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Abstract

Abstract

In the last years, gold and iron oxide nanopadidk@ave received an increasing
interest in nanomedicine and biotechnology than&stheir properties. Gold
nanoparticles (AuNPs) are biocompatible and possgseiil optical properties that
make them a powerful imaging tool using, for exam@ERS spectroscopy. On the
other hand, iron oxide nanoparticles (kKN®s, in particular those made of
magnetite) are interesting because of their magmetiperties. Combining gold and
iron oxide nanoparticles in a unique system, on&ind a magneto-plasmonic
material in which the characteristics propertieshaf two nanoparticles are present.
The use of magneto-plasmonic nanostructured mkgenananomedicine is a quite
young research topic and one of the reasons iseligeorated synthesis often
required. Several passages are needed also fautifecation of these nanosystem
from chemicals used during synthesis, which is @ciaf point when the final
application is in nanomedicine or nanobiology. hstwork we will show the
synthesis of two magneto-plasmonic systems madegadl and iron oxide
nanoparticles. AUNPs and Fd@Ps are synthetized with the laser ablation symhes
in solution (LASIS) method. LASIS is a green chenyisnethod, which allows to
obtain chemical-free and stable nanoparticles irtewvaolution. With LASIS,
purification passages are unnecessary or reducednanimum and no chemicals
that could interfere in biological environment gmeesent. In chapter 2 it will be
reported the synthesis of gold and iron oxide nlusters (AuFe(NC) in which the
aggregation between particles is performed withthg use of chemicals, but
exploiting the surface charges of nanoparticleg Ui$e of such nanoclusters in cells
guiding and sorting and imaging will be also shown.

In chapter 3, the synthesis of another magnetaymag system in which AuNPs
and FeGQNPs are arranged in a core-shell-satellite stractisrreported. Also in this
case, purification passages are reduced thanksetdaser ablation synthesis. This
system is conjugated with an antibody and showsh hjgerformance in
immunomagnetic sorting and photothermal treatmé&nanocer cells.

The arguments developed in the thesis are intratluincthe first chapter.
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Chapter 1

An 1ntroduction to nanotechnology

The word “nanotechnology” is nowadays being listera@d read more and more
often also in non-specialist sources like, for egEmnewspaper, television news and
in all that journals that write about science foraam-scientist audience. For a layman
it could be difficult to visualize the “nano” dimsion; however the interest for this
branch of science is clearly present for the petdges that can be perceived.

The concept of manipulating atoms at the nanosgakefirst introduced by Richard
Feynman in 1959 in his lectut@here’s plenty of a room at the bottorhin which

he described the possibility of synthesis direatignipulating atoms. However, the
term “nanotechnology” was first used by a Japasesmtist called Norio Taniguchi
in a conference to describe semiconductor processes such adilthirdeposition
and ion beam milling with a control of the orderrma&nometer. The term was later
used by K. Eric Drexler which, inspired by Feynmamoposed the idea of a
nanoscale assembler able to replicate itself widhma precision in his book
“Engines of Creation: The Coming Era of Nanotechugy!’.® Nanotechnology had a
bootstrap in 1981 with the invention of the scagrimneling microscope (STM) by
Gerd Binning and Heinrich Rohrer at IBM Zurich Rasgh Laboratory:> STM,
which is based on the concept of quantum tunneltag, be used for imaging of
surfaces with atomic resolution and also to mamijgubtoms: in 1989 Don Eigler
and co-workers at the IBM Research Lab in Almadealjfornia, used an STM to

write the IBM logo with 35 xenon atoms on a nicketface (Figure 1.1).

Figure 1.11BM logo wrote using a STM microscope.

Thanks to advances in technology it was possibtebserve the nano dimension and

to control it.
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Few years later these advances in technology leadlse discovery of fullerenes
(Cso) and carbon nanotubes, new promises for semicomdscience.

Although it seems nanotechnology has its first tguaent in ‘80s, scientists (and
not only scientists) have been dealing with nanenes long time before, for
example when scientific studies, like those of Bayaon colloidal solutions, were

conducted in the XIX century.

Nanoparticles
Nanoparticles (NPs) are objects with nanometrie,sisually in the range of 1-100

nm. At the beginnings they weren’t associated tootechnology because they were
studied in an interdisciplinary science betweensptsyand chemistry called interface
and colloids science (which includes also partidéslimensions up to 1000 nm).
NPs have a long history, in particular those maidgotd and silver because of the
most attractive properties among all metal nanoapest Gold nanoparticles
(AuNPs) are found in the 4-th century Lycurgus cupvhich they affect the color of
the glass depending on the location of the lightrse® Gold, silver and copper
nanoparticles were often used in glazes or glassedtain different colors since
bronze age®.In middle ages, AuNPs solutions were believed &wehcurative
properties to various diseases. In 1618 Francistowi, philosopher and member of
medical profession, wrote a book entitled “Panafeeea, sive tractatus duo de
ipsius Auro Potabili” (“Gold potion, or two treatmis of potable gold”j° The first
to provide a scientific description of gold nandpdes was Michael Faraday in
1850s: in 1857 he prepared the first pure sampleotibidal gold reducing gold
chloride with phosphorus and, subsequently, hegmized that the typical ruby red
color of AUNPs was due to the reduced size of Jblpart from Faraday other
pioneering studies on gold nanoparticles were coteduby R.A. Zsigmondy, who
coined the term “nanometer” for characterize phtgizé? and Gustav Mie, who
provided the theory for scattering and absorptigrspherical particles® Research
on nanoparticles accelerated in the first decati&¥)0 with advances in technology,
as happened with nanotechnology, in particular whth development of electron
microscopy and atomic force microscopy. AlthoughNRs were and are the most
studied type of NPs (thanks to their attractiveperties and their easy synthesis),
nowadays nanoparticles can be made of many diffenaterials with many different

methods and shape and they can be either suspendelyents (generically called
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colloidal solutions) or used in powder as well. ¥lage interesting because chemical
and physical properties of nanoparticles stronglpeshd on the material they are
made and can differ a lot from those of the bulkgtenial. For example, thank of
their dimension, they have a high surface to voluatie (1 kg of particles of 1 mi
has the same surface area as 1 mg of particlesof)lwhich make them suitable,
for example, for uses in catalysis where a largeessible surface is preferr&d.
Applications of NPs in biological and medical fisldre also very common thanks to
their nanometric size, which makes possible to hawveontrol and to study direct

interactions with tissues at subcell lev¥is.

Engineering of the surface of nanoparticles is obsiy a crucial point: how they
interact with the environment depends on what és@nt on the surface and, clearly,
the surface itself has properties that differ dejrem on the material. In this thesis
we will focus on nanoparticles, in particular thasade of gold and iron oxide, for
biomedical application. So we will see why these tmaterials are important for this
kind of applications, how they can interact witlolbgical environment and how
their surface can be engineered for new usefulgtms. Having different materials
different properties and being possible to modifgit surface, a lot of applications

can be forseen.

Nowadays nanoparticles gave a great boost to nemegcand find applications in
chemical industrly, pharmaceuticals, biotechnology, medita§ microfluidics,

semiconductors among others.

Nanomedicine

Since researches on nanoparticles began to ebtaliie understanding of their
importance in biology and medicine was only a nmatfetime. In January 2000 the
US president Bill Clinton announced an investmerit $475 million on
nanotechnology research development via the NdtiNaamotechnology Initiative
(NNI).*® Investments in NNI reached about $1500 millior2@14-2016 with a 30%
for the Department of Health and Human ServicesHBH"®
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Nanomedicine was a new field emerging from the rege of applying
nanotechnology to medicine. The purpose is thatdefgnoses, treating and
preventing diseases and traumatic injury, relieydagn, improving and preserving
human health using molecular tools and knowledgee@human body.

The field of nanomedicine has been rapidly expampdimce first years of 2000,
Table 1.1 gives an idea of the many directions lmctv researches on nanomedicine

are splitted?®

A partial nanomedicine technologies taxonomy

Raw nanomaterials
Nanoparticle coatings
Nanocrystalline materials

Nanostructured materials
Cyclic peptides
Dendrimers

Detoxification agents
Fullerenes

Functional drug carriers
MRI scanning (nanoparticles)
Nanobarcodes
Nanoemulsions

Nanofibers

Nanoparticles

Nanoshells

Carbon nanotubes
Noncarbon nanotubes
Quantum dots

Artificial binding sites
Antificial antibodies

Artificial ezymes

Artificial receptors

Molecularly imprinted polymers

Control of surfaces

Antificial surfaces—adhesive
Artificial surfaces—nonadhesive
Artificial surfaces—regulated
Biocompatible surfaces

Biofilm suppression

Engineered surfaces

Pattem surfaces (contact guidance)
Thin-film coatings

Nanopores

Immunoisolation

Molecular sieves and channels
Nanofiltration membranes
Nanopores

Separations

Cell simulations and cell diagnostics
Cell chips
Cell simulators

DNA manipulation, sequencing, diagnostics

Genetic testing

DNA microarrays

Ultrafast DNA sequencing
DNA manipulation and control

Tools and diagnostics

Bacterial detection systems
Biochips

Biomolecular imaging

Biosensors and biodetection
Diagnostic and defense applications
Endoscopic robots and microscopes
Fullerene-based sensors

Imaging (cellular, etc.)

