technical specifications are given in Tab 3.1.

IFOV
2.76mm

0.35mm

FLIR A655sc
Focal Length: 24.6mm
Resolution: 640x680

Figure 3.2 — The thermal camera has a well-defined detection area, known as the field of view
(FOV), distinguishable in its horizontal (HFOV), vertical (VFOV), and diagonal components
(DFOYV), on which the size of the individual pixels (IFOV) depends. The more distant the object
is, the greater the observed area and, with it, also the area analyzed by the single pixel.

Tab 3.1 — Technical specifications of the infrared camera FLIR A655sc, with a close-up IR lens,
2.9% (50um) mounted on the 24.6mm lens (FOV 25°% 19°), used in the experiments.

Detector Type focal plane array (FPA), uncooled microbolometer
Temperature range —40°C to +150°C / 100 to +650°C
Thermal sensitivity/NETD <0.03°C at +30°C / 30 mK
IR Measurment Accuracy +2°C or +2% of reading
IR Spectral Range LWIR (7.5-14 um)
IR Resolution 640 x 480 pixels
Detector Pitch 17 um
Field of view (FOV) 32 x 24 mm (40 mm diagonally)
Magnifying factor 2.9x
Min. Working distance 84 mm
Depth of field 0.65 mm
Focal Length 78 mm
Spatial resolution (IFOV) 50 um
Frame rate (full window) 50 Hz
Max. Frame rate 200 Hz (640x120)
Dynamic range 14-bit
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Experimental temperature measurements

Usually, the photothermal-setup consist of a CW pump laser, that can work in the VIS
(i.e.A =532nm, for 20nm spherical AuNPs) or NIR region (i.e.A =808 nm, for
AuNRs), a series of mirror used to excite the AuNPs from the top impinging
perpendicularly to the air/solution or air/substrate interface, a series of lens to adjust the
beam spot size w and consequently the impinging intensity I (Wcm™2), and an IR
photothermal camera. It is important to point out that IR thermography is a valid method
of measuring NIR irradiation as the excitation and emission wavelengths are not overlapped
(for example excitation 808 nm, measurement band 7.5-13 um).["?! This separation in
wavelength allows for NIR excitation and mid-IR measurement with no overlap. However,
the IR camera is commonly mounted at an angle of approximately 90° to the laser such that
the sample was irradiated in an area coinciding with the active area of the camera while not
interfering with the imaging. Furthermore, detecting sideways the temperature from the
sample tube-like container (i.e. quartz Cuvette, Eppendorf vial, glass tube), with the laser
radiation that propagates parallel with the sample container axis, allows obtaining a depth
profile of temperature. Once the power laser is fixed, and the recording time is set, the IR
camera records several thermographs at a certain imaging rate. During and immediately
after the experiment, the first qualitative analysis of raw IR images aims to monitor the
surface temperature changes in a continuous way. In this first step, before image
processing, it is important to set the most suitable color palettes that can be different for
different purpose. For example, in engineering applications, a color palette called ‘iron’ is
used where yellow is hotter than red, and white is hotter than yellow, as found when iron
is heated in a furnace. In medicine, where the temperature range is different, a ‘rainbow’
palette is preferred, with red as hot and blue/black as cold. In general, throughout this thesis,
a slightly modified rainbow palette (called ‘1234”) is used, in which the color gradient starts
from yellow, for the hottest point, to dark blue, for the colder one (Figure 3.3). These color
scales may also be linear or logarithmic in distribution, and in some software packages, the
user can generate his own color scale for a specific application if required. In general, the
temperature color scale used at the time of image capture should be displayed alongside
the final image (see Figure 3.3). Without this, the image is poorly defined since the range
and level of temperatures are essential to the full information provided in the
thermogram. 48]

Subsequently, the IR images are processed employing a custom analysis software, the
ResearchlIR thermographic data acquisition and analysis software, which can serve a wide
variety of functions from real-time image acquisition to post-acquisition processing of
thermographs. A Region of Interest ROI can be selected, allowing the analysis of a single
points, line profiles, and averages of circle/rectangular areas. Both the sample positions
with respect to the camera, and the location and shape of ROI has been shown to have a
marked influence on both the accuracy and precision of temperature measurements
obtained from thermal images.!'*¥! Processing of IR image sequences aims to evaluate, for
example, the temporal behavior and spatial distribution of the mean/max temperature.
Furthermore, through the plot tools, it can be selected one of each plot type per Region
(ROI). The plots available are: (i) the profile plot, (ii) the temporal plot, (iii) the histogram
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plot, and (iv) the oscilloscope plot. The profile plot creates a linear graph of the temperature
data encompassed in a ROI, the temporal plot represents the temperature of a ROI as a
function of time, the histogram plot shows the spatial distribution of temperature values
within an ROI, and the oscilloscope plot (O-scope) gives an “edge-on” view of the image.

Figure 3.3 shows some examples of IR images acquired with our IR thermal camera
and the plots obtainable of the temperature as a function of time or space.

Temperature (°C)

__ Temperature (°C

a1,27
39,34
37,41
35,48
33,55
3162
20,69
27,76
25,83

23,90

Figure 3.3 —Representative IR thermographic images (color palette ‘1234°)
extracted from experiments conducted with (4) AuNRs deposited on a substrate, and
colloidal solutions of AuNPs contained in a quartz cuvette (B, C), along with
illustrative graphs of the temporal behavior (D), 2D spatial map (E), and 3D spatial
distribution (F) of temperature.
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3.3 Nanoscale thermometers: thermo-responsive smart materials

The combined effects of thermal information at lower length scales and the
unprecedented possibilities opened up by nanomaterials and nanotechnologies are paving
the way for the development of nano-thermometry with high spatial resolution.!'>¥ This
paragraph shows the use of smart materials with thermo-responsive properties,
thermotropic LCs, and thermoresponsive poly(N-isopropylacrylamide)
(PNIPAm)hydrogels, for monitoring and controlling the heating induced at the nanoscale
by AuNPs.

3.3.1 Thermotropic Liquid Crystals

LCs are a phase of the matter beneficial in several research fields such as biology,
chemistry, physics, electronics, optics, and biomedicine.['** The term “Liquid Crystal”,
first used by O. Lehmann in 1890, designates a state of matter intermediate between the
solid crystalline and the ordinary (isotropic) liquid phases.!'*® LCs flow like ordinary
liquids (e.g., they adopt the shape of their container). On the other hand, they exhibit
anisotropic properties as do solid crystal. Their physical properties (optical, electrical, and
magnetic) are dependent on the direction in which they are measured. LCs are also defined
mesophases or mesomorphic phases, derived from the Ancient Greek word mésos, meaning
‘in-between’ or ‘intermediate’, because of their intermediate nature. Liquid crystallinity is
exhibited by several naturally occurring materials, including DNA, proteins, cell
membranes, and insects’ shell.[!3]

Crystal phase Liquid Crystal phase Isotropic phase

(mesophase) W

Soesees
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Figure 3.4 — On the left, temperature-dependent transitions from the crystalline state through to
the isotropic liquid state passing from the melting point (Tm) and clearing point (Tc). On the
right, arrangement of molecules in the nematic, smectic, and cholesteric LC phase.

Depending on the nature of the phases they form, LCs can be divided into two general

classes: thermotropic and lyotropic LCs. The behavior of thermotropic LCs is dependent
on temperature: they usually exhibit mesophases either on heating material from the
crystalline solid state or on cooling from the isotropic liquid state (Figure 3.4). Lyotropic
LCs, on the other hand, are formed on the change of concentration of amphiphilic
molecules dispersed in an isotropic medium — for example, surfactant molecules dispersed
in water.

There are three basic types of LCs phases exhibited by thermotropic mesogens,
denominated as smectic, nematic, and cholesteric (Figure 3.4), following the classification
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proposed by Friedel!'*”), In all three types of phases, the LC molecules are aligned along a

preferential direction, known as the director n, which is the average orientation of the
molecules within the phase. It is essential to quantify how much the molecules are ordered
within a phase, and this is possible through the order parameter, S

1 (3.7)

S= E<3C0529 -1)

where 6 represents the angle between the director and the long axis of an individual

molecule. The order parameter is temperature dependent and is in the range —% <S<1.

Since the cosine of 0° is 1, perfect orientational order (all angle equal to 0°) results in S=1.
In addition, in a liquid with no orientational order, S = 0.[158]

In the nematic phase, molecules possess long-range orientational order, but there is no
positional order. Typically for a nematic phase, the order parameter S is between 0.4 and
0.7.1'1 Smectic phases, like nematic phases, possess orientational ordering along the
director. Compared to nematic phases, however, they have a higher degree of order.
Molecules in the smectic phase are arranged in a layered structure with a well-defined
interlayer spacing. The cholesteric, or chiral nematic phase, exhibits long-range
orientational order, like the nematic phase, and a twisted structure, whereby the director
rotates at an angle perpendicular to the director, to form a helical structure of a certain pitch
length. The distance at which the director rotates a full 360° around the helical axis is called
the pitch, p.

In a LC device, also known as a ‘cell’, it is possible to achieve a preferred orientation
of the LC director by surface treatment of the glass substrates and this consequently
determines the optical properties of the device. Two types of alignment are typically used
when characterizing LC devices: planar alignment (sometimes referred to as
‘homogeneous’) and homeotropic alignment, both reported in Figure 3.5.
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Figure 3.5 — A diagram representing the orientation of the NLC director n in a
homeotropic and planar cell.

For a uniaxial NLC in a planar device, the LC director’s orientation is parallel to the
glass substrates. In a homeotropic device, the LC director is perpendicular to the glass
substrates.

These alignments are generally achieved by depositing a thin polyimide layer onto the
glass substrates' surface, which anchors the LC to the preferred alignment. To achieve a
uniform preferred direction of the director, the polyimide layer can be rubbed with a velvet
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cloth, which creates grooves on the surface of the planar substrate and the director will lie
along the direction of these grooves, i.e. along the ‘rubbing direction’.['5"!

Another important, non-contact, all-optical method used to align LCs is
photoalignment.['®!) A photosensitive film of polymer (Photo-Alignment Layer, PAL) is
deposited on the surface of the glass substrate by means of a spin coating or spray coating.
Then the substrate is exposed to linearly polarized UV light. Due to the dependence of the
absorption of light by the molecules of the photosensitive film on the polarization direction,
an anisotropic distribution of the orientation of the molecules of the alignment materials
occurs; in this way, the induced degree of surface ordering on the layer is further transferred
to the LC molecules, that become oriented. The few nanometers thick film act as a
command layer for controlling the LCs order. As a matter of fact, PALs have generated
interest as they possess significant advantages in comparison with standard rubbing
treatments of LCs cell substrates, providing a: (i) non-contact method controllable by a
suitable external light, (ii) reversible and reproducible aligning mechanism, (ii) simple
processing by spin-coating.[?! A particular class of PAL materials is illustrated in the
following paragraphs, the azobenzene-based photo-anisotropic materials as Photo-
Alignment or command Layers (PALs) for LCs going into the details of its anisotropic
thermal behavior.

NLCs and CLCs, have attracted much attention in both scientific studies and
application among all the soft and smart materials thanks to distinctive features: the
possibility of modifying their physical and optical properties using external stimuli,['** and
here we will focus on the effect of photothermal heating from AuNPs. This mutual effect
between LCs and AuNPs turns out to be a new and interesting way to probe and control the
nanoscale temperature. Indeed LCs have been exploited as active media for controlling the
LSPR frequency of AuNPs and for detecting photo-induced temperature variation at the
nanoscale.

The main characteristic of LCs to be considered is their optical anisotropy. The
director's uniaxial symmetry in the NLC phase leads to an anisotropy in the refractive
index, the dielectric permittivity, magnetic susceptibility, viscosity, and conductivity. All
these physical quantities have different values, depending on the mutual correspondence
between the external field polarization and the LC director. The anisotropy of NLCs causes
light polarized along the director n to propagate at a different velocity than light polarized
perpendicular to it; therefore, LCs are birefringent.!'>*¥A uniaxial NLC has two principal
refractive indices: the ordinary refractive index n, and the extraordinary refractive index n.
(Figure 3.6).
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Figure 3.6 — Light propagation in NLCs parallel and perpendicular to the optical axis:
ne - extraordinary refractive index; n, - ordinary refractive index.

refractive index
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The first one, n,, is seen by the light wave whose electric vector is perpendicular to the
optical axis (ordinary wave). The index n. is seen by the light wave whose electric vector
is along the optical axis (extraordinary wave). The birefringence is given by!!®!:

An=n,—n,=n;—n, (3.8)

Where n; and n; are the components parallel and perpendicular to the director,
respectively. In the case of uniaxial NLCs the optical axis coincides with the direction of n
and the indices n, and n. are measured for light propagating along or normal to the optical
axis. In general, birefringence An of LCs decreases as the wavelength of the incident light
or the temperature increases.
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Figure 3.7 — Temperature dependence of the refractive index. T, is the clearing
temperature; Ny is the isotropic LC refractive index.
Unpolarized light incident upon a NLC is split into an ordinary and an extraordinary

wave, which travels with different velocities through the material.l'®* The two waves, after
having crossed the thickness d of LC, are out of phase by an amount equal to:

A = 2mAnd/A (3.9)

The birefringent nature of LCs is clearly evident when a LC cell is placed between
crossed polarizers. Normally no light emerge, because the light emerging from the first
polarizer is completely absorbed by the second polarizer. Insertion of an isotropic material
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does not change this because the polarization of light is unchanged as it travels through an
isotropic material.

When the plane of polarized light from the first polarizer passes through the LC layer,
it becomes elliptically polarized (diffracted) due to birefringence and, therefore, it can pass
through the second polarizer (called the ‘analyzer’), which is aligned at a 90° angle to the
first polarizer. As a result, colored textures that are characteristic of specific LC phases can
be observed. These are best obtained when the LC material is cooled from its isotropic
state. On the other hand, an isotropic liquid would appear black between crossed polarizers
because the plane of polarized light from the polarizer would not get diffracted when
passing through the liquid and, as a result, would get blocked by the analyzer.

LCs can align themselves homeotropically between two untreated glass substrates. In
this case, the light passing through the polarizer experiences only one of the material’s
refractive indices and does not get diffracted, as is the case for isotropic liquids. Therefore,
the homeotropically aligned sample appears black. When the alignment direction of the
planar cells is (i) parallel (0°, 90°) to either the polarizer or analyzer, the sample will appear
dark for a nematic sample because the director lies along the alignment direction; (ii) tilted
with angles different of 0° or 90°, the light is transmitted, with maximum transmission at
45°.

A ol
Figure 3.8 — Two identical NLCs cells viewed between crossed polarizer, when the director

is aligned parallel to P or A (A) and at alignment of 45° (B). Colored texture of the nematic
phase when the LC is viewed between two untreated glass substrates (C).

Figure 3.8 C shows the typical textures observed for a NLC between untreated glass
substrates. The black lines represent schlieren textures and are observed when the LC
director lies parallel to the crossed polarizers.

In the case of CLCs the optic axis coincides with the helix axis which is perpendicular
to the local director; n, = ny, and n, is a function of both n and n,; and depends on the
relative magnitude of the wavelength with respect to the pitch.

1 1/2 (3.10)
No = [E (nﬁ + ni)] Ne =Ny

CLCs, due to their high birefringence and their helical configuration, exhibit two other
fundamental characteristics: (i) selective reflection band; (ii) tunability of the helix pitch.

For light propagating along the helix axis, CLCs exhibit a Bragg reflection (4p) band
for circularly polarized light with the same handedness as the helix over the wavelength
range n,P<A<n.P. Light of opposite handedness propagates through the CLC film without
being affected.
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Ap = pit (3.11)

Where 7 is the average refractive index of CLC, defined as n = (n, + n,)/2.

The pitch p of a CLC film is sensitive to temperature variations allowing a simple
probe of average temperature caused by LSPR induced heating. The experimental
applications resulting from these characteristics will be illustrated in detail in the following
paragraphs.
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Figure 3.9 — Bragg reflection band shift, due to the CLC pitch stretching as the
temperature increases, which results in a color change of the CLCs cells.

3.3.1.1 Application 1: A command layer for anisotropic plasmonic photo-
thermal effects in liquid crystal

In this section, the photo-anisotropic properties of a particular LCs command layer,
based on azobenzene material, are exploited to control the photo-thermal response of a
single layer of homogeneously and uniformly distributed AuNPs, immobilized on a glass
substrate. The intrinsic anisotropy of the azobenzene-based photo-alignment layer (PAL)
can influence the photo-thermal response of plasmonic systems. As already discussed in
the previous chapter, the resonant absorption of radiation by plasmonic subunits, the
AuNPs, is followed by a noticeable increase in their temperature. Although, the thermal
response observed in presence of a homogeneous and random array of AuNPs directly
exposed to air or embedded in ice is typically isotropic; depositing a homogenous, yet thin,
coating of a PAL on a large-area carpet of AuNPs, influences their thermal response in an
anisotropic way related on the alignment direction of the command layer molecules. This
effect makes the command layer of particular interest for its capability to drive intriguing
optically induced ‘thermal-reorientation’ effects in a LC film.
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Realization of the hybrid device

The fabrication of this device was conceived in a layer-by-layer way. The first step is
the synthesis (exploiting a slightly modified Turkevich method '%1) and deposition of a
colloidal solution of AuNPs on a glass substrate. The glass substrate surface has been
properly functionalized in order to obtain positively charged surfaces; then, the process of
NPs deposition has been realized by dipping the substrates in a solution of colloidal AuNPs
for 50 min. In order to evaluate the active role of a single NPs layer a peel off of the NPs
from one side is performed.

The second step is the deposition of the azobenzene-based PAL by means of a spin
coater (2000 rpm @ 30 s). The AuNPs layer has been covered with a thin film of PAL,
made of randomly aligned molecules of azo-dye (PAAD-27 by BeamCo), dissolved in
dimethylformamide, which possesses a broad absorption band centered at 415 nm.

The elongated molecules of PAAD-27 exhibit the feature that, when acted on by a
polarized UV light for a suitable time interval (typically 10 min), they reorient
perpendicularly to the light polarization direction in order to minimize the absorption cross
section. By simply varying the polarization direction of the impinging UV light, it is,
therefore, possible to reorient the PAL molecules, along with the molecular director of a
NLC that the PAL is, possibly, put in contact with.[6?!