Lab on a chip

Monitoring

Nanosensors

Point of care diagnostics

Protein microarrays

Scanning probe microscopy

Intracellular devices
Intracellular assay
Intracellular biocomputers
Intracellular sensors/reporters
Implants inside cells

BioMEMS

Implantable materials and devices
Implanted bioMEMS, chips, and electrodes
MEMS/Nanomaterials-based prosthetics
Sensory aids (artificial retina, etc.)
Microarrays

Microcantilever-based sensors
Microfluidics

Microneedles

Medical MEMS

MEMS surgical devices

Biological research
Nanobiology
Nanoscience in life sciences

Drug delivery
Drug discovery
Biophamaceutics
Drug delivery
Drug encapsulation
Smart drugs

Molecular medicine
Genetic therapy
Pharmacogenomics

Artificial enzymes and enzyme control
Enzyme manipulation and control

Nanotherapeutics

Antibacterial and antiviral nanoparticles
Fullerene-based pharmaceuticals
Photodynamic therapy
Radiopharmaceuticals

Synthetic biology and early nanodevices
Dynamic nanoplatform “nanosome™
Tecto-dendrimers

Antificial cells and liposomes

Polymeric micelles and polymersomes

Biotechnology and biorobotics
Biologic viral therapy
Virus-based hybrids

Stem cells and cloning

Tissue engineering

Antificial organs
Nanobiotechnology

Biorobotics and biobots

Nanorobotics

DNA-based devices and nanorobots
Diamond-based nanorobots

Cell repair devices

Table 1.1Application of nanotechnology to medicine led te tippearance of many
topics of researctf

In a very general way we can divide researchesamomedicine in the following

four topics:

1. Nanomedicine applications for use inside the bdioig: include, for example,

anticancer drugs, gene therapy or prostheses apptis of nanotechnologic

materials.
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2. Nanomedicine applications for diagnostic techniqussme examples are

nanoparticle biolabels, nanoscale visualization,oclbips/microarrays,
nanoproteomic-based diagnostics, nanoparticle-basedcleic  acid
diagnostics, nanopatrticle-based immunoassays, DNAnomachines,
nanobiosensors, biobarcode assays, and nanopbretegy”

3. Nanomedicine in drug based approaches: in this a@seostructured

materials are used as vectors to deliver drugsifgg@ly to damaged or
unhealthy tissues:>
4. Lab-on-a-chip techniques: here nanostructured ma#geran be used to build

or to operate in small devices (that usually havee tsizes of
millimeters/centimeters) which incorporate numerolaboratory tasks.
Healthcare services can use Lab-on-a-chip techgdiogcheck patients at
point-of-care facilities or in remote or resouramp locations, therefore
reducing checking time from days to minutés.
There are five general steps in the developmemaabmedicine (Figure 1.2). This
means that although the literature is very extengim this argument, due to the
novelty of the field, nanomedicine products that aurrently under clinical
investigation or already commercialized are no ntbaa a pair of hundreds.
Most of these products are nanoparticleghich we can divide in two main groups:

1. Hard nanoparticles

2. Soft nanoparticles
Hard nanoparticles used in nanomedicine, as theenguggests, consists of gold,
silver, iron oxide, ceramic and carbon. Soft namtiglas, in contrast to hard NPs,
includes liposomes, micelles, dendrimers, emulsiopsotein and polymeric

nanostructure®
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Nanomedicine Technology Development Pipeline

o Near-Term
Years to Commercialization _ - - — -  _
-l =~ Umpact
—_— 7720 Years > » 7177 Years =~ ———— Now™
~
' 8
z1 . | .
Nanomedicine /1| Nanomedicine ;| Commercial *\
Applications in ro Clinical ! Nanomedicine Y
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I
1 \ !
Basic I !
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Research i Study 4 Study "
! 1

~ -
~ -

Theory — ~ “use

Figure 1.2 General steps in the development of nanomedicipgréved or under
clinical investigations products will have the sigest impact on the direction of
nanomedicine®

Table 1.2 provides an outlook on the type of namecsires for nanomedicine
products approved by FDA in diverse developmentustginvestigational or
commercial). It is interesting to notice the relesa of hard nanoparticles in
commercial products and of soft nanoparticles (iartipular liposomes) in
investigational products.

Nanocomponent Investigational Commercial

Therapeutic Device Total Therapeutic Device Total

Hard NP 3 12 15 0 28 28
Nanodispersion 5 0 5 1 1 2
Polymeric NP 23 0 23 9 0 9
Protein NP 4 0 4 2 0 2
Liposome 53 0 53 7 1 8
Emulsion 18 1 19 9 0 9
Micelle 8 0 8 3 1 4
Dendrimer / 2 2 4 0 3 3
Fleximer
Virosome 6 0 6 2 0 2
Nanocomposite 0 0 0 0 18 18
NP Coating 0 2 2 0 6 6
Nanoporous 0 3 3 0 2 2
Material
Nanopattemed 0 2 2 0 2 2
Quantum Dot 0 1 1 0 4 4
Fullerene 0 1 1 0 0 0
Hydrogel 0 0 0 0 1 1
Carbon 0 1 1 0 0 0
Nanotube
Totals 122 25 147 33 67 100

Table 1.2 Type of nanostructures for confirmed and likely omedicine
applications and products, by development status.
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Applications of these nanomedicine products carmdbeherapeutics or as devices.
The first one refers to products that intend tectiremedy a medical condition (i.e.
cancer treatment, diseases and disorders of vapas). Devices category includes
for example products for in vitro testing, in viwmaging, in vivo device coatings,

medical dressing/textiles and others.

Regarding therapeutics applications, most of namlicime products are for cancer
treatment: in particular two-third of the investigaal products are for cancer
treatment while the number of approved commeraiatipcts are quite the same for
each category (Figure 1.3A). Regarding their uséesce, in vitro testing and in

Vivo imaging seems to be the more promising categdqFigure 1.3B).

100
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B 80 = Commercial
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2 20
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ol MM &= wm = = B E &
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Figure 1.3Medical uses for confirmed and likely therapeufissand devices (BJ®

One of the most relevant biomedical characteristiceanostructured materials are
the unique biodistribution profiles they achievecenadministered, which is not
possible with conventional molecular or microscdéivery. Nanosystems can be
appositely designed to target specific tissuesreasaof the body. Confirmed and
likely applications and products mainly focus otramenous administration (73%,

11
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Figure 1.4). After administration a nanosystem tmave in different manner

depending of the sophistication of targeting, whishdistinguished in passive or
active.

The passive targeting is used by those nanosystdmth take advantage of the
enhanced permeability and retention (EPR) effetiza and geometry dependent
mode of action. On the other side the active targetises mechanisms that are
beyond the simple dependency by size and geonwtaghance preferential delivery
to a specific tissue or area of the body. Usuatiyva targeting nanostructures are
functionalized with ligands (like antibodies) whidhind to specific receptors.

Anyway most of the nanomedicine confirmed, andljikatravenous-administered

products, make use of the passive targeting (Figuhg>

140

120

100

80

60

40

20

Figure 1.4 Different routes of administration for confirmeddalikely nanomedicine
products. Most of intravenous-administered prodowi&e use of passive targetiig.

To finish this brief overlook on nanomedicine itappropiate to make some
observations on currently commercialized nanomégicaiucts.

Table 1.3 summarizes products that have been apgrhoy FDA in last years. Most
of these are nanoparticles. Hydroxapatite nanaals/stre used as bone substitutes,
ceramic or silica nanopatrticles find their use @mtistry, silver nanoparticles exploit
their antimicrobial activity as device or dressiogatings. The thesis focuses in
particular on gold or iron oxide nanoparticles lohstguctures. As reported in table
1.3, these nanoparticles are only used for in véssay applications. Magnetic
nanoparticles (CellTralk CellSearcfi) functionalized with an antibody are used to
magnetically select cells (active targeting) witteahnique called immunomagnetic

sorting. On the other side, optical properties miledy-labeled gold nanoparticles

12



Chapter 1

(NicAlert, Verigene) are used for the detectiorb@markers. In this thesis we will

see the possibility of combining both iron oxidelayold nanoparticles properties in

a unique system.

Use Application(s)/Product(s)

Company

Approval Year

Nanocomponent Description

Vitoss ['*]
Ostim [*7]
OsSatura [*%]
NanOss [7']

Bone Substitute

Alpha-bsm, Beta-bsm, Gamma-bsm,

EquivaBone, CarriGen [**]
Dental Composite ~ Ceram X Duo [**]

Filtek [**]

Premise ['*]

Nano-Bond [*9]

Device Coating

EnSeal Laparoscopic Vessel Fusion [**]

NanoTite Implant [*]
CellTracks® ['*]
NicAlert ['*]

Stratus CS [*]

In Vitro Assay

CellSearch® Epithelial Cell Kit [

Verigene [nm.un]

MyCare™ Assays ['**]
Medical Dressing  Acticoat® [7'*]
Dialysis Filter

Tissue Scaffold TiMESH [**]

ON-Q SilverSoaker / SilvaGard™ [*]

Fresenius Polysulfone® Helixone® ['*]

Orthovita

Osartis

Isotis Orthobiologicals US
Angstrom Medica, Inc.
ETEX Corporation

Dentspley

3M Company

Sybron Dental Specialties
Pentron® Clinical
Technologies, LLC

I-Flow Corporation
AcryMed, Inc.

Ethicon Endo-Surgery, Inc.
Biomet

Immunicon Corporation
Nymox

Dade Behring

Veridex, LLC

(Johnson & Johnson)
Nanosphere, Inc.

Saladax Biomedical

Smith & Nephew, Inc.
NephroCare

GfE Medizintechnik GmbH

2003
2004
2003
2005
2009

2005
2008
2003
2007

2005

2005
2008
2003
2002
2003
2004

2007
2008
2005
1998
2004

100-nm Calcium-Phosphate Nanocrystals
20-nm Hydroxapatite Nanocrystals
Hydroxapatite Nanocrystals
Hydroxapatite Nanocrystals
Hydroxapatite Nanocrystals

Ceramic NPs

Silica and Zirconium NPs
“Nanoparticles™
“Nanoparticles™

Antimicrobial Nanosilver

NP-Coated Electrode

Calcium Phosphate Nanocrystal Coating
Magnetic NPs

Colloidal Gold

Dendrimers

Iron Oxide NPs

Colloidal Gold
“Nanoparticles™
Antimicrobial Nanosilver
Nanoporous Membrane
30-nm Titanium Coating

Table 1.3List of nanomedicine products approved by FBA.

We will see the application in cancer cell treatin@ina nanosystem composed by

AuNPs and Fe@NPs. When a nanostructure, beyond active targeimdyce a

mechanism of action beyond purely size dependentodical and chemical

interactions it is said to have an *“active behavio€onfirmed and likely

nanomedicine products that show this behaviorisred in table 1.4.

13
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Use

Application(s)/Product(s)

Company

Status

Nanocomponent

Active Mechanism

Solid Tumor
Hyperthermia

Solid Tumor
Treatment
In Vivo Imaging

In Vitro Imaging

In Vitro
Cell Separation

NanoTherm [77)

Targeted Nano-Therapeutics ['*]

AuroShell [*]

NanoXray [7]

Feridex IV, GastromarkCombidex

(Ferumoxtran-10) [7*'%9]
Endorem, Lumirem,

Sinerem [”
FeraSpin ['°7]
Clariscan ["?]

u,lu.]

Resovist ["*'%] Supravist [*)

Qdot Nanocrystals ['*%]
Nanodots ['”]
TriLite™ Nanocrystals [m»]

eFluor Nanocrystals [''']
NanoHC [”:]
CellSearch® EpithelialCell
Kit []

NanoDX ['"]

MagForce
Nanotechnologies AG
Aspen Medisys,

LLC. (Formerly Triton
BioSystems, Inc.)
Nanospectra
Biosciences
Nanobiotix

Advanced Magnetics
Guebert

Miltenyi Biotec
Nycomed

Schering

Invitrogen Cormporation
Nanoco Group PLC
Crystalplex
Corporation
eBiosciences
DiagNano

Veridex, LLC
(Johnson & Johnson)
T2 Biosystems

Approved

Pre-Clinical

Phase |

Phase |

Approved (1996)Phase 11
Approved / Investigational
Research Use Only

Phase 111

Approved (2001)Phase 11
Research Use Only
Research Use Only

Research Use Only

Research Use Only

Investigational (Research Only)

Approved (2004)

Research Use Only

Iron Oxide NPs

Iron Oxide NPs

Gold Nanoshell
Proprietary NP
Iron Oxide NPs
Iron Oxide NPs

Iron Oxide NPs
Iron Oxide NPs
Iron Oxide NPs
Quantum Dot
Quantum Dot
Quantum Dot

Quantum Dot
Quantum Dot
Iron Oxide NPs

Iron Oxide NPs

AC Magnetic Heating

AC Magnetic Heating

IR Laser Heating

X-Ray-Induced
Electron Emission
Enhanced MRI Contrast

Enhanced MRI Contrast

Enhanced MRI Contrast
Enhanced MRI Contrast
Enhanced MRI Contrast
Fluorescent Emission
Fluorescent Emission
Fluorescent Emission
Fluorescent Emission
Fluorescent Emission

Magnetic Separation

Magnetic Separation

Table 1.4Confirmed and likely nanomedicine products whibbws active behavior
beyond active targetirfg.

In this case, most of the products are iron oxigleoparticles: they are used as MRI

contrast agents or in magnetothermia therapy wbietsists on killing targeted cells

using heat that Fe@Ps generates when stimulated under an approfieteaed

magnetic field. Also gold nanoparticles exhibitsthiehavior when irradiated with an

appropriate laser light. Surprisingly no drug-lodd®noparticles are present in the

list, meaning that there is much work to do untés aspect.

Concluding, we can resume some relevant aspecaredmedicine in the following

points:

nanoparticles

Most of nanomedicine products (currently approvetikely) are hard or soft

* Most of the investigational nanomedicine theramsugroducts are intended

to be used in cancer treatment

» Devices products are mostly designed to be us&u\vitro testing or in vivo

imaging

» Passive targeting currently is the preferred tamgemechanism although

active targeting is more specific and desirable

14
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* Nanoparticles (in particular those made of irondesi or gold) are

commercialized and used as cancer hyperthermahtesd agents.

Cancer nanotechnology

Cancer is a major cause of mortality: only in USroe.500.000 new cases are
estimated in 2016 with almost 600.000 deafhalith these numbers it's no wonder
why nanomedicine is mostly concentering on cancéagrobsis and treatment. It is a
highly complex disease which initially is localizédit can spread in distant sites
within the body becoming difficult to cure. Currediagnostics tools consists on
radiology or histopathological examinations whileshcommon treatments consists
on chemotherapy, radiotherapy and, when possibigjical removaf’ There are
several drawbacks in using these therapies likespegific distribution of drugs
which lead to inadequate dose delivery to tumar, $itlgh cytotoxicity, difficulties in
monitoring therapeutic responses and possibility ttod development of drug
resistancy® However, as any other cancer therapy, the aim afcer
nanotechnology is to achieve the optimal drug cotre@on in tumor site in order to
destroy cancer cells while leaving unaltered hgattblls or tissues. To overcome
these problems several ligand-targeted therapsitriategies have been developed
like immunotoxins, radioimmunotherapeutics and diognunoconjugatég but
limitiations in their delivery are still a problem.
Nanosystems have four characteristics that disishgethem from other cancer
therapeutics:
1. They can themselves have a therapeutic or diagndstiction and can
eventually carry a huge therapeutic payload.
2. Nanosystems can be functionalized with targetiggrds (i.e. antibodies)
ensuring high affinity and specificity for targedlis.
3. Can be designed to accommodate multiple drug mi@scenabling
combinatorial cancer therapy.
4. Can bypass drug resistance mechanism and immuui¢dense.
Categories of nanosystems used in cancer nanotegynwith their principal uses
are listed in table 1.5 and, as said before, tregy act both with active or passive

mechanism.
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Categories Structure Uses References
Liposomes Prospholipidic vescicles Drug delivery =
Nanoparticles Metallic (Au, FeQ e Drug delivery

etc.). Different shapes e Imaging

and dimensions. e Contrast agents

14,17,20,25,28,30-32
e  Hyperthermal

treatment
* Radiotherapy
e Combined techniques
» Diagnosis/Assay
Polymeric micelles Micelles of amphiphilic Drug delivery

surfactant molecules ERp

Dendrimers Macromolecular e Drug delivery
compounds with * Imaging %
branches around an «  Contrast agents
inner core

Nanocantilevers / Micro/nano array made Biomarker detection

Nanopillars of different materials =G

Carbon nanotubes Single or multi walled e Biomarker detection
carbon nanotubes * Imaging ¥

e Hyperthermal

treatment
Quantum dots PbS, PbSe, CdSe, CdS e Biolabels
InS, InP (semiconductol * Imaging %

nanoparticles)

Table 1.5Categories of nanotechnologic materials with tpemcipal uses in cancer
research (adapted from refereffye

Metallic nanoparticles seem to be promising toolsancer treatment and diagnosis.
This is due to their interesting chemical and pbaisproperties which make them a
very versatile tool. In particular, future direct®of cancer nanotechnology are the
development of theranostic nanosystems which, bfiniden, are able to
simultaneously provide diagnosis and treatment aicer. Gold and iron oxide
nanoparticles possess very peculiar propertiesrtizde them a perfect theranostic
tool either as separated entities or in a uniqueposite system.

Gold nanoparticles in cancer research
Gold nanoparticles possess very unique featureéscémt be found in other metallic

nanoparticles. First of all gold is known to beadimost chemically inert material and

16



Chapter 1

for this reason is considered a biocompatible miher in bulk or nanoparticle
form). Biologically speaking his biocompatibilityedves from the fact that pure
AuNPs does not release ions in solution which cam o proteins or other
biological entities thus affecting their functiorhis happen, for example, with silver
nanoparticles: Ag ions can form complexes with mteaules thus resulting in a
toxic effect. For this reason AgNPs are commonkduas antimicrobial agentsin
addition gold hardly oxidize, thus meaning a pidly inexistent reactivity in
biological water-based environmerts*

Functionalization of the surface of gold nanopéeticis possible exploiting their
affinity for sulphur or nitrogen. Molecules (polynse drugs, dyes etc.) possessing
thiols or amine groups are the most used to lahelsurface of AUNP. In the same
way bioconjugation with antibodies, DNA fragmergeptides etc. can be performed
giving AuNP active targeting properti&s.

Optical properties of gold nanoparticles are usedcancer research for the
development of imaging and diagnosis techniquegrdlare two ways to perform
imaging or diagnosis using gold nanoparticles. Tingt consists in exploiting
Surface Enhanced Raman Scattering (SERS), whicisteron the enhancement of
the Raman signal of a reporter molecule when ise to the surface of a gold
nanoparticle. In this way, using a micro-Raman popdnt, it is possible to track
gold nanoparticles in cells or tissues. This tegheaiis very sensitive (only few
molecules on AuNP surface are necessary to obtadhear signal) and allows
multiplexed mode analysis, but is limited by theptthe penetration of the laser
used®*?* The second way consists in labelling AuNP withofescent probes
sufficiently distant from their surface (usuallying a spacer molecule between the
surface and the fluorescent probe) to avoid SER&tednd subsequent fluorescent
guenching. Imaging is performed using a fluoreseemicroscope and is usually
useful to track gold nanoparticles on tissues ds.cElearly this technique is faster
than SERS, at the present moment, but usually g kss sensitive and greater
numbers of particle are needed to be visfble.