Morphological and spectral analysis

Once the device is assembled, the morphological and spectral analysis of the AuNPs
sample before (sample A) and after (sample B) the PAL deposition was carried out. The
atomic force microscopy (AFM) analysis (Figure 3.10) reveals: (i) in sample A, a uniform
distribution of well-dispersed AuNPs with a surface density of 355NPs/um? and an
average height of (30 + 6)nm (ii) in sample B, a planarization of the surface due to the
presence of the PAL that is interposed between the NPS, average height of (10 + 6)nm.

—— =2 30.0nm

I 1 20
100 nm 00 nm 0

Figure 3.10— AFM topograpy of the AuNPs sample (a) before (sample A) and (b) after
(sample B) the PAL deposition.

The spectral analysis of sample A shows the typical LSPR band of spherical AuNPs
in the green region of the spectrum, centered a A; spr =533nm (Figure 3.11 a, black curve),
while sample B (AuNPs+PAL, Figure 3.11 a, red curve) shows an absorption increase of
about 11% and a red shift of the LSPR of about 13 nm (1;gpr =546nm). The modification
of the spectral response is due to the change in the refractive index of the surrounding
medium, from the air value (n, = 1) to the PAAD-27 value (np,; = 1.73), as extensively
explained in the theoretical Chapter 1 (paragraph 1.5.3). This experimentally observed
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result is confirmed by a theoretical prediction (Figure 3.11 b), based on the Mie Theory
which provides an analytical solution of Maxwell’s equations for the scattering/absorption
of an electro-magnetic radiation induced by small and isolated AuNPs.

Furthermore, similar behaviors, due to the presence of the PAL layer, have also been
observed in other previous works!!'®?, which confirm the occurrence of a red shift (=
12nm) in the A, spg and the planarization effect observed in Figure 3.10 b, induced by the
PAL that is distributed among the AuNPs, making the surface uniform.
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Figure 3.11 — Spectral response (a) and theoretical prediction (Mie theory) (b) of the extinction

efficiency of the AuNPs sample surrounded by air (black curve), and PAL (red curve).

Photo-thermal analysis

To evaluate the photo-thermal efficiency of the sample, a CW green laser emitting at
L =532 nm, with a spot size of 0.21 cm?, is used as pump; measurements are performed at
power intervals of 200 mW in the range 0.2—1.2 W, corresponding to intensity variations
from 1.0 W cm 2 to 6.0 W cm 2. Thermographic analysis is performed at a small angle with
respect to the pump beam (that impinges perpendicularly to the sample) by means of a
thermocamera (E40 by FLIR) characterized by an accuracy of + 1.0°C and a spatial
resolution of 2.72 mrad. Control parameters are appropriately set to take into account both
environmental and material properties; reflected temperature was set to To = 20°C,
emissivity of glass to € = 0.83, and the working distance between camera and object was
adjusted to the allowed minimum value, that is, less than 10 cm.
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Figure 3.12 — Sketch of the thermo-optical setup. WP: waveplate, P: polarizer, M: mirror.
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By monitoring temperature values of the central pixel of each hot-spot of the
thermographic images (Figure 3.13), which corresponds to the warmest point, we plot the
temperature variation AT = T — T, versus the impinging power (T, is the sample
temperature when the pump beam is off, see Figure 3.13 e, f). Measured AT values show
a linear increase as a function of the pump power; in particular, the AT corresponding to
the maximum power (1.2 W) for the sample A is AT = (15.1 £ 1.0) °C, while the AT is
equal to (27.3 £ 1) °C in the case of sample B.

,/"r//.
AT=8.8°C AT=15.1°C T
[ —u— Sample A 1
UTS Ofﬁ 1?0 1f2
Power (W)
- =
.
AT=13.4°C
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OTS 0:8 1:0 1?2

Power(W)

Figure 3.13 — Thermographic images of sample A (a, b) and sample B (c, d), for different power
values of the pump beam. Temperature variation versus pump beam power for (e) sample A
(black curve) and (f) sample B (red curve).

Once the photo-thermal response of samples has been estimated, the impact of the
different alignment of the PAL is investigated. After exposing sample B to the UV-
polarized light, indicated by ‘Ex aligned’ we repeated the spectral analysis on sample B,
observing an increase of the plasmonic band intensity of about 10% and no shift of the
position of the LSPR peak. By exposing again sample B to the polarized light after rotating
of 90° the polarizer with respect to the previous one (we indicate by ‘Ey aligned’ the new
polarization direction), we obtain the same spectral response in the whole area of the
plasmonic band (Figure 3.14).
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Figure 3.14 — Spectral response of the samples A and B in the case of Ex-polarized aligning blue
light (blue curve) and Ey polarized blue light (green curve) (b). Temperature variations of the
samples B for the two different orientation alignments.
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The observation that the LSPR band does not change for the two different alignments
indicates that there are no variations in the refractive index of the PAL. Indeed, same 4;spr
means same Frohlich condition (equation (1.12)), which implies the absence of changes in
the host medium dielectric permittivity. Furthermore, for the two different Ex and Ey
alignments, we observe not only the same resonance wavelength but also the same
absorbance value; however, this overlap of the absorption spectrum does not correspond to
an overlap of the detected temperature variations. Although the optical response of sample
B does not change, its thermal response (Figure 3.14 b) turns out to be very different for
the two different PAL alignments.

This can be explained by observing that the system absorbance depends on the
polarizability o (1.11) whose denominator determines the Frohlich condition Re[e(w)] =
—2¢&,,, while temperature variations depend also on the thermal conductivity. Thus, we can
argue that the three different PAL alignment conditions (amorphous, Ex aligned and Ey
aligned) induce different thermal conductivities, though they induce the same optical
response of the sample. Furthermore, we can say that the ‘Ex aligned’ and ‘Ey aligned’
conditions induce a reversible and repeatable thermal anisotropy due to an induced change
of the thermal conductivity of the PAL, which depends on the polarization direction of the
resonant impinging light.

As previously specified, from equation (2.25) it is possible to calculate the thermal
conductivity kg from a simple inverse relation in which the angular coefficient of AT versus
intensity Iy is calculated. The thermal conductivities Ky of the PAL in the three cases are
measured as: 0.77 W(°K m)! for the amorphous PAL, 0.32 W(°K m)! for the Ex aligned
PAL, and 0.40 W(°K m)! for the Ey aligned PAL.

These results demonstrate that: (i) thermal conductivity is strongly dependent on the
PAL orientation confirming the anisotropy of the material; (ii) the temperature increase can
be controlled by varying the orientation of the PAL molecules; (iii) is possible to drive the
thermal behavior of PAL materials through polarized light to obtain different thermal
responses of a new smart LC device.

3.3.1.2 Application 2:  Dynamic  optical properties of gold
nanoparticles/cholesteric liquid crystal arrays

In this section, it is shown the possibility of fabricating a thermoresponsive large-area
plasmonic architecture (1 inch?) of randomly distributed gold NPs (GNPs) immobilized on
a glass substrate and covered with a CLC as an active over layer for controlling
simultaneously both the photonic and plasmonic properties of the hybrid system. A photo-
thermal heating effect due to the localized surface plasmonic resonance (LSPR) mechanism
is generated by pumping the GNP array with a resonant light beam. The photo-induced
heat, propagating through the CLC layer, induces a gradual phase transition from the
cholesteric to isotropic phase. Both the plasmonic and photonic properties of the system as
both the selective reflection properties and frequency of the LSPR are modulated. The
interplay between photonics and plasmonics allows detecting plasmonic heating via LCs
thermometry.
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Realization of the hybrid device

As in the previous case, the device is realized in a layer-by-layer methodology, starting
from the synthesis with a slightly modified Turkevich method!'®¥], then a monolayer of
GNPs is electrostatically immobilized on a BK7 glass substrate.

It is important to remark that we have chosen spherical GNPs because they are more
stable than other shapes (e.g., nanorods) and easier to prepare. Moreover, we remind that
the photo-thermal efficiency (i) of GNPs can be expressed through the following equation
L = Gabs/(Gabs +0sca). It has been shownP®! that if the NP size is about 10-20 nm, G, is
negligible, thus p =~ 1. On the other hand, the synthetic path for realizing very small GNPs
(e.g., <10 nm) is experimentally challenging and time consuming. For this reason, we chose
a NP size (20 nm) to maximize the photo-thermal efficiency while ensuring a simple and
reliable synthetic protocol.

At the same time, a CLCs phase is obtained by adding to a NLC (5CB, 4-cyano-4’-
pentylbiphenyl, by Merck) a small amount of chiral dopant (20% of left-handed chiral
dopant), giving chiral properties to the NLC with a helix pitch length of about 440nm (more
chiral dopant results in reduced CLC length pitch). The 20wt.% of chiral dopant is
necessary to finely tune (red shift) the CLC reflection band, thus minimizing the overlap
between the CLC reflection band and the GNPs plasmonic peak, centered at 600nm and
515nm, respectively. The SCB NLC is accurately selected for its low transition temperature
(Thematic—iso = 38°C), that is equal to the one obtained for the CLC. The PAL, as in the
previous showed work, is a commercially available azo dye (PAAD72 by BEAMCo) with
a dpax = 430nm.

Morphological and spectral analysis
Again, a morphological and spectral analysis was performed.
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Figure 3.15 — Photo of the GNP array immobilized on a glass substrate surrounded by air (a)
and PAL (c) along with the corresponding AFM topography (b, d). Spectral response of the
sample (e) for unpolarized visible light surrounded by air (red curve), PAL (blue curve), and PAL
+ CLC (magenta curve) along with a photo of the fabricated sample (f).

As is possible to see in Figure 3.15 b, the GNPs substrate exhibits a pinkish tint with
an absorption peak at A;gpr =515nm. After the PAL deposition (spin-coating at 3000rpm
for 30s) the substrate undergoes a slight color change Figure 3.15 ¢ and the absorption
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peak experienced a red shift from 515nm (red curve) to 533nm (blue curve) induced by the
variation of the refractive index, as shown before.

In order to confirm that the approximation of small and isolated GNPs is valid, the
GNPs monolayer was examined by means of an AFM, showing also for this sample a
monodisperse status for GNPs with an average diameter of about 20nm and a layer
thickness of about 30nm. The PAL, once again, induces a planarization effect (the PAL
thickness is about 27nm).

Then, the CLC is “sandwiched” between one substrate possessing the treated
GNPs/PAL and a second substrate treated with rubbing to induce the planar alignment of
the CLC molecules (CLC helix axis oriented perpendicular to the glass surface). The two
substrates are spaced by a 10um glass microspheres and the CLC is introduced by capillary
flow at room temperature. Figure 3.15 f, shows the CLC cell highlighting a reddish color
due to its selective reflection. For unpolarized light, the spectral response of the sample
(Figure 3.15 e, magenta curve) shows a broad dip in the transmission curve due to the
overlap of the LSPR absorption and the CLC reflection centered at 600nm.
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Figure 3.16 — Spectral response of the sample (a) for left (blue curve) and right (red curve)
circularly polarized light along with corresponding photos (b, c) of the back-reflected component.
Spectral response of the NPs arrays (d) surrounded by different media, air (red curve), PAL (blue
curve), PAL +CLC (magenta curve). The magenta curve in d has been acquired for light left
circularly polarized.

In order to study independently the photonic and plasmonic properties of our hybrid
system (to overcome the partial overlap between the LSPR absorption and CLC reflection
band), polarized spectral characterization of the samples was done.

As already anticipated before, in the LCs section, for a CLC layer in a planar
configuration, circularly polarized light of the same handedness (right circularly polarized,
in the actual case) as the helix and having wavelengths between noP and n.P is reflected by
the CLC layer (Figure 3.16 a, red curve). This is confirmed by visualizing the far field
back-reflected component (see reddish spot in Figure 3.16 ¢). Light of the opposite
handedness (Figure 3.16 a, blue curve) propagates through the CLC film without being
affected (the whitish back-reflected spot shown in Figure 3.16 b is due to the Fresnel
reflection of the glass substrates). Both spectra reported in Figure 3.16 a (red and blue
curves) have been acquired at normal incidence while the two far field back-reflected spots
(Figure 3.16 b, ¢) have been acquired by slightly tilting the CLC sample.
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It is worth noting that in the blue curve (Figure 3.16 a) the LSPR absorption is visible
with a remarkable red shift compared to PAL (Figure 3.15 e, blue curve). On the other
hand, the LSPR absorption is slightly visible in Figure 3.16 a, red curve (see dashed circle)
due to the overlap between the LSPR absorption and CLC reflection band. Indeed, due to
the increasing value of the refractive index surrounding the GNPs [from the PAL layer to
the CLC film (Naverage~1.61)], the LSPR frequency is further red-shifted by approximately
28 nm (Figure 3.16 a, blue curve). Note: the refractive index of the CLC in cholesteric
phase has been calculated as follows: Naverage (cholesteric)=(n¢+ no)/2, where ns~1.68,
ny=1.52 are the extraordinary and ordinary refractive indices of the LC, respectively.

To visualize the overall red shift of the sample, the spectral response of the GNP array
(Figure 3.16 d, red curve), GNP array covered with PAL (Figure 3.16 d, blue curve), and
GNP array coated with PAL and CLC (Figure 3.16 d, magenta curve) is shown. The last
one has been acquired for left circularly polarized light to remove the presence of the CLC
reflection band. There is a total red shift of the LSPR frequency of about 40nm.

Basically acting on the polarization it is possible to switch from plasmonic to
photonics.

Photo-thermal analysis

The key point of this experimental study is to exploit the thermosensitive behavior of
the thermotropic CLC. The CLC pitch is sensitive to temperature variations allowing a
simple probe of average temperature variations induced by LSPR-induced heating.
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Figure 3.17 —All-optical setup (a) for sample characterization. Schematic of the sample (b) with
the pump beam turned OFF (left) and ON (middle and right) at different power levels.

So the all-optical setup schematized in Figure 3.17 a was used to probe
time/temperature/exposure relationships. This setup utilizes a collimated white source
(400nm< A<750 nm) for monitoring the spectral transmission properties of the CLC
configuration, and a CW pump laser emitting at A=532 nm (Ppump= 60 mW/cm?) in the high
absorption range of the GNPs surrounded with PAL and CLC. When the pump beam is off,
the CLC is planar aligned as sketched in Figure 3.17 b, left image.
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Figure 3.18 — Spectral response of the sample (probe light right circularly polarized) for different
values of the illumination time. For sake of clarity the spectrum is divided in two different spectra
having fast (a) and slow (b) back relaxation.

By gradually photo-exciting the sample (from Os to 15s) from the GNPs substrate side,
there is an electric-driven Joule heating of the GNPs and dissipation of that heat into the
surrounding CLC medium (the PAL layer does not change its optical properties with
temperature). The local heating induces a deformation/distortion of the CLC alignment
(Figure 3.17 b, middle image) resulting in attenuation (=80%) and broadening (=5nm) of
the reflection band (Figure 3.18 a). The attenuation is due to a large increase in scattered
transmitted light while the broadening is due to a slight chirping of the CLC pitch profile
through the thickness of the cell (hot to cold). Continued illumination from 15s to 19s
results in the CLC undergoing a phase transition (Figure 3.17 b, right image) restoring
(Figure 3.18 b) the broadband transmitted light intensity (the isotropic CLC does not
scatter the impinging radiation). Noteworthy, when the CLC is in isotropic phase the
reflection band is completely erased, while the LSPR absorption is clearly visible (Figure
3.18, black curve).

In order to check the reversibility and the repeatability of the reported effect, we have
performed reflection dynamic experiments by using a low power red probe light (A=633nm,
in the middle of the reflection band). By utilizing a photo-detector, we have monitored the
reflection component while turning on and off the pump laser beam (A=532nm,
Prump=60mW/cm?). In the time interval 0-15s, the CLC configuration is partially deformed
(see configuration reported in Figure 3.17, middle image) due to induced photo-thermal
heating (pump beam on). When the pump beam is turned off, the CLC restores to its initial
geometry (Figure 3.17, left image) in less than 1s. Conversely, in the time interval 15-19s,
since the CLC undergoes a phase transition (and is eliminated) (Figure 3.17, right image),
when the pump beam is turned off, the CLC takes several minutes to relax back to its initial
configuration (Figure 3.17, left image). We have repeated the same experiments by photo-
heating the samples from the glass side observing the same behavior with a longer time
interval (the CLC went to the isotropic phase after 26s).
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Figure 3.19 — Spectral response (a) of the sample for left (red curve) and right (blue curve)
circularly polarized light having the CLC is the cholesteric and isotropic phases, respectively.
Thermographic images of the sample (pump laser beam on) acquired at t =0s (b) and t =20s (c).

In order to quantify the influence of the CLC refractive index variation on the spectral
position of the LSPR peak, the transmission curves of the sample when the CLC is in the
cholesteric (Figure 3.16 d, magenta curve) and isotropic (Figure 3.18 b, black curve)
phases can be compared. Figure 3.19 a shows a blue-shifted (=15 nm) LSPR peak due to
the decreasing of the refractive index surrounding the GNPs [from cholesteric
(Naverage~1.61) to isotropic (Naverage~1.57)], again in agreement with theory. Note: the
refractive index of the CLC in the isotropic phase has been calculated as follows: average
(isotropic) = (2n, + n.)/3. The photo-induced temperature variations between the two CLC
configurations (cholesteric and isotropic phases) were monitored with a high-resolution
thermographic camera (FLIR A655sc, resolution 640 X 480 pixels). Figure 3.19 b shows
a uniform temperature distribution (T =~ 20°C) at t = 0 s, while Figure 3.19 ¢ shows a
noticeable temperature increase (T = 40°C, under the irradiated area) at t = 20 s due to
photo-induced thermal effect. The control experiment (same experimental conditions)
performed on a regular CLC sample did not show any significant temperature variations.
This result is incontrovertible evidence that the photo-induced heat generation can only be
associated with the LSPR mechanism (plasmonic-assisted photo-thermal heating).
Noteworthy, the reported blue shift (Figure 3.19 a) shows the possibility to realize an LC-
based plasmonic device having a light controllable plasmonic resonance. Moreover, the
same system can be integrated into modern photonic devices such as controllable light
filters and smart mirrors.
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3.3.2 Thermoresponsive Hydrogel

Temperature-responsive hydrogels have been used extensively in recent years for
numerous bio-based applications. Hydrogels are now widely used as biomaterials. These
materials are biocompatible because their physicochemical properties are similar to those
of the living tissues, e.g., high water content, soft and rubbery consistency, and low
interfacial tension with water or biological fluids. Among them, poly(N-
isopropylacrylamide-co-N-isopropylmethacrylamide) P(NIPAm-co-NIPMAm) is a water-
based, temperature-sensitive material that undergoes in reversible phase transitions (coil-
to-globule type transition)!'*’! (Figure 3.20) at critical temperatures.!'*”? PNIPAM has been
used for drug-release experiments!'®®! due to its capacity to become hydrophobic from
hydrophilic above a critical temperature (= 37°C).['*") Combining the strengths of hydrogel
and AuNPs, with unique stimuli responsivity, PNIPAM microgels have found numerous
biomedical applications, such as biosensing and PPTT®*, PNIPAM embedding AuNRs has
been synthesized!'””! to develop theranostic nanoplatforms with photothermal and thermo-
responsive properties for novel tumor-targeting strategies.
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Figure 3.20 — Scheme showing a thermoresponsive polymer reaction in aqueous solution.

Differently from other classes of hydrogels, the hydrogel family based on poly (N-
isopropylacrylamide), like P(NIPAm-co-NIPMAm), is well known for its chemical and
structural stability even at elevated temperatures, thus exhibiting a very long shelf life.l'”!]

For this reason, P(NIPAm-co-NIPMAm)-based materials have found applications in
other research fields where robustness and mechanical stability are required such as
optics,!'”? solar energy,'” 176]

The unique combination of Au nanostructures' optical properties and the smart
behavior of thermosensitive polymer in the form of Au-hydrogel is increasing its demand

I'electronics,!'7# catalysis,['*! and sensing.!

continuously.!'””! In the next section, a few mm thick, optically clear, and light-responsive
hydrogel composed of gold NPs uniformly dispersed in a P(NIPAm-co-NIPMAm) film
will be illustrated. The polymer, changing from the hydrophilic to the hydrophobic state,
due to the presence of AuNPs nanoheaters, undergoes a release of water inducing a drastic
change in the optical transparency (from clear to opaque) of thin films. This film is optically
activated/deactivated by exploiting the photothermal properties of AuNPs, enabling the
development of an efficient light-triggered and dynamic optical beam attenuator, as well
as the possibility to control and detect the photo-induced heat from the dispersed AuNPs.
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3.3.2.1 Application: Thermoplasmonic-activated hydrogel based dynamic
light attenuator

In this section, it is shown how the light-induced thermoplasmonic heating of GNRs
can be used to control the optical scattering of an initially transparent hydrogel poly(N-
isopropylacrylamide-co-N-isopropylmethacrylamide) P(NIPAm-co-NIPMAm) film. A
hydrated P(NIPAm-co-NIPMAm) film is optically clear at room temperature. When heated
to temperatures over 37°C via light irradiation with a resonant source (A=810nm) to the
GNRs, a reversible phase transition from a swollen hydrated state to a shrunken dehydrated
state occurs (Figure 3.20). This phenomenon causes a drastic and reversible change in the
optical transparency from a clear to an opaque state. A significant red shift (*30nm) of the
longitudinal band can also be seen due to an increased average refractive index surrounding
the GNRs. This change is in agreement with an “ad-hoc” theoretical model that uses a
modified Gans theory (see paragraph 1.5.2) for ellipsoidal NPs. This smart device can be
easily integrated into several modern optical applications such as smart windows and light-
responsive optical attenuators, at the same time used to control and monitor the
photothermal heating at the nanoscale.

Realization of the hybrid device

In this work, we used rod-like GNPs (GNRs) instead of nanospheres as in the previous
works shown above. Citrate-stabilized, water-based, GNRs were synthesized using a
slightly modified protocol for the seed-mediated synthesis reported in detail elsewhere.[78]

A hydrogel (poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide) (P(NIPAm
-co-NIPMAm))) made of 95 wt% water and Swt% of polymer was used. The precursor
solution (4 ml) consisted of 231.25 mg of NIPAm (Poly(N-isopropylacrylamide), from
Sigma-Aldrich), 6.25 mg of NIPMAm (N-isopropylmethacrylamide, from Sigma-Aldrich),
12.5 mg of BIS (N,N’-methylene bisacrylamide, from Roth), and 50.0 mg of Irgacure 2959
UV photo-initiator (from Sigma-Aldrich). The solution, placed in a glass vial and protected
from ambient light, was stirred overnight. Subsequently, 1.0 ml of the GNRs solution was
added to the polymer precursor solution.
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Figure 3.21 — Step by step fabrication process of the P(NIPAm-co-NIPMAm)/GNRs sample.

Ty

In order to fabricate flat discs with excellent optical quality, Petri dishes (WillCo-dish
®, GWSt-5030) with 30 mm diameter were treated using an oxidation plasma (by Diener
Electronic GmbH-Co. KG, Zepto) for 15 min (Figure 3.21 a).
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The P(NIPAm-co-NIPMAm) /GNRs solution was deoxygenated for 10 minutes via
Argon bubbling, and then 0.5 ml of solution was poured into each Petri dish (Figure 3.21
b). To keep the temperature below 20°C during the photopolymerization process, the Petri
dishes were put into an ice bath before illuminating (Figure 3.21 ¢) the samples from the
top for 1 minute by UV light (by Dymax Europe GmbH, 5000-PC). The P(NIPAm-co-
NIPMAm)/GNR discs were gently detached (Figure 3.21 d) from the Petri dishes and
stored in water at room temperature. Figure 3.21 e indicates excellent optical transparency
of the sample deposited on a glass substrate (the text behind the sample can be easily read).

Morphological and spectral analysis
Figure 3.22 a shows the absorption spectrum of the GNR solution (C=3.2x10°M) with
longitudinal (Ar) and transversal (At) LSPR bands centered at 775nm and 524nm,
respectively. Figure 3.22 b shows the free charge distribution in an elongated NP
associated with the LSPR mechanism. Figure 3.22 ¢ is a representative high-resolution
transmission electron microscope (TEM) image of GNRs. They are highly monodisperse
with an average aspect ratio of around 3.6.
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Figure 3.22 — Absorption spectrum of a water-based GNR solution (a) along with a schematic
representation of the LSPR mechanism in GNRs (b). High-resolution TEM image of GNRs (c).

The morphology of the P(NIPAm-co-NIPMAm)/GNR samples (Figure 3.21 e) was
investigated employing a field emission scanning electron microscope (FE-SEM, Nova
NanoSEM 450, FEI) operating at an accelerating voltage of 10 kV. Samples were freeze-
dried and coated with an 8 nm-thick gold layer before their characterization, to minimize
charges. In order to study the GNRs distribution, samples were inspected by a transmission
electron microscope (TEM, FEI Talos F200X - 200 kV). Samples were first freeze-dried,
then the lyophilized materials were cut into small pieces, immersed in ethanol, and placed
on a copper mesh with an amorphous carbon membrane. The samples were dried in a
vacuum for 4h.

62



Probing and controlling photothermal heat generation

Figure 3.23 — FE-kw(a, b) and TEM (c, d) analysis of the P(NIPAm-co-NIPMAm)/GNRs
sample for different magnifications.

Figure 3.23 a-b show FE-SEM micrographs indicating a honeycomb-like architecture
composed of uniformly distributed pores with an average size of a few microns. The
presence of GNRs does not affect the conventional morphology of the P(NIPAm-co-
NIPMAm) film as this morphology is similar to the previously reported system without
GNRs.['! Figure 3.23 ¢-d show TEM images indicating well dispersed and randomly
aligned GNRs within the P(NIPAm-co-NIPMAm) matrix, without the evidence of GNRs
agglomeration. In order to check the stability of the P(NIPAm-co-NIPMAm)/GNR samples
after a prolonged storage time in water, we performed a detailed characterization of the
morphological and optical properties (as shown in the last section).

Photo-thermal analysis

M2

Glass
A

Water ——» |

P(NIPAm-co-NIPMAm)
/GNRs film /

Spectrometer

Figure 3.24 — Thermo-optical setup for sample characterization.

Light-triggered experiments were conducted using the thermo-optical setup illustrated
in Figure 3.24. This setup uses a CW pump laser (Coherent Inc.) operating at 810 nm
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(within the LSPR of these GNRs (Figure 3.22 a)), a collimated white light source (CLS
100, Leica), a spectrometer (USB 2000, Ocean Optics) for monitoring both spectral
response and light attenuation behavior, and a thermal camera (A655sc, FLIR) for mapping
and measuring temperature changes in the sample under laser beam illumination.

The P(NIPAm-co-NIPMAm)/GNR samples were covered with a glass slide (100 pm
thick) and the gap, controlled via 50 um glass microspheres, was infiltrated with water.
The water film acts as a reservoir to keep the samples hydrated, which is a requirement for
their functionality as optical components.
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Figure 3.25 — Time-temperature dependence of the P(NIPAm-co-NIPMAm)/GNRs sample under
pump beam illumination (a) along with the corresponding thermographic view (b). Linear fit of
the maximum temperature versus the intensity of the pump beam (c). Tin and Tpax indicate the
maximum and minimum temperature of each color scale reported in (b).

Figure 3.25 a shows that there is a significant and gradual temperature increase up to
44°C upon illumination (Pump ON) at different intensity values of the pump beam (from
393mW/cm? to 5060 mW/cm?) because of the photo-thermal conversion of GNRs. The
sample cools back down to room temperature as soon as the pump beam is turned off (Pump
OFF). The curves shown in Figure 3.25 a, were obtained by processing the thermal images
in Figure 3.25 b with a proprietary software program (FLIR Research IR Max). Figure
3.25 ¢ shows a linear correlation between the maximum temperature (obtained from the
curves shown in Figure 3.25 a) and the intensity of the pump laser. This linear behavior is
well in agreement with the theory reported in detail in paragraph 2.2, equation (2.24).

Temperature values were obtained by measuring the temperature with the thermal-
camera (see the thermo-optical setup in Figure 3.24) on the surface of the glass slide (100
pm thick) covering the P(NIPAm-co-NIPMAm)/GNR samples. Samples are quite thin
(few millimeters thick), and for this reason, we are confident that the difference between
the temperature of the surface and that in the bulk of the sample is less than few degrees.
The additional experiments (not shown here), performed without GNRs on similar samples,
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did not show any significant temperature change, thus confirming the capability of GNRs
to convert the incident, resonant, light into heat.
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Figure 3.26 — Theoretical (green and magenta) and experimental (blue and red) absorption

spectra of the P(NIPAm-co-NIPMAm)/GNRs sample without (green and blue) and upon (magenta

and red) pump beam irradiation.

In order to understand the influence of the photo-thermal heating on the spectral
position of LSPR bands, the spectral response of the samples was investigated. When
photo-heated to temperatures above 37°C a significant red shift (=*30nm) (Figure 3.26, blue
and red curves) of the longitudinal band, due to an increase in the average refractive index
of the medium surrounding the GNRs (from hydrated n~1.4 to dehydrated P(NIPAm-co-
NIPMAm) n=1.5), can be observed. At room temperature with the water reservoir keeping
the P(NIPAm-co-NIPMAm)/GNRs film hydrated, the refractive index was roughly
estimated as an average between the refractive index of the water (n~1.3) and that of the
P(NIPAm-co-NIPMAm)/GNRs composition (n=1.5). Upon illumination (I= 5060
mW/cm?) a phase transition from a swollen hydrated state to a shrunken dehydrated state
occurs, producing an increased refractive index (1.5 instead of 1.4). This result is in
agreement with the theoretical model which uses a slightly modified Gans theory!'®”), that
start from equation (1.27) and consider the average absorption cross section (Caps ) for a 3D
configuration!*, for ellipsoidal, NPs (randomly oriented) (Figure 3.26, magenta and green
curves). It is worth pointing out that because of the low sensitivity to refractive index
variations, the transversal band is red-shifted by only a few nanometers.
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Light attenuation analysis
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Figure 3.27 — Photos of the P(NIPAm-co-NIPMAm)/GNRs sample in the OFF (a) and ON (b, c,
d) states for different combinations of the probe and pump beam.

The ability of these films to work as a dynamic attenuator was tested by probing the
samples with a collimated white light source while turning the pump beam ON and OFF
on the same probed area. These experiments were performed using the optical setup
illustrated in Figure 3.24. It makes use of a CW laser operating at 810 nm (pump beam)
and a collimated white light source (probe beam). With the pump beam OFF (Figure 3.27
a) the sample is optically clear, and all the incident probe light is transmitted producing a
visible white spot on the post-mountable view screen. When the pump beam is turned ON
(I=5060 mW/cm?) there is a drastic change in the optical transparency due to the scattering
of the incident probe light (Figure 3.27 b). The photo-thermal-induced phase transition is
driven by a morphological change of the P(NIPAm-co-NIPMAm) film which transforms
from a straight to a shrunken conformation of the chains at temperatures above 37°C.

The photo-thermal-activated area of the sample is more evident in Figure 3.27 ¢ and
7d, where the probe beam and the probe/pump beams were turned OFF, respectively. Note:
the photo shown in Figure 3.27 d was quickly acquired immediately after the pump beam
was turned OFF. Samples show excellent optical reversibility and start to go back to the
initial (transparent) state as soon as the pump beam is turned OFF.
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Figure 3.28 — Reversible change of the transmitted intensity (a, 1 cycle), (b, 10 cycles) induced
by turning the pump beam ON (c) and OFF (d). Transmission spectra of sample (e) by turning
ON (red curve) and OFF (blue curve) the pump beam.

Figure 3.28 a shows the transmission dynamic response of the sample obtained by
measuring the transmitted probe light intensity while turning the pump beam ON (I= 5060
mW/cm?) and OFF. The contrast ratio (C) — defined as the ratio of the transmitted intensity
with the pump beam OFF (Figure 3.28 ¢) to the incident intensity with the pump beam ON
(Figure 3.28 d) — in percentage, is 65%. Response times (on and off) are 52 s and 55 s,
respectively. Figure 3.28 b shows the exceptional reversible and repeatable change of the
optical response of the sample induced by a sequence of pump beam light pulses (10
cycles). Moreover, it is worth pointing out that the optical response of the P(NIPAm-co-
NIPMAmM)/GNR samples shows good reversibility even after a long storage time in water
(as shown in the next paragraph). Transmission spectra reported in Figure 3.28 e acquired
by turning ON (red curve) and OFF (blue curve) the pump beam (I=5060 mW/cm?)
evidence the capability of the sample to attenuate the incident (unpolarized) probe white
light in a relatively large spectral range (from 400 to 800 nm) with an average C of about
65%. In addition, as previously discussed (Figure 3.26), there is an evident red-shift (=30
nm) of the longitudinal A; spr. Noteworthy at room temperature (Figure 3.28 e, blue curve)
the transmission of the sample is higher than 90%, thus confirming its extraordinary optical
quality in terms of optical transparency; in this condition, the transmission does not depend
on the wavelength. Conversely, when the sample, triggered by the laser pump (Figure 3.28
e, red curve), becomes opaque, Rayleigh scattering occurs. Therefore the more the
wavelength increases, the less the material scatters the light and vice versa. The spectral
properties of the P(NIPAm-co-NIPMAm)/GNR samples are not affected by the prolonged
hydration. A detailed characterization of the sample properties for different hydration times
(up to 45 days), and different photo/switching cycles, is reported below.
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P(NIPAm-co-NIPMAm) and GNRs stability analysis

The stability of the P(NIPAm-co-NIPMAm) /GNR samples after a prolonged storage
time in water was verified by performing a detailed characterization of the morphological
and optical properties. Four identical samples were fully immersed in distilled water and
investigated at t= 0 days, t= 1 day, t= 30 days, t= 45 days by a: i) field emission scanning
electron microscope (FE-SEM); ii) UV-Vis spectrophotometer; iii) pump-probe optical
setup. Moreover, Samples were inspected by TEM in order to verify if the light-induced
thermal heating can produce detectable changes (reshaping) of GNRs.

P o ‘ [ 1000 |

Figure 3.29 — (a-d) FE-SEM analysis of the samples at different hydration times: t= 0 days (a),
t=1day (b), t=30 days (c), t=45 days (d). (e-h) TEM analysis of the samples after different cycles
of photo-switching experiments: (e) 0 cycles; (f) 1 cycle; (g) 5 cycles; (h) 10 cycles.

Figure 3.29 (a-d) clearly shows that the prolonged immersion in water does not affect
the morphology of the P(NIPAm-co-NIPMAm) film. Indeed, no presence of structural
defects is visible at this level of magnification, thus highlighting the extraordinary
capability of the P(NIPAm-co-NIPMAm) material to retain its morphological properties
even after 45 days of continuous hydration. Figure 3.29 (e-h), confirms that even after
cycling the samples up to 10 times (Figure 3.29 h), the shape of GNRs turns out to be very
similar to the one observed before the photo-switching experiments (Figure 3.29 e). This
is clear evidence that GNRs are stable under the resonant light beam illumination and the
reshaping process of GNRs is completely absent.
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Figure 3.30 — Spectral response of the samples at different hydration times (a) along with a
detailed view of the same graph (b).
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The spectral response (Figure 3.30) confirms that the transmission properties of the
samples are not affected by the prolonged hydration. As such, the change in the
transmittance is less than 2-3% and this small change can be ascribed to the intrinsic
experimental error of the utilized optical setup. This result clearly evidences that there is
no evidence of critical instability of P(NIPAm-co-NIPMAm) material after prolonged
storage times in water.
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Figure 3.31 — (a) Reversible change of the transmitted intensity of the samples induced by cycling
(from 0 to 10) the pump beam ON and OFF. (b) Wide angle X-ray scattering (WAXS) samples
analysis at different cycles of photo-switching experiments.

Photo-switching experiments (by cycling the sample up to 10 times) at each hydration
time were conducted using the optical setup described in Figure 3.24.

Figure 3.31 a shows notable reversibility of the transmitted intensity and no change
in the optical properties in terms of response times and optical contrast is observed for all
the investigated samples. It is worth pointing out that the small offset between the four
curves reported in Figure 3.31 a can be attributed to the experimental difficulty to set the
same initial intensity value for each measurement.

In order to investigate the chemical structure of the P(INIPAm-co-NIPMAm) material
and detect any potential change in matrix structure after different irradiation cycles, wide
angle X-ray scattering (WAXS) analysis was performed by means of a Bruker D8 Discover
diffractometer. Measurements were carried out in reflection mode, using Bragg-Brentano
geometry in the angular range (2 theta) between 5 and 50 degrees, with a step of 0.02
degrees. The time of data accumulation at a particular angular point was 1.0 s. Figure 3.31
b (wine curve) shows the WAXS diffractogram of the sample before any photo-thermal
experiment. The sample exhibits two wide peaks centered at 8°and 21° which can be
attributed to the amorphous structure of the polymer.!'8!) Further measurements performed
on the same sample after some cycles of illumination show identical WAXS patterns, thus
confirming that there has been no change in the structure of the P(NIPAm-co-NIPMAm)
material. It is worth mentioning that the WAXS characterization does not show any peak
related to the presence of GNRs because the utilized concentration is under the limit of
detection of the instrument.
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Figure 3.32 — Thermogravimetric analysis of the sample reporting the weight loss (red curve)
and its derivative (blue curve).