Finally gold nanoparticles can also show activeavedr beyond active targeting,
becoming a complete theranostic tool. In this dasee are three ways to perform
cancer treatment using gold nanoparticles. Firsld ganoparticles can be loaded
with drugs, which had to be released when the tusiteris reached. Assuming an

efficient and selective targeting, the control loé release mechanism is a key issue.
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Valid solutions consist in a release triggered by external stimulus like a
temperature change or pH variations. In this cas®&lfA are functionalized with
polymers which change their conformation when atapertemperature or pH
condition is reached. Before reaching the opportoraition the drug is entrapped
in the polymeric matrix, but when conformation cparthe drug is released. pH
responsive systems usually take advantage of ibhtlgl acidic environment of
tumor cells while temperature responsive systemstrggered using an external
laser source which heat the nanopartiéfés*® A second strategy consists in
radiotherapy enhanced by gold nanoparticles: lapdigh Z materials into the tumor
could result in greater photoelectric absorptiothimi the tumor than in surrounding
tissues, and thereby the dose delivered to a tudooing radiation therapy is
enhanced®

The third method for tumor treatment which does imotude the use of drug is
plasmonic photothermal therapy (PPT). When goldoparticles are irradiated with
an appropriated laser sources, the light absorbednverted into heat. Locally, the
temperature that can be reached is sufficient togke cancer cell death. Usually,
near infrared or infrared laser sources are predelbecause their penetration depth is
higher than visible lasefé.

In this thesis gold nanoparticles will be used,combination with iron oxide
nanoparticles, for imaging technique, using the SERect, of cancer cells and then

for treating cancer cells with PPT technique.

Iron oxide nanoparticles in cancer research
Iron oxide nanoparticles (FeNPs) are of particular interest in the field of

nanomedicine and cancer research thanks to thajnetia properties®*’ These
nanoparticles are, most of the time, composed ajnetite (FeO,) but sometimes,
depending on the synthesis, other iron oxides@uad like maghemitey{Fe,O3) or
both maghemite and magnetite. For this reason co@lly refers to iron oxide
nanoparticles as a general way to indicate thegsestyf nanoparticles instead of
specify the iron phase.

Like gold nanoparticles, FePs show very low toxicity and this also encourages
biomedical use of these NP. Functionalization efdhrface is performed exploiting
iron oxides affinity for molecules possessing caspiates or phosphates groups. It's

also a common practice to cover iron oxide nanapest with a silica shell to
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provide new functionalities or properties or simpty have different functional
groups on the surface to perform other reactiohss 1B usually realized with a sol-
gel synthesis (Stéber synthesis).

FeQNPs have four main uses in biomedical and carsmareh: magnetic resonance
imaging (MRI) contrast agents, in vitro biosepamatiimmunomagnetic sorting),
drug delivery and hyperthermt*®

In MRI, the effect of relaxation times of iron naclon water protons is used to
perform imaging of cells and tissues. Currentlyesal iron oxide nanoparticles
formulations have been approved by Food and DrumiAidtration like Feridex,
Endorem and Resoviét.The use of FePs as MRI contrast agents instead of
common gadolinium chelated complexes permits taamree potential toxicity of
these complexes.

FDA approved MRI contrast agents like Endorem csigsn non-targeting (without
antibodies) superparamagnetic iron oxide nanopasthich accumulate in normal
lymph tissue after injection at tumor site. Sinag accumulation takes place in
metastatic nodes, lymphatic staging can be perfomseng MRI*°

Future direction of FePs as MRI contrast agents involves the use ofetady
nanoparticles so that they can specifically labeidr tissues or celf$.

Another application of iron oxide nanoparticlesMiRRl is specific cell tracking. This
consist in loading cells with a sufficient quantiof FeQNPs (micromolar Fe
concentration) and then track these cells in viyoMRI. If a cell is sufficiently
loaded with iron oxide nanoparticles MRI can previell tracking with a resolution
approaching the size of a c&il.

The second relevant application, which is importatgo for this project, is
bioseparation. This consists in exploiting magnetigperties of Fe@Ps for an in
vitro separation/purification of proteins or ceitem other biological entities. In this
case usually nanoparticles are functionalized wgBcific antibodies and the entire
process is called immunoseparation or immunosartBigseparation have several
advantages in comparison with traditional sepamapoocedures. For example all
passages take place in one test tube, avoidingdadgexpensive chromatographic
purifications. Another advantage of immunosortiaghe possibility to concentrate
biological samples in smaller volume. This is usafurare cell separation, when
cells that have to be detected are rare like icutating tumor cells (CTC)

detection‘f7'48'5°'53
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Regarding drug delivery, iron oxide nanoparticléBzes the same release strategies
as gold nanoparticles (temperature or pH releaggein) but the difference is that
FeQNPs accumulation to delivery site can be perforumtg external magnet5:*®
Lastly, iron oxide nanoparticles can be used ferdapeutic purposes in hyperthermia
treatment. This time hyperthermia is not provokgdah adsorption of light, like in
gold nanoparticles, but from the absorption of énergy of an oscillating magnetic
field and conversion into heat. Heating is most doerelaxation process and
hysteresis losses that transform energy into hegatitment is performed injecting
iron oxide nanopatrticles directly to tumor site ahdn thermoablation is performed
using a RF emitter implanted in the interested.dreas intrusive method consists on
irradiating the pathological area with an arragxfernal microwave emitters. >4

In this thesis project iron oxide nanoparticles|viié used for cell guiding and
immunosorting of specific cancer cells in combioatwith AuNP, thus exploiting
their capacity of migrate in solution if exposedatmagnetic field gradient.

Magneto-plasmonic nanoparticles in cancer research
Magneto-plasmonic nanoparticles, as the name stgygesmbine the magnetic

properties of iron oxide nanoparticles with optipismonic properties of gold
nanoparticles. Magneto-plasmonic materials arenegessarily made only of gold
and iron oxide. Other common studied materials faregxample, a combination of
Ag (for plasmonics) and Co (for magnetics) substitu gold and iron oxide
respectively>>°

However, gold and iron oxide nanoparticles are thest attractive magneto-
plasmonic materials for nanomedicine applicatioasaose of their biocompatibility
and versatility, as recalled above.

Combination of gold and iron oxide in a unique naaterial gives birth to a
powerful tool for cancer research which makes fbsdio perform simultaneously
diagnostic, imaging and treatment using combinetirgues previously developed
for the individual gold or iron oxide nanoparticles

The synthesis of these kinds of nanoparticles theracomplex and different
morphologies or structures can be obtained (seenf@on synthesis for magneto-
plasmonic materials” at pag 59). Also for this mgscurrently, no commercial
products with these characteristics are availablg, they are one of the major

focuses in nanomedicine because of the great paltenthis type of nanostructures.
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For example Urries et al. synthetized 100-200 namaiter hollow and partially
hollow nanoparticles with a magnetic core and gaidll which potentially can be
used as theranostic agentd.hese nanoparticles proved to be useful as MRirasn
agents thanks to magnetite core and for NIR hypemita tool thanks to the gold
shell. Furthermore, the cavity is capable to hestall molecules like drugs for drug
delivery options.

Recently, from the group in which | developed tliesis it was reported the
synthesis of gold and iron alloy nanoparticles (&NPs) and their use as
multimodal MRI-SERS and computed x-ray tomograpB¥)(imaging toof® These
alloy nanoparticles showed good applicability invino experiments and also an
almost absent cytotoxicity.

Bao et al synthetized hybrid iron oxide@gold cdnelsnanoparticles for magnetic
protein separation and purification. In this cas#dgsurface is needed to take
advantage of the easy functionalization with ttiefiamolecules?

Antibody functionalized F®s;@Au core-shell nanoparticles have been used for
immunoseparation of antigens in solution with sgoeat quantitative determination
using a SERS ass&YThis time a free external gold surface servedSBRS effect
and as functionalization site.

Since both gold and iron oxide nanoparticles can utibzed separately for
photothermal and magnetothermal therapy, when thegbmbined in a unique
nanosystem the two techniques can be performedtameously. A very interesting
example is found in a work of Espinosa and cowarkerThey synthetized
aggregates composed of a core with multiple irod@xanoparticles covered with a
gold shell. After injection in an implanted tumani¢e) aggregates were stimulated
simultaneously with an alternated magnetic fieldO(kHz, 25 mT) and laser light
(680 nm, 0.3 W crfi) showing a doubled performance with respect to tthe
separated techniques.

Other many valid examples of magneto-plasmonic pariwles for detection or
treatment of cancer or pathogens are presenteratitré®®’, but only in few cases
biologically active (antibody-labeled) magneto-phasic nanosystems were
obtained®”* Furthermore, quantitative determination of thegéting activity of
these systems is still absent or incomplete ancemark is to be done before they

reach the necessary quality for clinical trials.
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Infographic in figure 1.5 provides a schematic sianmof gold and iron oxide

nanoparticles properties and applications of irsieirecancer research.

Plasmonic gold

nanoparticles

* Biocompatibility
* Low citotoxicity

* Optical properties
* Magnetic properties

* Easy functionalization

¢ Easy surface chemistry

* Diagnostics

* Imaging (MRI)

(i.e. immunoassay)

* Plasmonic

photothermal (immunoseparation)
therapy

¢ Imaging (SERS/SERRS)

* Magnetothermia

Figure 1.5.Infographic with properties and applications oknast in nanomedicine
of gold and iron oxide nanoparticles.