Lastly, in order to stress out the excellent stability of the P(NIPAm-co-
NIPMAm)/GNRs samples, a thermogravimetric analysis (TGA) was performed. TGA was
carried out by using a TA Instruments SDT Q600 to investigate the thermal stability of the
plasmonic hydrogel. The TGA analysis was performed placing around 5.0 mg of sample in
an Al,Os pan. The test was carried out by increasing the temperature from 25 °C to 600 °C
at a rate of 10 °C/min under a nitrogen flow (100 ml/min) and weighing the sample
simultaneously. Figure 3.32 shows that the sample is completely stable up to 300 °C. After
that point, there is a noticeable weight loss (red curve) which is evidenced by the increase
of its derivative (blue curve).

In conclusion, the proposed P(NIPAm-co-NIPMAm)/GNRs optical attenuator offers
flexibility, light responsivity, optical transparency (OFF state), mechanical stability, long-
lasting functionality, reversibility, and last but not least does not require any electrical
power. Moreover, thanks to the presence of an integrated water reservoir, we have faced
one of the main issues of hydrogel-based materials. Indeed, the water layer keeps the
P(NIPAm-co-NIPMAm) film in a hydrated state (OFF state) at room temperature while it
acts as a well to run out water from the film (ON state) at high temperature (44 °C), thus
enabling a long-lasting functionality and reversibility. Furthermore, the use of a
thermosensitive polymer has allowed not only to exploit the photothermal heat but also to
monitor it with precision at the nanoscale.
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PLASMONIC PHOTOTHERMAL HEATING BIO-
APPLICATIONS

4.1 Plasmonic Photothermal Therapy

Thermoplasmonics has turned metal losses, long assumed to be one of the major
drawbacks of plasmonics, into an advantage.l”! And in particular, Plasmonic PhotoThermal
Therapy (PPTT) exploiting AuNPs, completely transformed material losses into a powerful
nano-heating weapon.

The possibility to exploit AuNPs as nano-sources of heat remotely triggered by light
has, nowadays, impacted a wide range of research activities, including nanomedicine, cell
biology, photothermal and hot-clectron chemistry, solar light harvesting, soft matter, and
nanofluidics.!”

The two main articles that triggered the interest of the scientific community in
nanoplasmonic heating for PPTT of cancer were published in 2003.%% 182 PPTT is a
minimally invasive therapeutic strategy in which photon energy from light is converted
into heat to destroy cells, avoiding severe infection-related complications that are
commonly encountered after surgery, and circumventing the side and non-specific effect
of using a toxic drug like in chemotherapy.®®! These two pioneering works relying on
specifically delivering plasmonic NPs to cancer tissue and using a subsequent light
exposure to induce a local increase in temperature, sufficient to engender cancer cell death
while not substantially affecting surrounding healthy tissue. The simplicity of the idea,
along with first encouraging preclinical results, rapidly made this concept very appealing.

However, hyperthermia therapy in medicine was already a fairly well-known field. All
building blocks of living cells are highly temperature-responsive: lipid layers can undergo
phase transitions, proteins can unfold, DNA can melt, and so on. Depending on the induced
temperature increment magnitude, heat triggers different biological and physiological
mechanisms: from the stimulation of the immune system and partial cell damage to
denaturation of proteins and DNA damage. Different thermal treatments and related effects
of cancerous tumors can be classified as summarized in Figure 4.1.[7"!

Over the years, different heat sources have been considered (electrical, microwave,
focused ultrasounds, and so on), but one had to wait until the 1960s, after the laser's
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invention, to see photothermal therapy emerge, an approach that exploits natural light
absorption of tissues. In this context, thermoplasmonics can artificially boost light-to-heat
conversion in the near-infrared (NIR) region of the spectrum where tissues are more
transparent, the so-called biological window.'*3! The presence of several absorption bands
is used to define two main biological windows: (i) the first biological window (700nm-
980nm) corresponds to the spectral range defined between the visible absorption band of
hemoglobin and the characteristic 980 nm absorption band of water; (ii) the second
biological window (1000nm-1400nm), both limits corresponding to water absorption
bands.

Near instantaneous protein coagulation

60°C
Severe and irreversible denaturation of proteins

DNA damage and denaturation

Irreversible damage for short exposures (4 to 6 min)

IRREVERSIBLE INJURY

Unfolding and aggregation of proteins

Increased susceptibility to radiation and chemotherapy

TEMPERATURE

HYPERTHERMIA

Irreversible damage for long exposures (> 60 min)

Cellular homeostasis can be maintained

Increment: diffusion rates across membrane, blood flow

DIATHERMIA

Stimulation of the immune system

37°C
Figure 4.1 — Schematic diagram of the various effects caused by the different thermal treatments
as classified by the corresponding operating temperature.

AuNPs, as an efficient localized light-to-heat nano-converter, offers several benefits
compared with external macroscopic heating. The main incentive for using AuNPs as
photothermal agents is to generate heat in nanoscale volumes efficiently within reduced
timescales. This asset stems from the combination of four properties of plasmonic
materials: (i) the absence of thermo-/photobleaching (unlike common dyes), (ii) a high
density of free electrons due to their metallic nature, (iii) low losses for noble metals, (iv)
the existence of resonances that enhance light-matter interaction.”!

These unique properties, combined with the fact that AuNPs are chemically inert, high
biocompatible, easy to synthesize, and offer a simple functionalized surface, with optical
and physical tunable, make them the best candidates for biomedical applications requiring
spatially confined heating, like in PPTT.[*!

Finding the most suitable thermoplasmonic NPs for a specific application is not a
trivial task. It often requires compliance with several constraints that can be physical,
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chemical, or biological. To meet these constraints, there are three free parameters to adjust:
the NP size, its shape, and internal/external composition.

A common goal for all applications of thermoplasmonics is to maximize the light-to-
heat conversion of the NPs. The optimization of light-to-heat conversion, however, has to
compromise with other requirements. Biological and biomedical applications require
combining sizes of a few tens of nanometres, which favor cellular uptake, with low toxicity,
chemical, physical, thermal stability, and resonances in the NIR biological transparency
window.

It must be emphasized that although, thanks to the EPR effect (enhanced permeability
and retention) AuNPs with a diameter between 60 and 400 nm can penetrate solid tumors,
thus exploiting a passive selectivity mechanism (passive targeting); it is more convenient
to generate selective cell targeting, functionalizing the AuNPs surface with appropriate
targeting vectors that favor its concentration in the tumor. They have been used in this
regard a variety of small molecules and reactive functional groups such as proteins,
peptides, antibodies that bind to cancer cells overexpressing receptors.['*%

Interestingly, the photothermal effect can indirectly improve the cellular uptake of
AuNPs, increasing both vascular and cell membrane permeability, using local heating. [1%%]
Although PPTT alone is sufficient for medical treatment, synergetic therapies with
different therapeutic methods such as radiotherapy, immunotherapy, and chemotherapy
have been recently investigated to extremely enhance the therapeutic efficacy of PPTT.[6%
186]

PPTT has recently proven to be useful beyond oncology, like for sterilization and
disinfection. Similar to cells, most bacteria viability is altered when experiencing a
temperature greater than 45°C. Several methods were proposed to selectively kill bacteria
in vitro, based on targeting their wall with bio-conjugated AuNPs, or to eradicate bacterial
colonies in the form of biofilms using colloidal solutions of AuNPs or directly anchoring
them on a surface.['>°% 1871 This concept is particularly relevant in the field of disinfection
of surgical implants, sterilization of medical instruments,!'*! solar inactivation of bacteria
in drinking water,*® and other major health issues arising from the emerging antibiotic
resistance.!'®8!

Almost two decades of research in PPTT have led to great advances. After some first
1891 promising prostate
cancer outcomes have recently been reported, both in large animals™ and patients.

However, several major limitations remain to be addressed for in-vivo applications: (i)
low targeting specificity that is hindered by protein corona effect that tends to annihilate
the specificity of antibodies and other ligands;!” (ii) low targeting yield that can only rely
on the higher permeability of cancer tissue (EPR effect); (iii) AuNPs clearance from
filtering organs, especially liver and spleen.

There is a need for more elaborated 3D models based on human tumors grown, which
account for key parameters such as tumor vascularization and damage of adjacent healthy

clinical trials for head and neck cancer that were not so conclusive!

tissues and living organs. Simultaneously, there is the need to develop smart and innovative
AuNPs, with enhanced targeting capabilities, implemented by combining the inorganic
material with compatible and biomimetic biomolecules and improved overall efficacy.
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In this chapter, two important applications are presented concerning using AuNPs for
PPTT in two different fields. The first application concerns the antimicrobial effect of easy
to synthesize, suitably purified, water-dispersible AuNRs on Escherichia coli bacteria. The
second application instead focuses on a new generation of biomimetic AuNPs capped with
keratin (Ker-AuNPs), tested as a promising new tool in the field of biocompatible photo-
thermal agents for PPT treatments against human glioblastoma cell line (i.e., US7-MG).

4.2 PPTT as a solution to antibiotic resistance

Antibiotic resistance refers to when microorganisms survive and grow in the presence
of specific antibiotics, a phenomenon mainly related to the indiscriminate widespread use
and abuse of antibiotics. Currently, multidrug resistance (MDR) has become a serious
global health problem, with devastating consequences for patient care.['*!!

Therefore, it is mandatory to identify effective strategies for controlling bacteria
growth and related consequent diseases. Bacterial infections in humans are mainly caused
by mesophilic bacteria that find their optimal growth temperature around 37°C, the regular
human body temperature. However, moderate temperatures (30-45°C) have been
demonstrated still suitable to promote the mesophilic bacteria growth while higher
temperatures (>45 °C) are known to inactivate bacteria viability or proliferation. Therefore,
currently, exposure to high temperatures is considered a well-established methodology for
disinfecting medical tools and laboratory equipment (e.g., using dry ovens).!"”?] The same
highly efficient approach cannot be translated for treating human (or animal) diseases
caused by pathogenic bacteria due to the difficulty to increase body temperature upon
suitable activation locally. In this framework, nanotechnology offers the design and
fabrication of original bioconjugated, engineered, and actively functionalized AuNPs, a
powerful weapon against several diseases such as pathogenic illness.!'® 1931941 In most
cases, the anti-microbial effect of NPs is due to their toxicity, which can be intrinsic (due
to the NPs effect directly: Ag or TiO) or due to a coating effect. Indeed, commercially
available AuNPs are typically stabilized with cationic surfactants (e.g.,
cetyltrimethylammonium bromide, CTAB), which, unfortunately, exhibit a very high
intrinsic toxicity.[*>!

To overcome these issues, here we propose a simple and effective methodology based
on capped GNRs, obtained upon a suitable purification from the excess of CTAB used as
a capping agent that aims at investigating the potential hold by GNRs in the development
of light assisted antimicrobial therapies. To validate the proposed approach, a strain of
Escherichia coli (E.coli) has been selected as a representative type of bacteria, having a
great impact. It causes severe illness in humans since it is found in the lower intestine of
warm-blooded organisms. In particular, an effective approach has been designed and
realized to minimize the concentration of GNRs and, accordingly, of CTAB associated with
the nanostructures, and still obtaining dispersible GNRs and a sufficiently high temperature
(= 50°C) suited to reduce the E.coli population of about 2 log CFU. Such a result not only
represents an excellent starting point for realizing in vivo light assisted antimicrobial
therapies but also demonstrate to be fully compliant to the typical standard!*® required for
antimicrobial treatment in health care facilities.
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4.2.1 Thermo-Plasmonic killing of Escherichia-coli TG1 bacteria

Herein, we demonstrate an antimicrobial methodology based on the properties of gold
nanorods (AuNPs or GNRs). Under resonant laser irradiation, GNRs become highly
efficient light to heat nano-converters extremely useful for PPT applications. The concept
here is to assess the antimicrobial effect of easy to synthesize, suitably purified, water-
dispersible GNRs on E. Coli bacteria. A control on the GNRs concentration used for the
process has been demonstrated critical to rule out cytotoxic effects on the cells, and still, to
be able to generate, under a NIR illumination, an adequate amount of heat suited to increase
the temperature up to = 50 °C in about 5 minutes. Viability experiments evidence that the
proposed system accomplishes a killing efficiency suitable to reduce of about 2 log CFU
(Colony-Forming Unit) the E. Coli population.

Gold Nanorods and E.Coli Bacteria

Cetyltrimethylammonium bromide (CTAB) capped, water-dispersible, GNRs have
been synthesized employing a seed-mediated protocol reported in detail elsewhere.!'””)
Shortly here, we report that the GNRs samples (C =3 x 10-9 M, determined by utilizing a
standard spectroscopic (absorption) technique) have been carefully purified from the
excess of CTAB by several centrifugation cycles to reduce the intrinsic cytotoxicity, mainly
exhibited by the non-conjugated CTAB.

Escherichia coli TG1 (E.coli), has been selected as Gram-negative bacterium. E.coli
has been grown aerobically at 37 °C with shaking in sterile Luria Bertani (LB) broth
(normal rich growth medium: NaCl 5 g/L; yeast extract 5 g/L; trypton 10 g/L). E. coli
solution has been diluted (1:100 v/v) in 20 mL of fresh LB liquid medium to restart the cell
cycle. After 3 h of incubation at 37 °C the cells have been synchronized at the log phase of
the growth curve, featured with the optical density at 600 nm (OD600) of 0.4-0.6. At this
OD value, the growth rate is constant, and the cells are already dividing and result
metabolically active. 5.9 ul of GNRs have been added in 195.5 ul of E.coli (C = 106
CFU/mL) so that the final concentration of GNRs was about 8.76 x 10"!! M. The culture
has been kept for 6 h at 37 °C. At 1, 2, 3 and 6 h serial dilutions of the culture have been
made, and 50 pl of each dilution have been cultured onto sterile LB agar (LB broth + agar
16 g/L) and incubated at 37 °C. After 16-18 h, the number of colonies on each plate has
been determined to get the corresponding concentration of living bacteria. The log N cells
has been calculated by counting the CFU and using the formula: CFU/mL = (N° of colonies
x dilution factor) / volume of culture spread. The same assay procedures have been used as
those described above for the strain cultures without GNRs.

Morphological and spectral analysis

Morphological experiments performed with a transmission electron microscopy
(TEM, by Jeol JEM-1011 microscope, Jeol, Peabody, MA, USA, operating at 100 kV)
indicated that the NP population consists of GNRs (14 x 70 nm) with an aspect ratio of
about 5.1. As anticipated in the material and methods section, the GNRs were purified from
the excess of CTAB by several centrifugation cycles to reduce the intrinsic cytotoxicity,
mainly exhibited by the non-conjugated CTAB. To do so, we have prepared three different
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GNRs solutions labeled A, B, C through subsequent post-synthesis washing/centrifugation
cycles at 6000 rpm, using MilliQ water as a washing agent. In particular, the solutions A,
B, and C were obtained from the as-synthesized GNRs upon 1, 2 and 3
washing/centrifugation cycles, respectively, to progressively remove the non-conjugated
CTAB molecules used to stabilize the GNRs surface.

Sample A
Sample B
Sample C

1.0
0.9

m08—

mo7- \'

°06-

'805 200nm

NO4—
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2 024
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400 450 500 550 600 650 700 750 800 850 900
Wavelenght (nm)
Figure 4.2 — Samples normalized spectral response along with a representative TEM image.

The three solutions were step by step characterized by absorption spectroscopy and
their surface charge was measured by Z-potential analysis.

Tab 4.1 — Zeta-potential of the samples along with the wavelengths of the transverse and

longitudinal LSPR peaks.
Zeta potential Transverse LSPR peak Longitudinal LSPR peak
Sample
(mW) (nm) (nm)
A 27.7 517 804
B 9.7 517 788
C -6.3 517 779

The absorption spectra of the three solutions (C = 3x10° M) reported in Figure 4.2
evidenced the presence of two distinct bands corresponding to the transverse and
longitudinal LSPR peaks. Particularly, the longitudinal peak exhibited a progressive blue
shift from 804 nm (Figure 4.2, sample A, red curve) to 779 nm (Figure 4.2, sample C,
magenta curve) while the transverse peak did not exhibit any relevant shift. This behavior
could be explained by considering that the optical properties of ellipsoidal NPs were
predicted using the Gans theory (see Section 1.5.2) framework. The wavelength shift could
be explained by taking into account that the longitudinal band of GNRs is very sensitive to
the refractive index of the medium surrounding the GNRs. In the actual case, by
progressively removing the residual CTAB there is a gradual reduction of the average
refractive index surrounding the GNRs. The blue shift of about 25 nm (see Tab 4.1 ) was
consistent with the removal of residual CTAB. Indeed, the refractive index of CTAB was
1.4 while that of water was 1.33. Due to the low sensitivity to refractive index variations,
the transverse band did not exhibit any visible shift; thus, this behavior highlights the high
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sensitivity of the longitudinal LSPR band to variation of the refractive index of the
surrounding medium. Figure 4.2 (inset) shows a representative TEM image, it indicates
that the NP population consisted mainly of GNRs with a 5.1 £ 0.3 aspect ratio. The Z-
potential values reported in Tab 4.1 evidenced a variation of the electrokinetic charge from
+27.7 mV (sample A) to —6.3mV (sample C), confirming the removal of the positive
charged CTAB molecules.

The influences of GNRs on the E.coli morphology has been investigated by means of
a SEM. Samples for field emission scanning electron microscopy (FE-SEM Zeiss-Sigma,
operating at 10KV, Working distance 3.9 mm) have been prepared by dehydrating both
E.coli and E.coli/GNRs solutions on silicon chips, using 70, 80, 90, 95, and 100% ethanol,
respectively, for 10 minutes steps. Subsequently, samples have been fixed by using a 3%
Glutaraldehyde in PBS, pH 7.3 solution, and let to dry overnight. Finally, a thin layer of
Au (15 nm) has been sputtered just before inserting the samples in the SEM vacuum
chamber for reducing the charging effect because of the electrons beam accumulation.

Figure 4. 3- SEM mlcrograph of the E.coli/GNRs solutlonrdeposﬂed ona szllcon chip (a) along
with a higher magnification micrograph acquired with the in-lens (b) and BSE (c) detectors,
respectively, in split operational mode.

In Figure 4.3, the SEM micrograph of the E.coli/GNRs sample shows the typical
elongated shape of E.coli. The average longitudinal dimension is 1.4 = 0.4 um (for 90
counts), compatible with the values found in a similar investigation performed on
dehydrated E.coli.'” In Figure 4.3 a isolated GNRs are evident (green circles and red
square) placed quite far away from bacteria. A higher magnification observation performed
in correspondence of red squared region, with both “in-lens” and backscattered electrons
(BSE) detectors, in split mode, results in the micrographs reported in Figure 4.3 b and c,
respectively. Since BSE signal strongly depends on the average atomic number (Z) of the
specimen, the presence of gold (Z = 80) results in a contrast higher than that of the
surrounding bacteria (Z = 20) and therefore the GNRs aggregates (Figure 4.3 (a), red
square) appear brighter in Figure 4.3 ¢. Significantly, no GNR has been detected at the
bacteria surface, while only few GNRs are detected in the area, without any concomitant
relevant alteration of E.coli morphology induced by the exposure to the GNRs. The
presence of only few GNRs (Figure 4.3 a) can be reasonably accounted by the loss of a
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large fraction of GNRs as a consequence of the multiple washing cycles performed with
ethanol in order to completely dry the bacteria.

Biocompatibility assessment

The toxicity of GNRs has been investigated by performing viability experiments, with
and without GNRs. Figure 4.4 a shows a comparison of the cell viability between the E.coli
(red curve) and E.coli/GNRs (blue curve) at different incubation times. In both cases,
regular cell growth is evident, thus pointing out that under the tested experimental
conditions cell viability and proliferation do not appear to be significantly affected either
by GNRs concentration value and the CTAB molecules present at their surface. A detailed
characterization of the E.coli viability in presence of GNRs at different stages of their
purification level of residual CTAB is reported in the inset of Figure 4.4 b. Results
evidenced that, although the first purification cycle, sample A (red curve) still exhibited
very high cytotoxicity due to the high concentration of residual CTAB. Samples B (blue
curve) and C (magenta curve) did not affect (at all) both cell viability and proliferation. It
is important to say that for our experiments we have used the sample labeled B because it
exhibited both low concentration of residual CTAB and positive Z-potential, ensuring both
negligible toxicity and high colloidal stability.
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Figure 4.4 — (a) Viability experiments without (red curve) and with (blue curve) GNRs
(C=8,76x10"""M) at different incubation times. In the inset (b) viability experiments without
(green curve) and with (red, blue, and magenta curves) the three different GNRs solutions at
different incubation times. Viability test (c) without (red curve) and with (blue curve) GNRs at
different temperatures after 5 minutes of incubation time.

Thermal treatment experiments have been performed in order to investigate the
influence of temperature on cell viability. For this purpose, 500 ul of 1.38 x 107 CFU/mL
E.coli have been deposited on glass slides undergoing a gradual temperature increase from
20°C to 65°C by using a hot-plate, without, however, considering the temperature interval
from 25°C to 40°C, where bacteria are expected to grow.

At each scheduled time interval, a defined volume of E.coli solution has been
withdrawn from the glass slide and a series of dilutions (from 10! to 10~) has been made
by using LB broth. Subsequently, 50 ul of each diluted sample have been cultured out onto
sterile LB agar and incubated a 37 °C to investigate cell viability. Figure 4.4 ¢ (red curve)
shows the typical curve the E.Coli temperature-dependent growth. As the temperature
increases, exceeding the optimum growth temperature (= 37°C), a decrease in the cell
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number is observed until they reach a death-point at about 60°C, induced by the rapid
denaturation of proteins. The same experiment performed in presence of GNRs does not
show any significant difference, since the two curves almost overlap (Figure 4.4 c, blue
curve). Overall the bacterial growth seems no to be affected after the incubation with the
GNRs (Figure 4.4 a).

Photo-thermal analysis

The thermo-optical setup (Figure 4.5) used for this purpose is based on a CW diode
laser (Coherent Powerline, 1=6.3 W/cm?) operating at 810 nm in the high absorption region
of GNRs spectrum, corresponding to the A;spgiongituainai=788nm. The laser beam has
been focused using a 10 cm focal length lens in the central part of the Eppendorf tube (spot
size =2 mm). A high-resolution thermal-camera has been used for mapping and identifying
(side view) both the heating spatial distribution and the temperature profile under top-
pumping laser illumination.

&= Dead E.Coli
«= GNRs

Figure 4.5 — Schematic representation of the thermo-optical setup.

The thermographic analysis has been carried out by using a FLIR (A655sc) together
with its proprietary software (FLIR Research IR Max) that enables recording and
processing of the thermal data acquired. Camera control parameters have been set such that
sample emissivity is 0.89; camera-sample distance 50 cm and time resolution: 2.67
frame/sec.

Photothermal experiments have been performed to assess whether the GNRs
concentration (C = 8.76 x 10''M) can induce thermo-plasmonic heating suited to affect the
E.coli population. Figure 4.6 shows the time-temperature profiles along with the
corresponding thermographic pictures at 3 increasing illumination times (7.5, 15, and 30
minutes) for both E.coli and E.coli/GNRs samples. The temperature plots have been
obtained by selecting, through the control software, an elliptical region of interest (ROI)
which includes the illuminated area center.
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Figure 4.6 — Temperature profiles of the E.coli (a), (c), (e), and E.coli/GNRs (b), (d), (f) samples
for different illumination times along with the corresponding thermographic view of the sample
in the Eppendorf tube.

Figure 4.6 a, c, e show that upon illumination of the E.coli samples, the thermo-camera
detects only a relatively low increment of temperature (up to 7-8 °C). Conversely, upon
exposure of E.coli/GNRs, the absorbed light is efficiently converted into heat because of
the PPT heating from the GNRs, and the thermo-camera detects a significant temperature
increase, as shown in Figure 4.6 b, d, f. Indeed, after 7.5, 15, and 30 minutes of irradiation,
a temperature increase from 20 °C to 50.2 °C, 48.0 °C, and 47.7 °C, respectively, has been
detected, that corresponds essentially to the same temperature value, within the
experimental variability. The relatively long exposure times (7.5, 15, 30 minutes) ensure a
uniform distribution of the photo-induced heat (see thermal images reported in Figure 4.6).
Importantly, all the temperature profiles reported in Figure 4.6 show the same trend. After
a rapid temperature increase in the first 5-7 minutes, a steady-state condition is observed.

E.coli viability test with and without GNRs, upon laser irradiation, have been
performed at each scheduled time interval (7.5, 15, and 30 min). Namely, samples obtained
upon serial dilutions from each tube have been cultured onto LB agar and incubated at 37
°C overnight. Afterward, the log N cells has been calculated through the plate count
method. The viability results for both E.coli (red column) and E.coli/GNRs (blue column)
samples (Figure 4.7 a) point out that the laser irradiation does not affect the viability of
E.coli even after 30 minutes of continuous illumination (Figure 4.7 b (red curve).).
Conversely, a significant increase of the killing efficiency (defined as the difference
between the bacteria population at t = 0 min and t = 7. 5 min), of about 2 log CFU, is
observed in presence of GNRs as shown in Figure 4.7 b (blue curve). It is worth pointing
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out that data reported in Figure 4.7 a have been normalized for every experiment to the
bacterial population at each specific time interval to take into account the intrinsic cell

proliferation.
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Figure 4.7 — (a) Results of the viability experiments and (b) plot of killing efficiency, carried out
with (blue) and without (red) GNRs at different illumination times. (The reported data are an
average of three independent experiments). (c) Pictures of the petri dishes containing the E.coli
/GNRs colonies at increasing illumination times and different dilutions.

Moreover, it is important to point out that the protocol followed in the experiments for
bacteria growth and counting has been highly standardized. Indeed, the bacteria population
at different illumination times is confirmed to be essentially the same (Figure 4.7 a, red
histogram plot), thus highlighting the capability to control the bacteria growth with high
reproducibility. This, finally, turns in the same deviation, and hence in the same extent of
the error bars for the results reported in Figure 4.7 a, and for those reported in Figure 4.7
a. To reliably count the E.coli colonies, the samples have been diluted with LB broth, and
the pictures of the plates obtained from the exposed solutions as prepared and after dilution,
in presence of GNRs, is reported in Figure 4.7 c¢. The plate count method has been
successfully applied on the cultured diluted samples (Figure 4.7 ¢, right row), where well-
distinguished colonies are present, while the high density colonies visible in the cultures of
the less diluted samples (Figure 4.7 ¢, left row).

For sake of simplicity photos of the petri dishes containing the E.coli culture without
the GNRs at different illumination times and dilution factors are compared with the culture
with GNRs at t = 0 min.
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It is important to point out that to clarify whether the light-driven thermo-plasmonic
process explored so far is bacteriostatic or bactericidal, a more careful analysis of the
experimental data reported in Figure 4.7 a is required.

It turns out that in presence of GNRs there is a reduction of about 2 log CFU of E.coli
population (higher than 90% in terms of viability reduction) after 7.5 minutes of laser
illumination. On the other hand, no further reduction in E. coli population is observed after
15 and 30 minutes of laser exposure, in presence of GNRs. This behavior can be explained
by considering that after 15 minutes the bacterial cells have already implemented the
molecular response mechanisms to environmental stress such as the PPT heating with
possible DNA lesions and thus adapted to the new external conditions.'”! As a
consequence, we can safely state that up to 7.5 minutes of laser irradiation the light assisted
thermo-plasmonic heating results in a bactericidal effect, in agreement with the accepted
definition of bactericidal property.!'”® 2% After 7.5 minutes of laser illumination, the
bacteria population remains constant (Figure 4.7 b, blue curve). This evidence suggests
that the light-to-heat conversion due to the presence of highly efficient nano-converters
(GNRs) ensures a bacteriostatic condition. Furthermore, in order to confirm a long term-
effect of the bacteriostatic condition, we have performed a comparison between the bacteria
population immediately and several hours after the end of the illumination process, being
in the meanwhile the solution incubated at 37 °C (data not shown because are very similar
to that reported in Figure 4.7 a). No change in the bacteria population has been measured.

Significantly, the outcome of the viability tests performed on the system that is photo-
thermally heated at 50 °C (Figure 4.7 b) results in a much higher reduction of the bacteria
viability than that found for the system heated up to the same temperature, but macroscopic
(Figure 4.4 c, blue curve). Such a difference can be explained by considering that the
photo-thermal heating due to the presence of the highly efficient nano-sources of heat
represented by the GNRs, induces a localized temperature variations, while the thermal-
camera is able to only detect the temperature variations at the glass/air interface of the
Eppendorf tube. Moreover, the heat generation at the nanoscale is followed by other
secondary mechanisms such as the formation of sound waves and generation of nano-
bubbles which, in their turn, may contribute to the E.coli killing.

The remarkable achievement of a killing efficiency of 2 log CFU in a short time
interval (7.5 min.) could be improved even more, by engineering the GNRs properties in
terms of surface chemistry functionalization, aspect ratio, and concentration, thus possibly
further increasing the temperature to value (e.g. 60 °C) sufficiently high to completely kill
all the living bacteria, therefore representing a real breakthrough towards the realization of
light assisted antimicrobial technologies based on the capability of GNRs to convert a NIR
radiation into heat.
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4.3 PPTT as an alternative to conventional cancer therapies

Cancer remains one of the leading causes of death ?°!1, Unfortunately, due to cancer's
heterogeneous nature, there are currently no fully comprehensive approaches for treatment.
One of the most promising solutions arises from the use of nanotechnologies for high
precision applications in biomedicine.

Biomedical applications of plasmonic NPs such as AuNPs and AgNPs have steadily
grown in the past 10 years. In particular, the ability of NPs to convert light into thermal
energy (photo-thermal effect) has been exploited to develop a non-invasive, drug-free
therapy defined plasmonic photo-thermal therapy (PPTT)®: 4243 8889, 2021 a9 already
explained at the beginning of this chapter.

NPs-mediated PPTT has also been thoroughly investigated for tumor ablation in
animal models, reaching in some cases the clinical trial stage.?*3-2%5] This strategy allows
the precise localization and controlled heating in the area surrounding the tumor [6% 87],
producing irreversible cell damage mediated by membrane disruption as well as proteins
and/or DNA denaturation. 2%

In this framework, PPTT has paved the way for an undoubtedly efficient and unique
approach for cancer-related diseases treatment, with innumerable advantages over
conventional therapeutic methods, such as chemotherapy, radiotherapy, immunotherapy,
and surgery. The advantages mainly concern the spatiotemporal selectivity, high
sensitivity, side effect mitigation, non-invasiveness, speed of treatment, and relatively low
cost.[68]

The ideal NP formulations for PPT applications have to provide exceptional optical
properties (i.e., excellent photo-thermal conversion efficiency and long-lasting photo-
stabilities), colloidal stability, biocompatibility, and a preferential uptake pathway with
carcinogenic cells.®® From this standpoint, AuNPs are suitable candidates for PPT
applications because of their chemical/biological stability, small size, strong and tunable
LSPR frequency, high level of biocompatibility, and easy surface functionalization and
modification.[* 184

As already mentioned before, commercially available AuNPs are typically stabilized
with CTAB, which exhibits a very high intrinsic toxicity towards cells. Intrinsic CTAB
cytotoxicity can be reduced by utilizing a centrifugation process of AuNPs dispersions,
which removes the excess of non-conjugated CTAB!??7), a methodology similar to that used
in the work shown in the previous paragraph. Another commonly used protocol to reduce
the CTAB toxicity is replacing the CTAB layer with poly (ethylene glycol) (PEG).[20% 208-
201 Unfortunately, pegylated NPs exhibit reduced cellular uptake ' along with the
intrinsic toxicity related to the residual CTAB.

The most promising alternatives derive from hybrid and synergistic combinations of
inorganic NPs (like AuNPs) coated with biomolecules, as shown in detail in the next
section.
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4.3.1 Biomimetic Keratin AuNPs-mediated in Vitro PPTT on Glioblastoma
Multiforme

Biomaterials, and proteins, in particular, are excellent candidates for realizing a new
generation of functionalized NPs with improved biocompatibility, biodistribution, stability,
and half-life.[*!?!

AuNPs capped with endogenous proteins such as bovine serum albumin (BSA) and
human serum albumin (HSA) showed both surface shielding and functional ligand
2122161 T the best of our knowledge, among the different proteins used to
functionalize the surface of AuNPs, keratin is still unexplored, and no studies reporting its
utilization in the field of PPT-based applications have been found. Keratins are a family of
proteins found in several animal tissues such as hair, hooves, skin, and claws, providing
mechanical reinforcement to tissues. There are several different types of keratins, which all

incorporation.!

share extensive hydrogen bonds and a high amount of cysteine and disulfide bridges.!*'”!
Keratin has an intrinsic biological activity and biocompatibility,'® and has been studied
as a biomaterial platform with applications ranging from wound healing ?*22% to drug
delivery 2172212251 Water solutions of keratin proteins can be easily obtained and processed
in the final material or device in mild conditions. These features are enticing for the use of
keratin as a stabilizer (or capping agent) for NPs, coupling the intrinsic biocompatibility of
Au and its value as nanotherapeutic with the interesting properties of keratin. A few studies
have reported the utilization of keratin as a capping agent for AgNPs, primarily utilized as

[226-228] Here, we report the synthesis, application, and characterization

antimicrobial agents.
of a new generation of keratin coated AuNPs (Ker-AuNPs) as a highly efficient
photosensitive platform for PPT applications. The biomimetic properties of Ker-AuNPs
derive from the combination of inorganic AuNPs (synthetic nanomaterials) and a
biocompatible coating made of a keratin layer (natural material).?*”) This powerful
combination entails the benefits of two worlds: i) AuNPs are excellent nano-sources of
heat; ii) keratin provides a protein-based interface for the AuNP to interact with the
biological environment, similar to the naturally occurring protein corona effect.230-2311

We validate the exceptional biocompatibility of Ker-AuNPs and perform PPT
experiments on a human cell line (U87-MG) derived from glioblastoma, a brain tumor of
glial origin, one of the most aggressive and currently untreatable cancer.!>*2-2331 Despite the
best of the cares, which are represented by accurate surgical resection, radio- and
chemotherapy, the median survival is about 14.6 months %, This is mainly due to the high
capacity of glioblastoma cells to migrate and invade the near parenchyma, to resist
conventional therapies, as well as to the low drug delivery efficiency >*¥1, In light of these
considerations, it becomes of fundamental importance to find novel strategies to improve
the treatments of this devastating tumor.
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Keratin-AuNPs and U87-MG cells sample preparation

According to a previously reported protocol, the water solution of keratin was obtained
from wool fibers.?* Olimpia s.r.l kindly donated Argentinian sheep wool (Ponzano
Veneto, TV, Italy). Briefly, wool fibers were cleaned using a 1:1 methanol/acetone solution
under agitation overnight and rinsed twice with clean solvents then twice with Milli-Q
distilled water. Cleaned fibers were dried overnight at room temperature. Keratin was
extracted from wool fibers with a water solution containing 7M urea, 0.05 M sodium
dodecyl sulfate (SDS), and 1.1 M 2-mercaptoethanol. The extraction was performed with
10 grams of wool in 180 ml of solution at 60 °C for Sh. Afterward, the solution was filtered
with a 50-mesh stainless steel grid and dialyzed against Milli-Q distilled water for three
days with seven water changes. The resulting solution was centrifuged to remove
undissolved fiber residues. The protein concentration was measured by drying a known
volume of the solution and weighing the dried residue. When necessary, the solution was
concentrated by partial water evaporation.