Magneto-plasmonic nanosystems made of gold andaxate nanoparticles are the
object of this thesis, in particular their applioat in cell guiding,

immunoseparation/imaging and photothermal treatment

Cancer: principal characteristics

Cancer is characterized by an irregular growth @fscand the possibility of a
diffusion of the same in other regions of the b&dfumor is a mass of cells, a
visible expression of a formation process of nestpdatissues that may have
developed for yearS. It is though that cancer development is due todoam
succession of genetic mutations of DNA of celld thraliferate for many cycles and
long periods.

Unlikely healthy cells, tumor cells show an abndrnpliferation due to a lack in
self-regulatory intracellular mechanisms and, fesgly, also an abnormal
angiogenesis affects involved tissues. Another mamb characteristic connected to
tumors is the presence of so-called markers or hikens. These are substances,
usually proteins, that can be found on blood oeptiorporal fluids and demonstrate
the presence of the disease. Some of these mdrkeesa concentration which is
proportional to tumor mass and for this reasonrtmeonitoring is useful for

diagnosis or to follow the progress of ongoing &psr’>
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Cancer is diagnosed when the involved tissue idiceritly diversified from
surrounding cells. However there isn't a uniquegda@stic method and usually
histological analysis is firstly performed, also tlhwicontrast agents that help
recognition and detection of specific tumor ceiflsgging techniques).

On the contrary, benign tumors usually are simitaroriginal tissues. They can
develop and grow in any environment, but they areimvasive and keep separate
from circumstantial tissues because of a connedisgeie capsule that cover them.
However problems can emerge when they become éargegh to generate pressure
in neighboring organs.

On the other side, malignant tumor have two distrec characteristics: cell
abnormalities if compared to neighboring cells ahd invasion of surrounding
tissues. This last is the definitive proof whenatig a malignant tumor in fact, in
contrast with benign tumors, they’re not surrountdgda connective tissue capsule
and they grow in a cluttered and disorganized viégcause of this, tumor cells can
penetrate the lymphatic or circulatory system theesding to the formation of

tumoral mass in other parts of the body: the stedahetastasi§’

Antibodies: structure and functions
Antibodies (Ab), also called immunoglobulins (Iggre glycoproteins with the

function of localizing antigens and trigger a rasg®from the immune system. They
are synthetized by linfocite T cells and can eitherexpressed on cell surface or
released in soluble form in the organism.

Soluble antibodies act as immune system mediaiodirny to external antigens and
triggering the immune system response.

Thanks to their unique synthesis, immune system icatheory, produce specific
antibodies for every antigen.

This feature makes antibodies a very interestingeamental, diagnostic and
therapeutic tool.

Antibodies have typical “Y” shape and are formedfiuyr polypeptide chains equal
two by two: two heavy chains and two light chaiRgy(ire 1.6).
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Figure 1.6 1. Fab region 2. Fc region 3. Heavy chain (bluégh wne variable (M)
domain followed by a constant domainy((, a hinge region, and two more constant
(Cy2 and ¢3) domains. 4. Light chain (green) with one vamall,) and one
constant (€) domain 5. Complementarity determining region (QGDRntigen
binding site (paratope) 6. Hinge regidfis.

The four polypeptide chains are bonded togetheutyir disulfide bridges.

Light chains are formed by one variable J\and one constant (Ldomain while
heavy chains are formed by a variable domain),(®d hinge region and one or more
constant domains (@, G52, Gi3...).

Fragment antigen-binding (Fab) region is the magpartant site of the antibody
because it's responsible of antigen recognition kimding. It is composed of one
constant and one variable domain from each heaslight chain of the antibody.
Every variable region of heavy and light chain eams three ipervariable regions or
CDR (Complementarity determining regions). CDR jpmg determine the
specificity to an antigen and most contributeshetionding.

The base of the Y with the rest of the two heavwimh is called Fragment
crystallizable (Fc) and play a role in modulatingmune cell activity. This region is
responsible for the appropriate immune responsediven antigen, this by binding
to specific receptors or complement proteins.

There are two classes of antibody if referringht® production methods.

Polyclonal antibodies (pAb) are produced by a patoh of different lymphocyte

clones treated with the same antigen. Monoclonébagies (mAb) are obtained
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from a population of the same lymphocyte clonestlsgy will have the same
specificity against one antigén.

Immune responses to tumors
It's a common opinion that immunity strengtheningaiast tumors could be a

promising approach to cancer therapy.

One of the physiological functions of acquired immty is the prevention of
transformed cell growth and their destruction befitrey can generate a tumor mass.
This phenomenon is called immune surveillance.

Many experimental data corroborate the hypothdws immune surveillance plays
an important role in preventing tumor growth; hoeethe fact that tumors develop
also in perfectly healthy subjects from the immpo@t of view suggests that anti-
tumor response is quite weak, and easily overtaleast-growing tumors.

As recalled above, malignancies express differgoéd of molecules (biomarkers)
that can be recognized as extraneous moleculeshdyimmune system. If the
immune system responds to a tumor, evidently, presses antigens that are
recognized as non-self (extraneous).

In experimental tumors, induced by carcinogenictbal substances or radiations,
antigens consist of mutant forms of normal protss.

On the other hand, in many spontaneous human naalayes antigens that provoke
an immune response seem to be perfectly normatipsotThe difference is that they
are overexpressed or their expression, which iallyslimited to particular tissues or
stages of development, is deregulated.

Although an immune response for self-normal ansgennot normally expected,
their aberrant expression is sufficient to activaieiune system.

The principal mechanism by which the immune systans against tumors is the
killing of neoplastic cells by cytotoxic lymphocylecells (CTL) specific for tumoral
antigens. Most of the time immune response canimpmie with such a fast
neoplastic growth, also because a malignancy dpseparticular mechanisms to
overcome immune response. For example, some néoptalis lose the expression
of target antigens of the immune response: if sardigens are not essential for the
maintenance of neoplastic phenotype, the tumormoes to grow and spread.
Therapy for spread tumors, that can’t be surgicediyoved, is actually based on

chemotherapy and radiotherapy with well-known sitfects on healthy tissues.
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Since immune response is highly specific, a cureethaon anti-tumor immunity
which can be extremely selective against unheaisisyes has long being hoped.

In many cancer forms tumor antigen-specific monoaloantibodies have been
tested, usually conjugated with powerful toxinggé antibodies binds to target cells
activating host’s immune system or delivering t@xia neoplastic cells.

Patient’'s therapeutic treatment with immunologic&chniques is called
immunotherapy.

Many innovative immunotherapy strategies are basadstimulating patient’s
Immune response against neoplastic cells, for el@athpough vaccinating with cells
of its own tumor or with antigens derived from them

Another technique is called “adoptive cellular inmotherapy” and is performed

inoculating tumor-specific lymphocyte on patiéht.

As we have seen, antibodies are of crucial intdrestancer research due to their
high specificity against antigens which are overegped by tumor cells.
Nanomedicine takes advantage of this specificityfunctionalizing antibodies on
nanosystems so they become smart structures. Somepkes of antibody
functionalized nanosystems were provided in previgsubchapter. In this thesis
antibody functionalized magneto-plasmonic nanostines will be synthetized and
characterized with particular regard to antibodgctionality. It will be shown how
selective can be a nanostructures when it is eagedewith an antibody.

Prostate cancer
In last decade, prostate cancer has become maqsefietumor in male population of

occidental countries. At the basis of this phenamnereyond the presence of risk
factors, there is the greater probability of diaging this disease, which is present in
a latent form in 15-30% of individuals over 50 yeand and in about 70% of
octogenarian&

Prostate cancer is one of the fifth most commorcean in Europe in 2012 had an
incidence of 22.8% with a mortality of 9.5% whiclake it the third for mortality
after lung and colorectum cancer (Figure 177).

Actuals screening methods consists in detectioR®A (Prostate Specific Antigen)
antigen on blood or in digital rectal exam. Howeglignosis is confirmed only after

a biopsy of prostatic tissue.
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Other antigens, beyond PSA, that are overexprelgeprostatic cancer cells are
PSCA (Prostate Stem Cell Antigen) and PSMA (Prest8pecific Membrane
Antigen). These antigens can be recognized by Bpecitibodies. In this thesis we
will use the antibodies specific for PSMA antigemhich is called D2B. This
antibody, functionalized onto our nanostructurell Wwelp recognizing cells that
express PSMA antigen (indicated as PSMA+ cells).

Incidence Mortality

6.5% 13.2%

Figure 1.7 Distribution of the expected cases and deathdhfer5 most common
cancers in Europe 2012 in males. The area of tip@esat of the pie chart reflects the
proportion of the total number of cases or deéths.

Synthesis of nanoparticles: top-down
and bottom-up methods

Several synthesis strategies are available to synéh nanoparticles of different
composition and morphology, but in a very generaywhere are two approaches:

top down and bottom up (Figure 1.8).
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Figure 1.8Artistic representation of top-down and bottom-ppmaches?

A top-down method, called also physical method, sigis in a reduction of
dimension of bulk material untill it reaches degirgano dimensions. This is made
through mechanical and/or physical processes winehoves or divides bulk
material. Some examples are ball milling, lithodrnap machining, radiolysis,
sonolysis, thermolysis, photochemistry and laséataim. These methods are usually
less used than bottom up methods because in soses tiaey require dedicated or
quite expensive instrumentation. Furthermore, it meell optimized, size and
morphology of nanoparticles are difficult to cortide in ball milling process. Less
use of chemicals is a characteristic of these nasthén this thesis a top-down
method to synthetize both gold and iron oxide nantiges will be used: Laser
Ablation Synthesis in Solution (LASIS), for whictspecial section is provided at the

end of the introductio”®

On the other side, bottom-up methods starts froneoutes, atoms or even small
nanoparticles to build more complex nanoparticlds tlee desired size and
morphology. In this case the most common strategysists in the controlled
reduction of metal ions in solution. Controllingethucleation and growth processes
with the use of stabilizing agents, one obtainsoparticles of the desired size and
morphology. Other conditions, which affect thesatsgses are temperature, time,
pH, the choice of the reductant, solvents, the mieta compound, the use of
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emulsions or micelles and clearly the proportioetween reagents. Since many
parameters are involved in bottom-up methods, thezeplenty of methodologies to
synthesize the same type of nanopatrticle. Usuadily these strategies one can obtain
nanoparticles of the desired morphology and witreaow size distribution simply
choosing the right synthesis and opportunely v@ryaagents proportions. However,
some drawbacks regarding the use of chemicals awiligers which could be
potentially toxic cannot be underestimated, esfigci@hen such nanoparticle are
synthetized for biomedical purposes. Besides mataleduction, other processes are
frequently used like vapor phase deposition (VRIDysical vapor deposition (PVD)
and chemical vapor deposition (CVD).

As said above, there are many bottom-up stratégigbe synthesis of the same type
of nanoparticles. The most common for gold and ioaide nanoparticles will be
briefly described in dedicated paragraphs and dmieeon will be utilized in trying to
create a continuous gold layer in the nanostrustdigcussed in this thesis.

In this thesis another bottom-up method, whichag pf a class of reactions called
sol-gel, is used to synthetize a silica shell atbiron oxide nanoparticles. Sol-gel
methods are quite different with respect to moremon salt reduction synthesis.
They involve a set of chemical reactions whichversibly convert a homogeneous
solution of a molecular reactant precursor (sdl ia very large molecular weight
three-dimensional polymer (gel) forming an elastitid filling the same volume as
the solution. Typically this involves a hydrolyseaction followed by condensation
polymerization. In nanoparticles synthesis, sol-getthods are commonly used to
obtain silica nanoparticles or hybrid metal-silinanostructures. The process of
formation of silica nanoparticles by sol-gel methmabses through the same process
steps as reduction methods, that is nucleationgrodth, and have to be stopped
when desired NP size is reached, before a contswpolymer is formed (usually
separating formed NP from reagent mixtures). THeg8bmethod used in this thesis
is described in section Iron oxide nanoparticleé -sol-gel approach to surface

modification’®

Gold nanoparticles

We have seen that gold nanoparticles are cructd$ i@ nanomedicine and due to

their properties are fundamental also for othereassh topics (catalysis,
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electrochemistry, supramolecular chemistry, noedmoptics etc.). The size and
morphology of nanoparticles can vary consideraltigirt properties and, as a
consequence, also the field of application can.viaoy this reason several synthesis
strategies are available for AUNPs, mainly emerige@d" century, through which
one can obtain gold nanoparticles of the desired. d8Below, one can find most
employed bottom-up and top-down syntheses for Aufifiswed by explanation of

chemical and optical properties useful for the wiarkhis thesis.

Synthesis strategies
Citrate reduction

Among all synthesis methods this is the most usebcnsists in the formation of
AuNPs of ca. 20 nm reducing Au(lll) ions from chdauric acid (HAuGj) with
trisodium citrate in water. This is also called Kewitch method which was
introduced in 1951. Modifications were introduceddyens in 1973: in its studies he
obtained gold nanopatrticles with sizes from 16 ori47 nm varying the proportions
between gold and citrate (or other stabilizers)thiese nanoparticles citrate is also a
stabilizer (unless other stabilizers are used)fanthis reason they show a negative
surface charge due to deprotonated carboxylic grafiwitrate. Although there is a
good size control using this method, presence toatei can influence subsequent
surface functionalization since ligand-exchangetieas are involved. Lastly several
washing steps are required to eliminate the presehcitrate residues which can

interfere with in vivo or in vitro biological expenents**

Brust-Schiffrin method

Published in 1994 this method allows to obtain mpamtcles from 1.5 to 5.2 nm with

a narrow distribution. Another peculiar charact&riss that as synthetized AuNPs
can be dried and redissolved in common organicesév without incurring in
irreversible aggregation.

The synthesis takes place in a two-phase systethssmalkanethiols as stabilizers.
AuCly is transferred in toluene using tetraoctylammonhmomide as phase-transfer
reagent and reduced using NaBMarying the proportions between gold and ligands
different sizes are obtained. In particular thereasing of ligand concentrations

reduces the size of synthetized nanopartitles.

30



Chapter 1

Seeding-growth method

This is a very popular method which consists infqreming a classical Au (lll)
reduction from HAuUCJ in a solution containing pre-existents gold nambglas
called seeds. Common reductants can be used inmetisod like citrate, NaBHl
formaldehyde or hydroxylamine hydrochloride. Instkiynthesis, Au ions reduce on
seeds surface, increasing their dimension. AuNPramge between 5-40 nm are
obtained by varying seed-metal ion ratio. Gold mads can be synthetized using
seeding-growth method.

Others reduction methods

Perrault method uses hydroquinone to reduce gaislilo a solution containing gold
seeds. Nanoparticles between 30-300 nm can beneltalitrate or other stabilizers
are needed in this synthe&s.

Martin method is another reducing method whichnienesting because allow to
obtain naked gold nanoparticles in water. With phecise control of NaBHNaOH

to HAuCL-HCI ratio one obtains AuNPs between 3-6 nm. Themsoparticles are
stable in water thanks to charge stabilization, ¢shauld be usually purified from
NaBH; residues?

Navarro method implies the use of sodium acetytawde for the reduction of
Au(lll) to Au(l) immediately followed by additionfaitrate for reduction of Au(l) to
Au (0). Sodium acetylacetonate impacts on nuclenilber and induce a size
evolution of the core up to 90 nm with a narrowtritisition &2

Concluding, others significant methods involves tlhise of micelles or
microemulsions. Technically speaking these are pgivase methods in which
surfactants forms micelles or microemulsions cnggéi favorable microenvironment
for the reduction of metallic ions. Au ions areraxted from aqueous to an organic
phase or viceversa depending if normal or revemsaklles are used. This is an
advantage respect to the conventional two-phaseemmybecause controlling the
micelles dimension (also in conjunction with thegence of other stabilizers) one

controls AuNPs siz&

Physical methods
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Physical methods differentiate from previous cheienethods because the
formation of nanoparticles is not attributable tbemicals (reductants) but is
provoked by physical phenomena.

For example light irradiation can be used to sykegold nanoparticles in
solutions. In literature we find that UV irradiatiocan reduce HAuglin water
solution in the presence of capping ag&ts form stable AuNP.

Besides UV, other light sources can be used in Aul¥hthesis like NI® and
microwaves>

Sonochemical methods make use of an ultrasonid ftefeduce gold ions and form
AuNPs® In this case parameters to be considered aretheerature of the solution,
the ultrasound frequency and intensity and thetjposng of the reactor. Sonolysis
was also used to deposit gold nanoparticles crassiphere’

Radiolysis and thermolysis are also alternativesptay methods for the preparation
of gold nanoparticles: the first ugarradiation to synthetize or control the size of
AuNPs while the second use high temperature toe@sd size of gold cluster or
nanoparticles?

Laser ablation synthesis in solution is also pathis category and implies the use of
pulsed laser source to synthetize gold nanopasticle

Although physical methods are less used with reégpechemical methods they have
an unquestionable advantage that is the absent®e synthetic route, of reductants

thus making the entire process more clean and green

Localized surface plasmon resonance (LSPR)
Gold nanoparticles possess very different chanaties with respect to bulk gold

which are mainly due to their nanometric size. Tin@st important is the localized
surface plasmon resonance (LSPR), which is resplensir the ruby red color of 15-
20 nm AuNP in solution. The origin of the phenomem® the coherent oscillations
of the conduction band electrons induced by anracteng electromagnetic field.
Small enough (15-20 nm) gold nanoparticles stroragdgorbs 520 nm green light,
meaning that this photon frequency is in resonanitk collective oscillation of
conduction band electrons which is called localigadace plasmon resonance. The
term “localized” is used when surface plasmons aomfined to metallic

nanoparticles or nanostructures.
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Figure 1.9 represents the LSPR behavior in metadlimoparticles.

E/\

WX

Figure 1.9 In gold nanoparticles, the coherent oscillation aginduction band
electrons induced by an interacting electromagrfedid is called localized surface
plasmon resonance (LSPR).

When the electric field of an incoming light intetawith a plasmonic nanoparticle it
induces a polarization of the free conduction etew. Positive charges are assumed
to be immobile while negative charges (electronsy@s under the influence of the
electric field. This movement creates a net chadgéerence at nanoparticle
boundaries which, in turn, gives rise to a lineastoring force. The result is the
creation of a dipolar oscillation of electron cdlurface plasmon oscillatiSh.