AuNPs were synthesized according to the Turkevich method,!® using sodium citrate
as a reducing agent. To produce the Ker-AuNPs, AuNPs solution, 1.5 mM Au, was mixed
with the keratin solution in order to have a 1:100 weight ratio between Au and keratin. In
carrying out keratin's bioconjugation on AuNPs, an amount of keratin three orders of
magnitude higher than what was expected to be conjugated was used. This large excess of
keratin was used to ensure that all the AuNPs binding sites were saturated. Similarly, a
water solution of CTAB was added to the AuNPs to allow CTAB to bind to the AuNPs.
The synthesis protocols for Ker-AuNPs and CTAB-AuNPs were performed with the same
w/w ratio to have a similar functionalization. The solutions were gently shaken overnight,
then AuNPs were centrifuged twice at 14300 g and resuspended in MilliQ water to remove
unbound keratin or CTAB. To produce the fluorescent Ker-AuNPs (Ker*-AuNPs), keratin
was first labeled by using the FluoReporter FITC Protein Labeling Kit (ThermoFisher,
Waltham, MA) following the manufacturer’s instructions. In particular, a buffer solution
of NaHCOs; 1 M, pH 9, was prepared. 1955 uL of buffer and 45 uL of keratin solution 44
mg/mL were mixed to obtain 2 mL of solution with a final keratin concentration of 1
mg/mL. FITC powder was dissolved in 10 uL of DMSO. The solubilized FITC was added
to the buffered keratin solution and mixed under stirrer for 1 hour in dark condition at room
temperature. The keratin-FITC solution was dialyzed in a dialysis cassette with a molecular
weight cut off (MWCO) of 3500 kDa for three days against MilliQ water. Ker*-AuNPs
were synthesized using the same protocol used for Ker-AuNPs.

The synthesis of Ker-AuNPs is easy and fast, and no limitations for large scale
production are foreseen. Having all the processing done in water and in mild conditions,
makes it easy to combine keratin with AuNPs and preserve the inherent biocompatibility
of keratin. Moreover, the synthesis protocol used takes already into account a sustainable
approach by using a reduced number of components, all non-toxic and non-hazardous.

U87-MG glioblastoma multiforme cell line was purchased from CLS (Cell Lines
Service GmbH, Eppelheim, Germany). It was grown in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS,
Sigma—Aldrich St. Louis, MO), 100 IU/ml penicillin G, 100 pg/ml streptomycin, 1% L-
glutamine, 1% nonessential amino acids, and ImM sodium pyruvate at 37°C in a 5% CO»-
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humidified atmosphere. The medium was changed twice weekly, and the cells were
subcultured only when confluent. In general, for all the experiments, U87-MG cells (5x10°)
were incubated in suspension in 15ml polypropylene tubes with 50uM Ker-AuNPs at 37°C
in a 5% CO;-humidified atmosphere for 24h. Then, cells were washed in PBS, and
resuspended in PBS, 2% FBS and irradiated (details on the photo-thermal experiments are
reported below). After irradiation, cells were centrifuged at 250xg for 5 min, resuspended
in DMEM medium supplemented with 10% FBS, and grown at 37°C in a 5% CO»-
humidified atmosphere. All the biological and technical details relating to the U87-
MG/Ker-AuNPs sample preparation, for the various analyses carried out (MTS assay,
Immunofluorescence staining, TEM imaging, Cytometric analyses, Trypan blue exclusion
assay, Dynamic light scattering and {-potential, UV-Vis, and Infrared spectroscopy, X-ray

Photoelectron Spectroscopy (XPS), are reported in the Materials and Methods of our article
7, present in the list of publications.

Optical and morphological properties of AuNPs

Optical, spectroscopic, and morphological analysis of both as-synthesized and keratin-
coated AuNPs was performed to characterize the keratin’s binding to the AuNPs and its
effect on optical and structural properties. Figure 4.8 A shows the absorption spectra of
the spherical AuNPs (blue curve) and Ker-AuNPs (red curve) dispersed in water. A red-
shift of the LSPR frequency from 522 nm to 527 nm is observed because of the change of
the local refractive index surrounding the AuNPs.
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Figure 4.8 — UV-Vis absorption spectra of AuNPs (A, blue curve) and Ker-AuNPs (A, red curve),
along with their corresponding DLS measurements (B, blue curve), (B, red curve). TEM images
of AuNPs (C) and Ker-AuNPs (D).
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A simplified simulation using the Mie theory for LSPR (Figure 4.9) shows that a 5
nm red shift is compatible with an increase of the local refractive index of 0.07 refractive
index units. Figure 4.8 B shows the DLS measurements, evidencing a variation of the
hydrodynamic diameter from 28.2 nm (AuNPs, blue curve) to 32.7 nm (Ker-AuNPs, red
curve), thus confirming the presence of a thicker (keratin) layer surrounding the AuNPs.
TEM characterization performed on both AuNPs (Figure 4.8 C) and Ker-AuNPs (Figure
4.8 D) solutions, besides highlighting the spherical geometry and a moderate size-
distribution of both NP populations, confirms the presence of a halo around the AuNPs
after the functionalization with keratin (Figure 4.8 D).
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Figure 4.9 — Theoretical absorption spectra of the AuNPs (blue) and Ker-AuNPs (red). We have
assumed water (n=1.3) as a medium surrounding the AuNPs.

The absorption spectra of Ker-AuNPs dispersed in PBS and in the presence of cells
(U87-MQ) are reported in (Figure 4.10 A). The spectral curves are unchanged. Only a
small spectral shift (3 nm) is present, proving the stability of the AuNPs and showing the
stability/response of Ker-AuNPs to the change of the surrounding medium produced by the
presence of U87-MG cells. Besides, absorption spectra at different temperatures (Figure
4.10 B) were acquired, evidencing a perfect spectral overlap after all the heating
experiments, thus demonstrating the thermal stability of Ker-AuNPs.
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Figure 4.10 — UV-Vis absorption spectra of Ker-AuNPs in different media (4), at different
temperature steps (B).
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To further highlight the improved stability provided by keratin, plain AuNPs, CTAB-
AuNPs, and Ker-AuNPs were dispersed in a physiological water solution (100 mM PBS at
pH 7.4) (Figure 4.11). The plain AuNPs and CTAB-AuNPs showed a drastic color change
due to AuNPs aggregation. In contrast, the Ker-AuNPs maintained their original ruby red
color thanks to the keratin layer's extraordinary stability present on the AuNPs surface.

Ker-AuNPs CTAB- S
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Figure 4.11 — AuNPs with different coatings dispersed in a PBS water solution: Ker-AuNPs,
plain AuNPs, CTAB-AuNPs. The blue-gray color of plain AuNPs and CTAB-AuNPs is associated
with aggregation of the NPs, while Ker-AuNPs’ solution maintained the original color,
confirming the excellent stability offered by the keratin coating.

FTIR analysis in Figure 4.12 evidences the presence of keratin proteins attached to

the AuNPs.
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Figure 4.12 — FTIR spectra of Ker (green), AuNPs (blue), and Ker-AuNPs (red). Amide I and
Amide II bands of proteins in the highlighted graph.
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The peaks at 1600 cm™ and 1450 cm™! are the Amide I and Amide II bands of proteins. The
deconvolution of the amide I absorption band, using a previously reported procedure,?*>-
2361 shows that when comparing keratin self-assembly on AuNPs and freestanding films,
Ker-AuNPs showed a higher % of alpha-helices (15% on Ker-AuNP vs. 6% on keratin
films) and a lower amount of compact beta sheets (23 % on Ker-AuNP vs. 35% on Keratin
films). This different self-assembly reflects a more loosely organized structure of keratin
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on the AuNPs than, freestanding films, probably due to the presence of Cys-Au bonds that
prevent more compact self-assembly.

The successful conjugation between the keratin molecules and the AuNPs surface
influences the (-potential of the AuNPs. Indeed, AuNPs dispersed in water exhibit a (-
potential of (-42 £ 4) mV, whereas for the Ker-AuNPs (-18 = 2) mV, confirming the change
of the chemical environment surrounding the AuNPs. The zeta potential of CTAB-AuNPs
is (+33.6 = 2 mV). Similarly, also XPS analysis supports the presence of keratin proteins
in the Ker-AuNPs sample.
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Figure 4.13 — XPS spectra. S 2p signal of Ker (A) and Ker-AuNPs (B).

Indeed, the sample shows the presence of nitrogen and sulfur signals!*" typical of the

peptide bonds and disulfide bonds of keratin, that are not present in the AuNPs sample. A
closer look at the S 2p signal Figure 4.13 suggests that the interaction between AuNPs and
keratin is mediated by the sulfurs, as the Ker-AuNPs show signals that could be assigned
to the formation of S-Au bonds.**®!

Photo-thermal properties of Ker-AuNPs
Light-triggered photo-thermal experiments were carried out using the thermo-optical
setup sketched in Figure 4.14.

Figure 4.14 — Schematic representation of the thermo-optical setup used for sample
characterization. M1, M2, M3 are the mirrors. The inset shows a glass tube containing the U87-
MG+Ker*-AuNPs sample used to conduct the photo-thermal experiments, before irradiation A,
during irradiation B, along with the corresponding thermographic view C.
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It makes use of a resonant CW green laser (gem532, Laser Quantum), operating at 532
nm in the high absorption band of Ker-AuNPs. The laser beam was directed
perpendicularly (from the top) to the air/solution interface, using three mirrors, in the
central part of a glass tube.

A high-resolution thermal-camera was used to map and identify (side view) both the
spatial heating distribution and the temperature profile under top-pumping laser
illumination. The dynamic IR thermographic analysis was carried out using a FLIR
(A655sc) thermal-camera (FLIR System, Wilsonville, OR, USA), suitably equipped with
a close-up IR lens characterized by a magnifying factor of 2.9x, a spatial resolution (IFOV)
of 50 um and a reduced working distance. To measure the maximum and mean temperature
values reached in the whole sample volume, a circular region (1.76 cm?) of interest (ROI),
encompassing the irradiated volume, was selected on thermographic images. The camera
works seamlessly with proprietary software (FLIR Research IR Max, FLIR System,
Wilsonville, OR, USA) that enables recording and processing the camera's thermal data.
Camera control parameters were set, such that sample emissivity was 0.89 (glass tube) and
camera-sample working distance 12 ¢cm. Data collection and analysis were based on the
careful evaluation of representative IR image sequences acquired during the laser
irradiation.
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Figure 4.15 — (A) Time-temperature dependence of Ker-AuNPs dispersed in water under pump
beam illumination along with the linear fit of the temperature variation versus the intensity of the
pump beam (B). The goodness of the fit is highlighted by the coefficient of determination R*=0.98.

Ker-AuNPs dispersed in water (2.25 - 10 M in Au) were exposed at different intensity
values of the pump beam (from 1.4 W/cm? to 11.3 W/cm?) for 7 min. Figure 4.15 A shows
that upon illumination (laser ON) there is a gradual and significant temperature increase up
to 45 °C because of the PPT heating of Ker-AuNPs. The sample starts to cool back down
to room temperature as soon as the pump beam is switched off (laser OFF). The temperature
profiles reported in Figure 4.15 A were obtained by processing the corresponding thermal
images as previously detailed. Figure 4.15 B evidences a linear correlation between the
temperature variation (AT = T — Ty, where Ty is the initial sample temperature when the
pump beam is OFF) and the intensity of the pump beam, confirming the expected behavior
according to theoretical predictions (2.25, paragraph 2.2). Control experiments realized
with a water solution of keratin did not show any significant temperature increase (data not

90



Plasmonic photothermal heating bio-applications

shown), supporting that the observed temperature increase (Figure 4.15 A) can be
attributed to the photo-thermal properties of AuNPs.

It is worth pointing out that the light-heat conversion property of the Ker-AuNPs is
retained even after performing several illumination cycles (8) as shown in Figure 4.15 A,
hence underlining the excellent photo-thermal stability of Ker-AuNPs, which is a
mandatory requirement for thermal dosimetry and treatment planning in PPT-based
applications.

3D photo-thermal characterization

Further photo-thermal characterization was carried out to investigate the uniformity of
temperature distribution and the laser beam's penetration depth, focusing the analysis on a
3D ROI correspondent to an ideal 1cm? cube of U87 cells + Ker-AuNPs. To conduct a 3D
analysis of the sample, the optical setup was slightly modified (Figure 4.16) to direct the
laser beam in the middle of the cube, entering in one side of the quartz cuvette, while the
thermal-camera was recording the temperature variation in a 45° configuration, analyzing
in total three sides (sidel, side2, side3) of the cuvette in two different configurations, for
simplicity, only the first configuration is shown with the thermal imaging camera
positioned at 45 ° with respect to side 1 and side 2 of the cuvette (Figure 4.16).

Ideal Cells Cube

Figure 4.16 —Thermo-optical setup used for the 3D sample characterization.

This ideal “cube of cells” was irradiated with a 0.8 W laser beam for 10 minutes, and
the corresponding temperature variation was monitored through the IR thermal camera.
Plots reported in Figure 4.17, show thermal data from a box profile, with thermographs
extracted using the FLIR software at a time interval of 60 s.
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Figure 4.17 — (A) Mean temperature profiles as a function of the pixels showing the uniformity
of the mean temperature inside the cube, at temporal intervals of 60s. (B) Along with the
corresponding thermographic view of the sample in the quartz cuvette.

Looking at the thermal profiles, along with the corresponding thermographic view of
the sample in the quartz cuvette (Figure 4.17), it is possible to see that after irradiation of
about 7min (P=0.8W) the temperature distribution appears to be uniform within the whole
ideal 1cm? cube of cells (the two humps of the curve have reached the same height). The
thermographic images extracted from the 45 © analysis provide an immediate qualitative
analysis of what happens in terms of macroscopic temperature increment. In particular, the
thermographs in Figure 4.17 show the temperature distribution in the sample at different
times. It clearly can be observed that not only the incident laser area (side 1) has been
heated, but also there is a radial propagation by diffusion of the generated heat; thus, there
is energy transmitted to the adjacent regions due to the immersed NPs. Moreover, it can be
seen that the temperature increment follows a rapid dynamic in the first seconds
immediately after turning ON the laser and gradually slows down to reach a stationary
condition and a uniform temperature distribution throughout the cube analyzed in 7-8 min.
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Figure 4.18 — (4) 3D temperature distribution and (B) heat map of Ker-AuNPs/US87 cells sample.
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Also, from the 3D spatial thermographic profile and the heat distribution map (Figure
4.18), a uniform distribution of heat within the sample is evident. Looking at the heat map
Figure 4.18 B, two other aspects can be deduced: 1) the heat is confined within the analyzed
volume, ii) the heat is not generated by heating the surrounding container and transferred
to the medium but is generated internally by the excitation of the NPs; iii) all the NPs in
the volume absorb radiation and re-emit energy in the form of heat and equally participate
in the heating generation, resulting in a macroscopic temperature rise of about 15°C. This
temperature increment, generated in this Ker-AuNPs/U87 ideal cube, used as a biological
environment simple model, satisfies the biomedical requirement for treating superficial

diseases (mycoses, fungal infections, and many different types of skin cancer). 2%

Biocompatibility of Ker-AuNPs

To evaluate the biocompatibility of Ker-AuNPs, a dose-response assay on human
glioblastoma cell line U87-MG was performed. Experiments were performed by utilizing
AuNPs, CTAB-AuNPs, and Ker-AuNPs. Figure 4.19 summarizes the viability results of
US87-MQG cells incubated with different concentrations (0-50 uM) of AuNPs (green curves),
CTAB-AuNPs (red curves), and Ker-AuNPs (blue curves) at different incubation times (A,
24h; B, 48h; C, 72 h). As expected, the capping agent plays a decisive effect on cell
viability. Indeed, CTAB-AuNPs were found to be very toxic to cells, causing a reduction
in cell viability depending on both concentration and incubation time. In particular,
incubation with CTAB-AuNPs at the highest concentration of 50 uM for 72h reduced U87-
MG cell viability down to 20%. Conversely, both Ker-AuNPs and AuNPs were completely
biocompatible, exhibiting viability of about 100% for concentrations up to 50 uM.

It is noteworthy that AuNPs, despite their good biocompatibility, are difficult to use in
real applications because of the weak stabilizing effect of citrate molecules that is replaced
by proteins and other biomolecules as soon as the NPs enter the biological environment.24%!
Indeed, plain AuNPs in solution are stabilized by electrostatic repulsion, making them
stable only at deficient concentrations. In the viability experiments (Figure 4.19), larger
volumes of plain AuNPs solution were utilized to achieve the same quantities used for Ker-
AuNPs (50uM). Besides, plain AuNPs require a coating to allow their functionalization
with fluorescent molecules and are therefore not suitable for detection with fluorescence
microscopy and flow cytometry. Conversely, the keratin coating provides improved
stability at the higher concentration, a mandatory requirement for performing PPT
experiments at physiological pH and salt concentration used for in vitro studies. Moreover,
the keratin layer's presence easily allows the post-functionalization process with other
molecules (e.g. fluorescent FITC tag). Ker-AuNPs, on the other hand, possess a very
similar biocompatibility profile of AuNPs (see Figure 4.19C) with a protein coating that
provides improved stability in the biological environment, significantly improving their
utilization as nanotherapeutic agents.

Because no significant reduction in cell viability was observed using the maximum
concentration of 50 uM of Ker-AuNPs, this value was utilized for all the experiments
reported below. The utilized concentration value allows from one side, maximizing the
photo-thermal properties while from the other side minimizing the utilized amount of the
Ker-AuNPs solution, a condition highly required in PPT-based treatment planning.[®¢]
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Figure 4.19 — Effects of AuNPs (green curves), CTAB-AuNPs (red curves), and Ker-AuNPs (blue
curves) on the viability of U87-MG cells. MTS assay shows the viability (expressed as percentage

vs control) of U87-MG cells incubated with increasing concentrations (0-50 uM) for 24h (4), 48h
(B), and 72h (C). (***: p<0.001).

Interaction between Ker*-AuNP and U87-MG cells

U87-MG cells co-stained with Phalloidin-Texas Red and DAPI were incubated with
and without FITC-labelled Ker-AuNPs (Ker*-AuNPs) for 24h. Figure 4.20 shows the
fluorescence microscope images of U87-MG cells without (top images) and with (bottom
images) the presence of Ker*-AuNPs. It is worth noting that the Ker*-AuNPs green signal

colocalizes with both Phalloidin-Texas Red and DAPI signals suggesting that Ker*-AuNPs
physically interact with U87-MG cells.

- Ker*-AUNPS

U87-MG Without Ker*-AuNPs

U87-MG With Ker*-AuNPs

=" |Ker*-AuNPs

Figure 4.20 — Immunofluorescence staining of U87-MG cells alone and incubated with Ker*-
AuNPs. Photographs show nucleus (DAPI, blue), Ker*-AuNPs (green), the cytoskeleton

(Phalloidin, red), and the merged channels (Merge) in control cells (without Ker*-AuNPs, upper
images) and Ker*-AuNPs -treated cells (lower images).