For many metals like Pb, In, Hg, Sn, Cd, LSPR liesthe UV region so
nanoparticles of these metals doesn’t appear ahl&wet for coining metals (Au, Ag,
Cu) the situation is different and thanks to dahsitions they have an LSPR in the
visible spectrunt®®

Gustav Mie in 1908 was the first to rationalize thieserved red color of gold
nanoparticles in water. His theory starts with @ssumptions: (i) the particle and the
surrounding medium are considered homogeneous aesdribable by their bulk
optical dielectric functions and (ii) particle diater is much smaller than the
incident wavelength @<\ where R is nanoparticle radius and the incident
wavelength). The last assumption allows considetirgelectric field constant all
along the nanoparticle so the interaction can besidered electrostactic rather than

electrodynamic (also called quasi-static approxiomat
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The solving of Maxwell's equations lead to an esgren of extinction cross section
Oext (Oext =Caps + Osca = absorption cross-section + scattering crossesector
metallic nanoparticles (equation 1.1):

o 32 &(w)
O-ext(w) =9 c €m 4 [gl(a)) + 28m]2 + [52((‘))]2

Equation 1.1

where o is the angular frequency of the exciting lightiscthe speed of light,
V=4/3xr* is the volume of the spherical particig, ands(w) = &, (w) + ie,(w) are
the dielectric functions of the surrounding mediamd of the material (real and
imaginary part}’

When the term at the denominator reaches its mimmextinction cross-section
reaches its maximum, in correspondence of the maxirof the surface plasmon
band. Looking at the dielectric function of metalsg finds that this happens when
g (w) = —2¢,,; in this condition the local electric field of tiparticle is enhanced.
From Mie theory one can understand the relevantleeofaterial and, clearly, of the
solvent in determining the position of the surfgdasmon band, since diverse
materials and solvents possess different dielefttrictions.

LSPR not only depends on material and solvent,itbean considerably change
depending on nanoparticles size, morphology arahtg.

For larger nanopatrticles (greater thd0-50 nm for gold nanoparticles) the dipole
approximation is no more valid because light cdrdtmogeneously polarize the
nanoparticle. In this case multipole forms andaa®onsequence, retardation effects
of the electromagnetic field across the particle cause broadening and red-shifting
of the LSPR (Figure 1.10 A). On the contrary, radgdhe size of gold nanoparticles
below 5 — 4 nm leads to a decrease of LSPR inteastompanied by a slight blue
shift (Figure 1.10 B). This is due to the onsetjontum size effects which become

important for particles smaller than 2 fin.
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Figure 1.10LSPR variations for gold nanoparticles with R<20 @A and R>20 nm
(B).

The morphology of nanoparticles has also a considereffect on LSPR. In the case
of nanoparticles that deviate from sphericity, Gamsodifications to Mie’s theory
have to be taken on account. In particular, MiesGteory is valid for ellipsoidal
nanoparticles: in this case the longitudinal aaddverse dipole polarization does not
produce equivalent resonances.

As a consequence two plasmon resonances formsvemdpeaks appear in the
extinction spectra.

Longitudinal plasmon refer to electron oscillatiiong the major axis of the ellipse
and shows a broaded red-shifted peak while trasak@lasmon refers to electron
oscillation perpendicular to long axis and showpeak at about 520 nm like for
spherical particles (Figure 1.11). This phenomesariearly observable in nanorods
spectra, for which the distance between the tw&peacorrelated with their aspect

ratio 888°
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Figure 1.11 The extinction spectra of nanorods (or non-sphémparticles) shows
two plasmon peaks because transverse and longiudipole polarization doesn’t
produce equivalent resonances.

Therefore, the extinction spectra of nanopartidas provides information on the
size and the morphology of AuNP. In this thesis,éwample, a software developed
by the group in which the work for the thesis isiédois used to fit the spectra of just
synthetized AuNP to estimate their size, spheriaitg concentration using Mie and
Mie-Gans theory?

Mie-Gans theory is only applicable to non-intenagtnanoparticles, which are well
separated from each other.

In the case of aggregates of gold nanoparticlespthemon oscillation drastically
change because now particles are electronicallpleduto each other because of
dipole-dipole interactions. This leads to more cboaped extinction spectra which
depend on the size and shape of the formed aggredafgregation causes a
coupling of AuNPs plasma modes resulting in a taft-and broadening of the
longitudinal plasmon resonance. Usually extinctgpectra of gold nanoparticles
aggregates are a composite of conventional plasmrespnance due to single
spherical particle (at about 520 nm) and a newstefled broaden peak due to
particle-particle interactiorfS. Extinction spectra of AUNPs aggregates can also be
predicted with theoretical calculations, howeves tissue goes beyond the aim of
this thesis. A good explanation of optical propestof AUNPs aggregates is provided
in the review by Gosf¥

LSPR of noble metal nanoparticles has a relevapbritance in the explanation of
the surface enhanced Raman scattering (SERS) ,effbath is fundamental in this

work.
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Surface Enhanced Raman Scattering (SERS)
Surface enhanced Raman scattering is a phenomanwshich amplification of the

Raman signals of a molecule are observed wherldse to the surface of a noble
metal nanopatrticle.

In the following box the Raman effect is brieflycedled.

Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy based on the Btietd, which
was discovered in 1928 by Chandrasekhara Venkata Raman. It & dasthe
inelastic scattering of photons by matter. The phenomenon can laénegplising a
molecular energy diagram.

Raman scattering
Tl

v | |hvg

lle /1\'S

n=1

n=0
I’RS x NoR - L

v vy,

Depending whether the molecule is in its vibrational ground stafesb excited
state (n=0, 1), the Raman scattered photon is shifted to lowegloer energy with
respect of the incident photdw, . Lower energy scattered photons are called Stokes
scattered and have energys=hv -hvy, while higher energy scattered photons are
called anti-Stokes scattered and have enbvgy=hv +hvy. The difference between
incident and scattered photohs,, is the vibrational energy of a hormal mode of the
molecule Q). The Raman scattering powBgs is proportional to the number of
molecules in the probed volume, the Raman cross section of theuteal®and the
intensity of incident light, . Generally, anti-Stokes signals are weaker than Stokes
because, according to Boltzmann statistics, since only k fawion of molecules
are in their excited state. From a classical point iefvvthe incident radiation
generate an oscillation of the induced dipgig which, in turn, depends on the
molecular polarizabilityr and the incident electric field E(tl{=o-E(t)). From this
dependence derives the selection rule for Raman spectroschph implies a

change in polarizability for the investigated vibrational méé%) * 0.
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SERS was observed for the first time in 1974 bytMé&fleischmann, who recorded
an unexpected strong Raman signal of pyridine melsemically adsorbed on a
roughed silver electrode. Lately, in 1977, Rich&fan Duyne and his coworker
David Jeanmarie ascertained that the observatipiddischmann were effectively a
genuine enhancement of the Raman signal. This vBsdacked off researches on
SERS and its applications in several fields, whidwadays are still of actual
importance.

Raman signals are weak because of the low Ramass @ection which range
between 18° cnf? and 107 cnf with the larger value observed in resonant
conditions (when the excitation wavelength matcheselectronic transition). For
comparison, fluorescence cross section ranges bat®@’ cnf and 10 cnt.**%2
With surface enhanced Raman scattering, Ramanisigaa be enhanced by a factor
from 10 to 10“ so becoming comparable with fluorescence intensity

Three parameters have to be considered to obtaid §&RS signals: the substrate,
the analyte (also called SERS reporter) and thex lmavelength.

Usually, SERS substrates are nanopatterned surdacemnoparticles made of noble
metals. The phenomenon at the basis of SERS i$act the localized surface
plasmon resonance (LSPR). The LSPR plays the mali@iin explaining one of the
two enhancing mechanisms for Raman signal in SE®RS: electromagnetic
enhancement, which is also the most important.

When light is in resonance with LSPR, the dipolacilkation generates a strong
electromagnetic fieldEsp on the surface of a nanoparticle. The magnitudéhat
field depends on the nanoparticle radiushe dielectric constant of the metalits

distancad from the molecule and the incident field strengsl{Equation 1.2):

E—&p

ESP = S+2£0(

—)3E, Equation 1.2

r+d

The molecule on the surface of nanoparticle expegs an enhancement of the

electromagnetic field which is sum of the two elestagnetic fields (Equation 1.3):

Ey =Esp + E, Equation 1.3
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The enhanced electric field has direct impact ia thduced dipoleuing of the
molecule thus leading to a drastic increase irRéaman signals.

The total enhancement fact@serS" is given by the product of the individual
enhancement factor of the laseryAf and of the Raman scattered fieldévd)[®
which, in turn, is determined by the rakQ/Eo.

Considering that Stokes shifts are smajlandv, are almost the same frequency and
the electromagnetic enhancement factor dependsefdne, on E°' Recalling
equation 1.2, one can also see that the enhancdamot reaches its maximum
when the conditiom = —2¢, is satisfied which happens when light is in resmea
with surface plasmons and the imaginary part ofdie¢ectric function of the metal
nanoparticle is small.

The power of Raman signal in SERS depends on theuof molecules involved,
the laser intensity, the two enhancement fact(is )|* and A(vs)F and the effective

Raman cross section of the molecule (Equatior??.4)

Psgrs &< N+ I - [A(vy) - |A(vs) | - 0hs Equation 1.4

However, electromagnetic enhancement is not thgmekchanism explaining SERS.
In fact, electromagnetic enhancement should benasetective amplifier for Raman
signal of molecules adsorbed on nanoparticlesractize, studies reported that CO
and N molecules differ by a factor of 200 in their SER&nsities under the same
experimental conditions. These observations sugdebat another mechanism takes
part in SERS enhancement: the chemical enhancefsentetimes called also
electronic enhancemen).

Debate is still open on how exactly the chemicddagrcement works but electronic
interactions between the adsorbed molecule ananiétal seems to be the driving
force for this mechanism. In fact, it is not uncoormthat lowest unoccupied
molecular orbital (LUMO) and highest occupied malec orbital (HOMO) of a
molecule are almost symmetrically disposed in enarngh respect to Fermi’s levels
of the metal (Figure 1.12). In this situation, detransfer excitations can occur at
about half the usual energy and considering thattrob common SERS reporters
have their lowest-lying electronic transition irettV region, with this model charge
transfer excitations occur in the visible regionhé&M the electron returns to its initial

state, emits a Raman shifted photort
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Figure 1.12 Diagram showing interactions leading to chargexsfer excitations
between HOMO and LUMO of a molecule with Fermi'svdis of a metal
nanoparticle’®

Metal-molecule interactions like energy transfentetal nanocore or intramolecular
interactions are also involved in the quenchingnalecule’s fluorescence, allowing
the observation of clear Raman signals without dpetovered by fluorescence

emissions (Figure 1.13f.
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Figure 1.13Examples of non-radiative processes implied inrdsoence quenching
of Raman reporter¥.