Moreover, to quantitatively understand the dynamics of U87-MG cells + Ker*-AuNPs
interaction, a cytofluorimetric analysis of U§7-MG cells was incubated with 50 uM Ker*-
AuNPs for 0, 2, 4, 6, 24, and 48h was performed. During the first 6 hours, the percentage
of U87-MG cells loaded with Ker*-AuNPs (shortly defined positivity) is about 3.5%
(Figure 4.21 B, C, D). Interestingly, as shown in Figure 4.21 E, G, after 24h of incubation,

the positivity raises to = 23%, reaching a positivity of about 68% after 48h, whereas no
significant variation was observed at longer incubation times.
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Figure 4.21 — Cytofluorimetric analysis showing U87-MG cells positivity (expressed as
percentage of Keratin-FITC" cells) to Ker*-AuNPs after 2h (B), 4h(C), 6h(D), 24h (E) and 48h
(G) of incubation time along with their respective controls (A, F).

The kinetics of Ker-AuNPs cellular uptake rate was fitted using a logistic model by
utilizing the following equation:

FITC*cells = «a 1—% (4.1)
1+ (%)

Where a = 100 is the threshold value, ty; = 36.5h is the time value at which the
uptake is at 50%, and = 2.8 represents the growth rate of the uptake curve. The fit
goodness is estimated from the Coefficient of determination R? = 0.989.

The logistic model is commonly used to describe the self-limiting growth of a
biological population. The graph of this model used to fit the experimental data, yields a
Sigmoidal-shaped curve (Figure 4.22). It is a more realistic model for cellular uptake
kinetics than exponential growth since exponential growth is possible only when infinite
Ker-AuNPs are available. There are three different sections to an S-shaped curve. Initially,
growth is exponential because there are ample resources available (Ker-AuNPs). Then, as
resources begin to become limited at the saturation point, the cellular uptake rate decreases.
Finally, uptake reaches a plateau at the maximum threshold of the environment, with little
change in cellular uptake over time.

These results evidence that the cellular uptake dynamic process is a time-dependent
phenomenon governed by several parameters such as NPs size/geometry, cell types, and
enhanced permeability and retention (EPR) effect.[% 241-2421
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Figure 4.22 — Cytofluorimetric experimental data for U87-MG cells positivity (expressed as
percentage of Keratin-FITC + cells) to Ker*-AuNPs after 2h, 4h, 6h, 24h, and 48h of incubation

time fitted using a logistic model.

Ultrastructural analysis of Ker*-AuNPs uptake

Cellular uptake of Ker*-AuNPs and ultrastructural changes were examined by high-
resolution TEM analysis. Results reported in Figure 4.23 confirm the internalization of the
Ker*-AuNPs into U87-MG cells. U87-MG cells (Figure 4.23) exhibit an irregular and
great morphological variability, cell surface area, and membrane folding exhibited various
types of protrusions, including blebs and filopodia. Figure 4.23 A, B evidence the plasma
membrane projections surrounding (A) and engulfing (B) several Ker*-AuNPs before
internalization into the cytoplasm. There is evidence of Ker*-AuNPs on the apical surface
along with well-packed Ker*-AuNPs internalized in endocytic vesicles with different
electron density (C, D). Cell structures like nucleus, mitochondria, Golgi apparatus, and
rough endoplasmic reticulum (R.E.R) were visible, oval or rod-shaped mitochondria with
a medium or high electron density matrix were detected (A, D).
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Figure 4.23 — Ultrastructural localization of Ker*-AuNPs in U87-MG cells. (A, B) Electron dense
Ker*-AuNPs were present on the cell surfaces where the plasma membrane projections
internalize several Ker*-AuNPs (dotted red circles). (C, D) Ker*-AuNPs were found outside the
cell along the plasma membrane (blue arrow) as well as internalized inside small dense vesicles
(endosomes) (dotted green circles).

The detailed analysis carried out by a TEM analysis revealed the Ker*-AuNPs cells’
internalization mechanism, which turned out to be an endocytosis-based uptake pathway.

PPT experiments on US7-MG cells incubated with Ker*-AuNPs

Photo-thermal experiments, performed by utilizing the thermo-optical setup sketched
in Figure 4.14, were devoted to study the effect of the laser illumination on the viability of
the U87-MG cells. Experiments were realized by top-illuminating both U87-MG cells
(control sample) and U87-MG cells incubated with Ker*-AuNPs, for 10 min at 11.3 W/cm?.
[Nlumination time and intensity values were selected to optimize both photo-thermal
properties and cell viability reduction. While the illumination of U87-MG cells resulted in
anegligible increment of temperature to less than 2°C (Figure 4.24 A, B blue curve), U87-
MG cells incubated with Ker*-AuNPs once illuminated showed a moderate temperature
increase of about 7.5 °C (Figure 4.24 C, B red curve) caused by the PPT effect.

The effect of the laser irradiation on cell viability was studied by biparametric
cytofluorimetric analysis. This technique aims at detecting the percentage of dead U87-MG
cells (incorporating the fluorescent DNA intercalant propidium iodide, PI" cells) and cells
loaded with Ker*-AuNPs (FITC" cells). U87-MG cells irradiated without Ker*-AuNPs
(Figure 4.24 D) showed 23.83% (0.68%+23.15%) of PI' cells, compared to 40.29%
(14.16% +26.13%) of PI* cells in the presence of Ker*-AuNPs (Figure 4.24 E). These
results confirm that cell viability is minimally affected by laser illumination alone and that
the presence of Ker*-AuNPs increases the mortality because of the induced local heating.
Noteworthy, among the total percentage of dead cells in the presence of Ker*-AuNPs
(Figure 4.24 E), 26.13% are both PI" and FITC" while 14.16% are only PI". The total
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percentage of FITC" cells obtained after a total incubation time of 48h (24h before + 24h
after the laser illumination) is 57.42% (31.29% + 26.13%, Figure 4.24 E), in line with the

data obtained after a 48h incubation without any illumination process (i.e. 68.4%, Figure
4.21 D).
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Figure 4.24 — (A, C) Thermographic images of U87-MG cells alone and incubated with Ker*-
AuNPs under laser illumination, (B) along with the corresponding temperature profiles (blue and
red curves), (D) biparametric cytofluorimetric analysis of PI staining showing dead U87-MG
cells irradiated for 10 min alone and (E) incubated for 24h with Ker*-AuNPs and then irradiated
for 10min. Dead cells were evaluated 24h after the irradiation.

A trypan blue exclusion assay (Figure 4.25) was performed to evaluate the percentage
of viability of U87-MG cells incubated for 24h with Ker*-AuNPs. Percentages of cell
viability were calculated relative to the control cells (100% viability), to take into account

the intrinsic cell death, (t 0) immediately after irradiation, (t 4) at 4h after irradiation, and
(t 24) at 24h after irradiation.
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Figure 4.25 — Trypan blue test results of U87-MG cells incubated and not with Ker-AuNPs at (t

0) immediately after irradiation, (t 4) at 4 h after irradiation, and (t 24) at 24 h after irradiation.
(*: p<0.05; ***: p<0.001).
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The viability percentage assessed immediately after the experiment did not show any
significant variation. After 4h from the PPT experiments, the percentage of live cells was
decreased by about 17%, compared to the control sample.

An even more substantial reduction in the cell viability of about 22% was observed
24h after irradiation, compared to control samples, comparable with the biparametric
cytofluorimetric analysis results. These data highlight that localized photo-thermal heating
produced by Ker*-AuNPs is highly selective and confined, with the capability to suppress
(kill) predominantly the U87-MG cells that can uptake Ker*-AuNPs.

So, in conclusion, PPT experiments performed by means of the high-resolution
thermographic optical setup, have shown that the achieved macroscopic temperature
increase after 10 min of laser illumination is 35°C (Figure 4.24 B, red curve). Although
this value is below the minimum threshold to induce cell mortality (= 42°C)3, a reduction
of the cell viability of = 30 % (Figure 4.24 E) has been measured.

This result can be explained by considering that the temperature at the Ker*-AuNPs
surface (which are stuck/penetrated on/in the cell membrane) reaches higher values, hence
producing a very effective photo-thermal and/or photo-mechanical damaging.!”!

Spherical AuNPs were used here as model NPs for PPTT, to demonstrate that using a
protein coating of keratin on the NPs’ surface can preserve their inherent biocompatibility,
facilitating their use as a nanotherapeutic. Ker-AuNPs are stable when dispersed in a
physiological environment and when heated at high temperatures with a laser, owing to the
stability of the Cysteine-gold bond. The physical interaction given by the keratin coating
facilitated adsorption and internalization on cells, improving the efficacy of the localized
heating promoted by the light.

The optical limitations caused by having the LSPR in the visible region will be
overcome by studying a new generation of keratin coated AuNPs with different shapes such
as rods and triangles. They both possess higher photo-thermal efficiency®® as well as LSPR
bands centered in the first biological window?*!, where cells and growth media are more
optically transparent.
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Conclusions and Outlook

Nanobiophotonics, including the use of remotely light-triggered and spectrally
selective nano-heaters, has emerged as a major thrust area of nanobiotechnology. In this
thesis, several AuNPs were tested as efficient, biocompatible, light-to-heat converter when
shined on at their plasmonic resonance. This strategy is based on a rapidly growing and
promising biophotonic approach called plasmonic photothermal therapy (PPTT), for
applications ranging from treating cancer-related diseases to the total eradication of
bacterial infections. Furthermore, the PPT phenomenon applications extend to many other
applications such as the disinfection of drinking water, the implementation of biosensors,
and the manufacture of sunlight-driven smart windows.

In the first part of the thesis, we theoretically describe the localized surface plasmon
resonance (LSPR) optical process and the Joule effect induced in plasmonic AuNPs. We
show that the resonant oscillation of the free electron cloud at the AuNP surface
significantly enhances the absorption cross section and, consequently, light-to-heat
conversion. Furthermore, it has been described how by simply acting on the shape,
functionalization, and refractive index of the medium surrounding the AuNP, it is possible
to shift the plasmon band in the desired spectral range conveniently, and how this can then
be inversely exploited to detect chemical-physical changes of the AuNP host material.
These general concepts were then put into practice in various applications in both physical
and biological environments.

In particular, in the third chapter, the distinctive capabilities of thermotropic LCs to
control the LSPR of AuNPs are illustrated, along with the investigation of their potential
use to realize active plasmonic nanodevices. By acting on the LCs properties, the LSPR
can be actively controlled without modifying the intrinsic properties of the NPs. Further
progress in this direction is represented by the possibility to use a surrounding medium
whose dielectric function can be controlled through external stimuli such as temperature
variations. This thermo-responsive behavior exclusively gives the LCs the dual ability to
act as nano-thermometers, visibly manifesting variations in temperature undergoing
variations in optical properties. In detail, by exploiting the fruitful combination of AuNPs
and LCs, we have created a command layer for anisotropic PPT effects in LCs, and a
thermoresponsive large-area plasmonic architecture acting like a remotely controllable
mirror.

The first LCs application, showed the photo-anisotropic properties of a particular
command layer for LCs, an azobenzene photo-aligning layer (PAL), to control the PPT
response ensemble of homogeneously and uniformly distributed AuNPs. We have observed
a correlation between the photo-induced heat and the PAL material's optical properties in
terms of refractive index and thermal conductivity. Interestingly, the temperature increase
can be controlled by varying PAL molecules' orientation thanks to the intrinsic variation of
their thermal conductivity, so the PAL influences the AuNPs layer thermal response in an
anisotropic way.
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The second LCs application reported a hybrid cell composed of AuNPs and CLC,
characterized by the typical helix structure. The system demonstrates that suitable optical
radiation can mutually affect both the plasmonic and photonic properties of the system.
Indeed, both the CLCs selective reflection properties and AuNPs frequency of the LSPR
are modulated. Ultimately, the two-hybrid systems AuNPs / LCs, on the one hand,
represent a starting point for the realization of thermo-plasmonic assisted LC-based optical
devices with reconfigurable thermal conductivity and refractive index. They can be
integrated into modern photonic components such as controllable light filters, smart
mirrors, and nanoscale thermometers.

Having extensively explored the intriguing properties of LCs, we realized the lack of
a fundamental prerequisite for moving towards biomedical applications, namely the
biocompatibility. So the next part of the third chapter focuses on using a hydrogel, a smart
material, reactive to external stimuli, and biocompatible. This part describes the
morphological, optical, and thermo-optical properties of a temperature-sensitive hydrogel
poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide) [P(NIPAm-co-NIPMAm])
film containing gold nanorods (AuNRs). We demonstrated the concept of a light-controlled
optical beam attenuator by combining GNRs and a responsive hydrogel (P(NIPAm-co-
NIPMAm)) material. The optical behavior at the base of this device is straightforward and
intuitive. As the temperature increases, the hydrogel goes from a transparent to an opaque
state, thus acting as a light attenuator controllable by light. The optical transparency can be
modulated using light irradiation resonant with the longitudinal plasmonic resonance of the
AuNRs. These experiments allowed us to test a new generation of smart windows that
could be activated by sunlight.

The fourth chapter shows the applications of photoinduced heat by biocompatible
AuNPs interacting with the living biological world. Taking advantage of the mesophilic
characteristic of the E. coli bacterium and its poor ability to survive if exposed to high
temperatures, we decided to exploit the AuNRs, as a photothermal-based antimicrobial
nano-tool, suitably activated by NIR light, in the “biological window”. Viability
experiments evidenced that the proposed system, reaching a T=50°C in about 5 min,
accomplished a killing efficiency suitable for reducing the E. coli population of about 2 log
CFU (colony-forming unit). Hence, the reported all-optical methodology based on the
capability of GNRs to convert NIR radiation into heat for an antibacterial application
proved to be very promising.

Encouraged by the very positive feedback obtained by exploring the AuNPs-based
PPTT on the bacterial population, we decided to step forward further, testing the PPTT on
Glioblastoma multiforme (GBM), one of the most lethal and destructive brain cancer,
impressively resilient to current treatments. For this application, we used an innovative
generation of AuNPs coated with a protein, keratin. These nanoparticles, Ker-AuNPs,
exhibited exceptional biocompatibility, excellent thermal stability, massive cellular uptake,
and remarkable photothermal and thermo-plasmonic killing capabilities.

The reported structural and functional properties pointed out these Ker-AuNPs as a
promising new tool in the field of biocompatible photo-thermal agents for PPT treatments
against cancer-related diseases.
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Ongoing efforts are devoted to combining spherical Ker-AuNPs with other cancer cell
lines such as melanoma, breast and colorectal cancer, and tumor animal models by
performing both in vitro and in vivo experiments. Simultaneously, we are working on a
new generation of Ker-AuNPs with different geometries and surface functionalization for
improving both photo-thermal properties and cellular uptake. However, we believe that our
results are already promising and can be used to synergistically enhance the efficacy of
immunotherapy or chemotherapy, in the fight against solid tumors, and to realize a new
generation of light assisted and on-demand antimicrobial therapies to eradicate antibiotic
resistance.

Furthermore, the next steps will be aimed at implementing the transition from nano-
therapy to nano-theranostics. To achieve this ambitious goal, the conjugation of AuNPs
with radio-tracer molecules is envisaged, to be able to detect the precise location of the
nano-agent, through nuclear medicine diagnostic techniques, even before carrying out the
PPTT. Based on the combination of targeting, detection, and therapy, this visionary
approach will be tested in a 3D bioprinted model of human primary glioblastoma. The end-
goal is to perform an in vitro-in vivo correlation unlocking the possibility to realize
innovative studies based on an animal-free glioblastoma cancer model.
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APPENDIX

Al. Optical waveguide for PPTT of deep tumor

Due to PPTT's nature, localized solid tumors (like breast cancer, head and neck cancer,
melanoma) are more suitable for treatment. However, using optical fibers to deliver light
into deep tissues makes it possible to achieve photo-thermal treatment to deeply buried
tumors.[36]

In this framework, we studied a multi-photon fabrication of compact low-loss optical
waveguides in polydimethylsiloxane (PDMS) for PPTT in vivo applications (as a possible
strategy for light-triggered plasmonic heating in deep tumors), preliminary focusing on the
possibility of tuning light exploiting an all-optical mechanism.

Highly flexible and optically transparent polymers such as the PDMS are exploited for
optical power delivery, testing the feasibility of using PDMS waveguides for the
transcutaneous transfer and transmission of optical energy several cm into the tissue.?*#!

Indeed, PDMS is a kind of silicon-based organic polymers and is particularly known
for its flexible mechanical property to be biocompatible with tissues. PDMS is optically
transparent, bioinert, non-toxic, and biodegradable, and can be applied in phototherapy and
optical sensing.!?!

We present and discuss the realization and characterization of a high refractive index
contrast, low-loss, compact, and reconfigurable optical waveguide realized in the bulk of a
PDMS layer covered with a well-oriented NLCs film. The optical waveguide is realized by
utilizing a multi-photon direct laser writing technique and exploiting a photo-induced
radical chain polymerization process. A photo-alignment layer, deposited on the PDMS
waveguide, is used as a light-sensitive command layer for varying the refractive index of
the NLC film which, in its turn, acts as a reconfigurable cladding for the underlying optical
waveguide. The proposed device allows the realization of a light controllable optical
waveguide very useful for several applications such as flexible optical circuit boards,
wearable, implanted photonic devices, and potentially for in-vivo application of PPTT for
deep tumor.

Two-Photon Polymerization Process Development

Optical waveguides are one of the most important photonic components. Optical
waveguides are a key element in the development of multifunctional platforms with tailored
geometries, such as biomedical and biosensor platforms.!'” In a common slab waveguide,
made of three layers of materials with different dielectric constants, the light can be
confined in the middle layer by total internal reflection. This occurs only if the middle
layer's (core) refractive index is larger than that of the surrounding layers (cladding).
Several techniques aiming at inducing a refractive index change in polymers have been
developed.
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The process of polymer waveguide fabrication in PDMS through laser direct writing
and multiphoton polymerization, without using a photoinitiator, was developed for the first
time in the Optics Laboratory (LO), Ecole Polytechnique Fédérale de Lausanne (EPFL).['”!

In two-photon polymerization (2PP) the characteristic three-dimensional (3D) spatial
resolution of the simultaneous two-photon absorption (2PA) process is used for 3D
photoinitiated polymerization.?*) Multiphoton absorption has been defined as
simultaneous absorption of two or more photons via virtual states in a medium with an
extremely short lifetime (several femtoseconds, fs). Thus, 2PA is only possible if a second
photon is absorbed before the decay of this virtual state (Figure A.1 c¢). The process
requires a high peak power, which is available from pulsed laser systems. A major feature
that distinguishes single-photon absorption from two-photon absorption is the rate of
energy (light) absorption as a function of incident intensity. In single or one-photon
absorption, the rate of light absorption is directly proportional to the incident light intensity,
while for two-photon absorption, the rate of light absorption is proportional to the square
of the light incident intensity.**! This non-linear intensity dependence of the absorption
process has substantial implications. While in a medium containing one-photon absorbing
chromophores, absorption occurs all along the path of a focused beam, leading to out-of-
focus absorption and associated processes. In the two-photon process, absorption occurs
only near the focal point.>*” This allows spatial resolution along the beam axis and in the
radial direction and is the principle behind the two-photon fluorescence imaging and two-
photon microfabrication. This creates a bright light point in the sample without the usual
cone of light above and below the focal plane (Figure A.1 b, d), the hourglass shape is
replaced by a point source since there are almost no excitations away from the focal point.
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Figure A.1 — Schematization of single-photon and two-photon process. (a) UV laser induces
polymerization through single-photon absorption at the material’s surface. (c) Focused NIR fs
laser pulses trigger 2PP within the material's small volume. (d) The 2PA non-linear intensity
allows a confined polymerization because radical formation decays as 1/2°, where z is the axial
distance away from the focal plane. The hourglass shape (b) is replaced by a point source (d).

From a chemical point of view, the 2PP technique is based on fs laser radiation
interaction, which triggers a highly localized chemical reaction leading to polymerization
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of the photosensitive material with current resolution down to 100 nm. Polymerization is a
process in which monomers or weakly cross-linked polymers (liquid or solid) interconnect
and form a 3D network of highly cross-linked polymer (solid). Photoinitiators are often
added to increase the material photosensitivity.

A material is polymerized along the trace of the moving laser focus, thus enabling
fabrication of any desired polymeric 3D pattern by direct “recording” into the volume of
photosensitive material. In a subsequent processing step, the unpolymerized material,
which was not exposed to the laser radiation is removed, and the fabricated structure is
revealed. The material sensitive in the UV range (Auv) can be polymerized by irradiation
with the infra-red light of approximately double wavelength (Ar=2Auv), under the
condition that the intensity of the radiation is high enough to initiate two-photon absorption.

In order to accommodate the tight space constraint and requirement for
biocompatibility, it was piloted a new photochemistry route that eliminates the use of
photoinitiators and achieved waveguides of ~1um wide.

The host-guest system we considered in this project includes a PDMS matrix as the
host and a liquid monomer permeated into the PDMS intermolecular space as the guest.
Besides being polymerizable with good reactivity, requirements on the monomer
formulation include: (i) the refractive index of the monomer must be higher than that of the
PDMS host matrix; (ii) the monomer molecule must be small and nonpolar to allow for a
high solubility in PDMS and an easy extraction after laser exposure; (iii) the absorption
spectrum of the monomer must not overlap with the PDMS host.[!”]

Based on these considerations, it was identified phenylacetylene as the best candidate,
that readily achieves photoinitiator-free multiphoton polymerization in PDMS.

However, it was soon realized that the fabrication using the photoinitiator-free
phenylacetylene process is subject to defects due to material damage possibly resulted from
uncontrollable beam collapse because of a strong nonlinear optical self-focusing.
Furthermore, the writing of very shallow waveguides in the PDMS was subject to the
burning of the material.

In light of the stability and burning issue, the fabrication protocol was modified,
adopting a photoinitiator approach,?*8! with divinylbenzene (DVB, refractive index
n=1.561) monomer combined with a suitable commercial photoinitiator, Irgacure OXE(02
(A= 337 nm), the chemical scheme of which is shown in Figure A.2 a. Owing to the two
polymerizable sites in each DVB monomer molecule, the formed crosslinks in the polymer,
increase the overall molecular weight, and reduce the mobility of the molecules. The cross-
link in the polymer structure substantially enhances the polymer molecules' stability, which
forms the core of the waveguides.

The optical waveguides' fabrication technique employs photo-induced radical chain
polymerization initiated by divinylbenzene (DVB) monomer and Irgacure OXE(2
photoinitiator molecule. The fabrication procedure of the waveguides consists of four steps
(Figure A.2) : (i) the preparation of a pristine PDMS slab with a 10:1 mixing ratio between
base and curing agent; (ii) the infusion of the monomer+photoinitiator into the PDMS
matrix by soaking the PDMS slab in the DVB+IrgacureOxe02 (5 wt%) liquid formulation
for 120 hours; (iii) the exposure of the monomer-infused PDMS slab to focused ultrashort
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laser irradiation; and (iv) the removal of the unreacted monomer through different ethanol
washing.

Photopolymerization of DVB monomer + Irgacure OXEo2

W
Irgacure
OXE02 k

Poly-divinylbenzene

Sample preparation procedure
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Figure A.2 — (a) Chemical scheme for the 2PP laser fabrication of polymer optical waveguides
using DVB monomer and commercial photoinitiator Irgacure OXEQ2. Principle of waveguides
fabrication in PDMS: (b) preparation of a pristine PDMS substrate; (c) permeation of the
monomer molecules into the PDMS matrix; (d) exposure of the monomer-permeated PDMS
substrate to focused ultrashort laser irradiation for waveguide writing; (e) removal of the
unreacted monomer through ethanol washing. Adapted from *4%],

We used a femtosecond Ti:Sapphire laser (Coherent Chameleon Ultra II, 80 MHz
repetition rate, 140 fs pulse width) tuned to 680 nm, which allowed for efficient initiation
of polymerization reaction through multi-photon absorption in the DVB+IrgacureOxe02
molecules. The laser beam was focused with a long-working distance, water-immersion
objective (0.7 NA) into the PDMS slab (Figure A.3). Considering an average laser power
at the level of 60 mW, 680 nm wavelength source, and 0.8 NA lens, we estimate that the
focal intensity, ignoring the spherical aberration due to the refractive index mismatch, and
the possible self-focusing effect, reaches approximately 2x10'> W/cm? with fine
adjustments by tuning the laser power. The DVB-permeated PDMS slab sample was
sandwiched between a glass microscope slide and a coverslip (Figure A.3 a). To control
the depth position of the laser focus, we used a dichroic mirror (50% T/R @650 nm) to
steer the full power of the laser beam for writing while allowing a minimal amount of
leaked laser light reflected from the top surface of the sample coverslip to reach the CMOS
camera after a focusing lens. A good focus spot on the camera indicates that the laser
focuses on the top surface of the coverslip, and the consequent control depth is achieved
by moving the objective using the translation stage with a micrometer drive.

Numerous tests were carried out before reaching the correct combination of writing
speed and laser power to obtain shallow and defect-free waveguides. Ultimately, the
waveguides were recorded at writing speeds ranging between 1.8 and 2.5 mm/s, at an
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average laser power between 60 and 70 mW. At a focusing depth between 450 um and 25
um below the sample top surface.

-
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Figure A.3 — Fabrication system for waveguide writing in PDMS. (a) Schematic illustration of
the fabrication system. After beam expansion, the laser beam's full power is steered by the
dichroic mirror to the high NA water immersion objective for waveguide writing in the PDMS
sample, illustrated in the blow up on the right. A minimal amount of leaked laser light is reflected
from the top surface of the sample coverslip reaching the CMOS camera to control the focus
depth position. The waveguide shape is controlled by the path of motion set to the stage carrying
the sample. (b) Photograph of the writing objective, sample holder, and motion stages. Adapted
Sfrom 7],

Waveguides characterization
The waveguides were characterized in terms of:
e dimension and shape with a phase-contrast microscope;
e refractive index contrast (An = N¢yre — Nergaaing) by means of a custom-
made off-axis interferometric imaging system, which turns out to be An = 0.09;
e light transmission, coupling linearly polarized white light and HeNe laser light
(633 nm), into the waveguides, using a 50x0.8 NA objective and imaged the
output using a digital CMOS camera.

A phase-contrast microscope (Nikon IX-71) was used to investigate the sample after
the writing process. The phase-contrast images clearly reveal the formation of the
waveguides and a smooth core refractive index structure. An example phase contrast image
of the waveguides is shown in Figure A.4, which were fabricated at 450 um and 30 um
depth inside the PDMS material, with different peak laser intensity and writing speed. The
width of the waveguide was measured to be 0.5um.
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70 mW 1.8 mm/sec Depth:450 um | 70 mW 1.8 mm/sec Depth:450 um
20x objective 40x objective

60 mW 2.5 mm/sec Depth:30 um | 60 mW 2.5 mm/sec Depth:30 pm
20x objective 40x objective

Figure A.4 — Phase-contrast microscope (Nikon IX-71) images of PDMS optical waveguides
written at (a,b) 450um below the sample top surface, with 70mW laser power and 1.8 mm/s
writing speed (20x, 40x magnification objective respectively), and (c,d) 30um below the sample
top surface, with 60mW laser power and 2.5 mm/s writing speed (20x, 40x magnification objective
respectively).

The experimental parameters that determine the focal volume's width, and therefore
the resulting feature size, are the pulse energy, the writing speed, and the numerical aperture
of the lens used to focus the beam on the sample. In conclusion, shallow waveguides can
be written at a lower intensity and higher speed after several tests.

Liquid crystal device fabrication

Once the waveguides are written via the 2PP process, described as previous, into the
monomer-infused PDMS slab, and all the unreacted monomer is removed through different
ethanol washing, we proceed with the steps that lead to the formation of the final device
(Figure A.5) with NLCs.

A thin photoaligning layer (PAL) of BY (Brilliant Yellow Dye by Sigma-Aldrich)
dissolved in DMF (0.5 wt%) was deposited on the top of the waveguides embedded in the
PDMS, using a spin coater (RPM:2000, dwell time:60s), after a PDMS surface activation
with an oxygen plasma treatment (45sec). To obtain a nanometric thin, uniform, and
homogeneous layer of BY, it was essential to set all the parameters accurately. Then the
BY substrate undergoes a UV exposure, in the ELC-500 UV Cure Chamber, (I=30
mW /cm2, A=365 nm, exposure time=20 min), to reorient the BY molecules
perpendicularly to the incident light polarization. Then, exploiting the capillary force, NLC
(4'-Pentyl-4-biphenylcarbonitrile-5CB) is infiltrated between the PDMS substrate and the
glass substrate coated with a thin BY layer to induce planar alignment of the NLC
molecules, perpendicular to the WGs. The final thickness of the NLCs layer is d=5 pum.
The gap was created using a mixture of glue and silica microbeads.
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BY coated top glass <
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Waveguides in PDMS
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Figure A.5 — A Layer-by-layer schematization of the final NLCs/PMDS waveguides device.

At the end of the device realization, to check NLCs alignment, the sample was
observed between two crossed polarizers. In this configuration, with the molecular director
perpendicular to waveguides, we want to explore the polarization-sensitive optical response
probing the output, acting on light polarization in input, as described below.

Figure A.6 — Check of the LCs alignment, observing the NLCs/PMDS waveguides cell between
crossed polarizers.

The all-optical method, based on the presence of a thin layer of photo-aligning
molecules, is advantageous because of its simple implementation and low cost, compared
with traditional techniques that use electric fields to control the orientation of NLCs.!**"!

Light coupling experiments

We coupled white light from a halogen lamp passing a 1-mm iris into the waveguide
using a 50x0.8 NA objective and a 633 nm HeNe laser to test the light transmission. We
imaged the output using a digital CMOS camera (CMOS2).

. Laser

. White light

Notch filter

L4 oBut “0BJ2

,
50x NA 0.7 # 40x NA 0.42

White Light
lllumination

Figure A.7 — (a) Optical set-up for white light and HeNe laser waveguide coupling, along with a
picture of the sample.
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Once we record the images from the output digital CMOS camera, all the (.FITS) data
were analyzed using an implemented Matlab code. Image processing aims to extract the
intensity value, which corresponds to the integral, calculated as the sum of the pixels value,
after several steps summarized in the figure below.
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Figure A.8 — Different steps to process the waveguide output images using an implemented
Matlab code: (a) FWHM thresholding, (b) circular mask, and (c) final output.

To obtain the final intensity values, we processed the output images, first using a
calculated threshold based on the full width at half maximum (FWHM) and then applying
a circular mask to focus only on the core of the waveguide where the light is confined. The
threshold value is fixed as thr_val = 0.44 with respect to the maximum value, so every pixel
having a value below this threshold is neglected. Simultaneously, for the circular mask
around the waveguide core, we chose a diameter of 12um, calculated from the experiments.
We get only information on how light transmission is modified in this particular region,
without considering the surrounding.

We performed a broadband spectral analysis, coupling white light combined with color
filters (535-561-585-605-675) nm, to test light transmission's efficiency into the
waveguides at different wavelengths.
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Figure A.9 — Characterization of the waveguide light transmission. (a) Diagram of the optical
set-up used for optical transmission characterization. (c) — (f) Filtered narrowband waveguiding
output from the same waveguide (c, d) 535 nm, and (e, f) 605 nm.

The intensity profile at 561 nm and 535 nm is nearly zero (red and black curves in
Figure A.9 b, respectively), suggesting that the transmission is mainly located in the 585-
605 nm wavelength range. In particular, in Figure A.9 it is possible to appreciate the
difference between the light intensity at the waveguide's output at 535 and 605nm.
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To check the waveguide polarization-dependent behavior, a laser beam (633nm) was
coupled into the waveguides changing its polarization direction with a A/2, performing an
entire rotation of the polarization angle starting from 0° to 180° at 10° steps.

Half-wave plate
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Figure A.10 — Characterization of waveguide polarization-dependent behavior. (a) Diagram of
the optical set-up used for optical transmission characterization. (c) — (e) Mean value of 100
scans waveguiding output from the same waveguide (c, d) 0°(Y-Pol.), and (e, f) 90° (X-Pol.).
Images (d,f) were obtained applying a mask and a threshold to (c,d) images.

To eliminate errors due to the intrinsic oscillations of the laser from the intensity
measurement, it was decided to acquire 100 frames for each angle value and then calculate
the average value. The visibility parameter gives information on how much the intensity
values at the different polarizations differ from the average intensity value:

- (A.1)
visibility = (IX—pol. — Iy_pol.)/l
_ (A.2)
visibility error = /I

Where [ is the normalized intensity mean value. From the curve's sinusoidal trend in
Figure A.10 b, it can be deduced that the waveguide couples more efficiently the X-
polarized light (90°-270°). The intrinsic waveguide birefringence is due to the material and
structural asymmetry that causes the TE and TM waves to see different material interfaces
and propagate differently.

Randomly oriented NLC effect

Once we discover that the waveguides could efficiently transmit the light inside the
core, we decided to test the effect of a NLCs layer on light transmission. To carry out this
preliminary test, we proceeded by placing a drop of NLC above the waveguides, therefore
without being oriented or aligned, and measuring white light coupling (optical setup Figure
A7).
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Figure A.11 — LCs effect on the incoherent light coupling. Output intensity profile of three simple
waveguides without (a) and with (b) a NLCs droplet on top. Waveguide outputs are displayed in
the image inset.

Our analysis suggests that the NLC effect on light transmission into small and shallow
submicron waveguide is evident like a sort of “leaky mode", which cannot sufficiently
confine the optical mode field. The evanescent wave field extending outside of the
waveguide, along the Y direction (i.e. the “leaky mode”, evident in the inset of Figure A.11
b), would couple and diffuse light into the overlying NLC layer which, has a higher
refractive index. This result is following the fact that optical fibers as waveguides can be
used as sensors to measure strain, temperature, pressure, displacements, vibrations, and
other quantities, indeed the evanescent field excitation is employed to sense the
environmental refractive index changes.!

Oriented NLC effect

Since the NLC is placed on the waveguide with the molecular director perpendicular
to the light propagation direction, it will act as a tunable cladding concerning a change in
light's incoming polarization direction. So if this cladding index is lower than the core
index, the light propagates. Otherwise, when the index is higher the light is no longer
guided, depending on the NLC refractive index experienced by the light (ordinary or
extraordinary index respectively). To probe this mechanism, we carried out measurements
using the same setup in the Figure A.10 a, which uses a 633nm laser beam to couple the
waveguide, whose polarization direction is varied using a A/2 plate. We perform this
experiment coupling one of the shallower waveguides realized in the PDMS, depth=24.72
+ 2.4 um. With light propagating with Y-Pol (/2 = 0°, 180°, and 360°), the light interacts
with the NLC ordinary index n, = Nyapeguides o = 1.536 in A = (450 + 656) nm,>"
so the intensity should propagate without being or slightly affected. In comparison, for X-
Polarized light (A/2 = 90° and 270°) the light experiences the extraordinary index of the
NLC n, > nygpeguidzes Me = 1.714 in A = (450 + 656) nm,*"! therefore the light
should be diffused therefore less confined in the core. Looking at the visibility parameter
in Figure A.12 b,c, it is evident that the presence of a perpendicularly oriented film of
NLCs, acts, although only minimally, on light transmission, decreasing this value, right at
the angles corresponding to the input polarization X (90°, 270°), when the light experiences
the NLC extraordinary index.
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Figure A.12 —Effect of the polarization direction of a laser beam input coupling the same
waveguide (a) (depth 24.7um) without (b) and with (c) NLCs.

It is important to note that the effect is not very pronounced, this is probably due to
waveguides depth in the PDMS and therefore to the distance of the propagating light from
the NLC. In fact, using the beam propagation method (BPM) for simulating the propagation
of a coherent beam of light through the waveguide, it emerged that for light to be
substantially affected, it would be necessary to have very superficial waveguides, at a depth
of maximum 2um, to be almost in contact with the NLCs.

In conclusion, we have demonstrated that compact optical waveguides can be
fabricated in PDMS, through multi-photon laser direct writing, and uniformly covered with
a well-oriented NLCs film. We achieved the polymerization by tuning the writing laser
wavelength to 680 nm such that the absorption band of the photoinitiator is reached via
multi-photon absorption. The smallest and shallowest waveguides we fabricated are 0.5
pm wide and 25 pm deep inside the PDMS material. After we were able to optically align
a 5 um thick layer of NLCs exploiting the photo-alignment properties of a thin layer of BY.
The experiments performed so far aimed to assess NLC's influence on the light
transmission through the waveguides. Furthermore, the preliminary results obtained give a
proof-of-concept of the NLC ability to tune the light inside the waveguides, exploiting its
intrinsic birefringence by changing the input light polarization when LCs alignment is
established. Nevertheless, further experiments are needed to verify how the light inside the
waveguides can be tuned, acting on the LC molecules configuration working with a fixed
light polarization direction. We expect such waveguides will receive a wide range of
applications in biosensors, microfluidic flow cytometry, wearable photonic devices,
electro-elastic optical modulators, flexible optical circuit boards, and optical neural
networks.
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