This is important since mostly used Raman repodessdyes which absorbs in the
visible region.
Experimental evaluation of enhancement factorsbeaobtained by equation 1°5:
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IsgRs
EF = NSurf

[INRS]

NVol
Equation 1.5

in which Isegsand Nsys are the SERS intensity (at a given wavenumber) tard
number of molecules bound to the metal substraieWwksandNye are the normal
Raman signal intensity and the number of moleculéise probing volume.

Choosing the right setup for obtaining an enhancenfiectors of 18 a single
molecule SERS spectrum have been recorded, maKER$ % very powerful todf
There are some parameters which, if optimizedyallto obtain a good enhancement
factor, namely a huge Raman signal. As recalled@bitree are the parameters to

consider: the excitation wavelength, the substatethe SERS reporter.

Optimization of excitation laser wavelength

The enhancement of the electric field of nanopladicor nanopatterned surfaces
occurs when LSPR or SPR is excited. Noble metabstamctured materials (Au, Ag

Cu) have their LSPR or SPR excitation in the vesitadnge, so most commons laser
sources are suitable in performing SERS measurethBnactically, one chooses the
wavelength of excitation as a function of the SERBstrate. Other parameters like
irradiation time, number of acquisition spectra daskr intensity have to be tuned

experimentally, time by time.

Optimization of the substrate

The size and morphology of the nanostructures enstlbstrate strongly influence
the SERS intensity. The following considerations i@stricted to gold nanoparticles,
considered in this thesis, but can be extendethter onetal nanoparticles.

If we consider spherical AuNPs, the upper limitsine to obtain good SERS signal
correspond to that in which the dimension of thaaparticle is comparable to the
excitation wavelengthdé100 nm). In this case incident electric field dosst
polarize homogeneously the nanopatrticle, the gstasic approximation fails and
multipole excitations must be considered. Unlike thpole, these modes are non-
radiative and hence are not efficient in excitingmRn excitations. Consequently,

going up with size (500-1000 nm) the light is sewtl rather than absorbed, so less
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inelastic scattering occurs at the surface whichddeto a weakening of the
electromagnetic field on the surface and the oV&BRS intensity”

On the other side of the dimensional scale, wheroparticles are very smali<€5
nm), the onset of quantum size effects become itapprthe LSPR is damped and
conditions to perform SERS are no longer presemi&king in account these
considerations, the optimal size to perform SERSvith AuNP from 10 nm to
almost 90-100 nm.

The morphology plays also an important role in miefy the parameters for good
SERS signals. Intense signals are obtained usargssiaped AuNPs due to huge
field enhancement in star tips.

Using spherical nanoparticles, like in this projebtige field enhancement are
obtained when nanoparticles are close togetherimgrrdimers, trimers, or more
large aggregates. If a molecule resides in theoregetween patrticles it feels a huge
enhancement of the electric field (if comparedhe isolated nanoparticle) due to
constructive coupling of the two localized surfgdasmons. The mutual interaction
of the two nanoparticles leads to an increase @htlagnitude of the induced dipole
which, in turn, leads to amplification in the patation (Figure 1.145>9%%7

The region between the two nanoparticles is cdilgidspot and enhancement untill
10" can be easily observed. Since the field arounopemticles decay with™, one
condition for hot spot is that interacting partecleave to be very close (i.e. <1 nm) to
the surfacé? It must also be recalled that when nanopartiatestes their plasmons,
new features of LSPR emerge (longitudinal and trarsal plasmon excitation), so
new component in extinction spectra have to beidensd in choosing the right

laser excitation wavelength.

1.600E6
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5278
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Figure 1.14. Graphical illustration of coupled surface plasmansl their effect on
charge density distribution (left) and calculatioofselectromagnetic enhancement
factors between two 15 nm gold nanoparticles (Jight’
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Optimization of the SERS label

SERS label (or SERS reporter) can be consideredhtlependent variable for this
spectroscopy. This means that if the moleculeatgrefixed analyte (for example
drugs, metabolites, pollutants etc) other paramgrcitation source and substrate)
have to be varied to find the best experimentatitmn to observe the most intense
SERS signals. Clearly, conjugated molecules wortkebeéhan unconjugated ones
because molecular vibrations that involweslectrons induces biggest polarizability
changes, thus leading to huge Raman responses.

In the case of biological applications, the purp@sdo obtain the most intense
signals as possible to be able to track or deteciosystems in the biological
environment. For this reason a careful selectiothef SERS reporters have to be
done. In this case, spectroscopic characterisfitheoreporter have to be taken in
account. In particular, when the exciting photomgrgy overlaps the electronic
transition energy of the SERS reporter, the Rantattexing intensity are strongly
enhanced® When this condition is satisfied one talks aboutfaxe enhanced
resonance Raman scattering (SERRS), which allowabtain enhancement up to
10** Since, usually, excitation wavelength and LSPRitiethe visible range,
SERRS is performed using dyes with an absorptighisispectrum range.

Another condition for strong SERS signals is tlne teporter molecule must reside
within the space where the electromagnetic fieldnkanced by excitation of LSPR.
For favoring this situation, it is usually convemid¢o conjugate the dye directly to
the surface of the nanoparticles. Conjugation can gerformed either by
physisorption or chemisorption and in both case tharacteristics of metal
nanoparticles have to be considered. For gold retiofes chemisorption of labels
is performed exploiting Au affinity for thiols aramino groups, while physisorption
usually depends on nanoparticles surface chargegxXample for nanoparticles with
negative surface charges, cationic dyes are tséé. u

In this project, all the considered nanosystemsehlgen engineered to exploit
SERRS activity.

An advantage in using SERS/SERRS for biologicaliegions is its high sensibility
comparable to fluorescence. Moreover, with SERSostanctures, more labels can
be excited using the same wavelength, and thisnvallto perform multiplexed

analysis in which one spectra can contain inforomattoming from various labels
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easily distinguishable in the fingerprint regiorhi§ is possible only thanks to the
narrow signals of Raman spectra. The same is nasilgle in the case of
fluorescence, where bands from diverse fluorophoveslaps and has to be excited

at different wavelengths.

Plasmonic photothermal effect
Another feature of gold nanoparticles directly cected to the presence of LSPR is

their ability of generating heat when irradiatetlisSlphenomenon is called plasmonic
photothermal effect and can be explained as adiayr process (Figure 1.15):

b c d

Carrier relaxation Thermal dissipation
t=100fsto1ps t=100psto10ns

Plasmon excitation Landau damping
t=0s t=1-100fs

Population Population Population

Figure 1.15 Various steps involved in plasmonic photothermiéat. Incident
photon is absorbed (a) and then non-radiative &ffgenerate hot carriers (electron-
hole pairs) (b). After electron-electron and electphonon relaxation (c), thermal
dissipation occurs (df

1. Excitation of a plasmon band creates hot electramsa consequence of
photon absorption by the metal nanoparticle. Absonpis enhanced when
light source has the same wavelength of plasmontation. (Figure 1.15a)

2. Plasmon resonance relaxes radiatively with re-aarissf a photon or non-
radiatively with creation of an electron-hole paia Landau damping. This
last is the necessary decay mechanism to obtaitohieomal effect. Here a
plasmon quantum is transferred to a single eledtaa pair excitation.
(Figure 1.15b).

3. The work function (the energy required to emit &ti&on into vacuum) of

metals are generally higher than the LSPR enertygspr SO that hot
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electrons can have energies raging between thei fereh E- to E-+ ho spr
and do not escape into vacuum. For this reasonéhergy is first dissipated
through electron-electron scattering processes tueth electron-phonon
interactions.

4. Last step is lattice relaxation and heat transfesurrounding mediurtt

The importance of the plasmon resonance and excitatavelength is relevant.

Most efficient photothermal effect is obtained whaser source is in resonance with
surface plasmons. As seen above, size and morphofoganoparticles determines
the position of LSPR absorption band and, as a emprence, the excitation

wavelength to obtain efficient photothermal eff&ct®

In section “Gold nanoparticles in cancer reseamhpage 16, it was recalled that
heat generated by nanopatrticles is used to kiteacells. Clearly, an LSPR in NIR
is often preferred. In NIR region, light penetraticn tissue is optimal because
absorptions by tissues and skin pigments are linianoshells with a silica core
and a variable gold shell, nanocages and nanomdgramising structures for NIR

plasmonic photothermal therapy (PPTT). They arer@sting because even if their
synthesis is not so simple, by finely tuning shieitkness in nanoshells, number of
holes and wall thickness in hanocages and asp@etimananorods, one can tune the
LSPR to a desired position in spectrum (figure 138"

However, visible absorbing gold nanoparticles argoad starting point for PPTT

studies and can successfully applied in subcutantonors treatment. Furthermore,
their aggregation shifts the plasmon resonancha\iR spectral region as required
by an efficient photothermal effect.

Besides tumor treatment, plasmonic photothermatceftan be used for other
purposes. A strange example that could open the twagther applications is the
work of Halas’s group in which they used heat frgaid nanoparticles to distillate

ethanol. The entire process requires less energyp tonventional distillation

methods and a substantially higher mole fractiosbigined-2
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Au nanoshells Au nanorods Au nanocages
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Figure 1.16 By varying morphological aspects of diverse goshastructures, one
can tune the LSPR from visible to NIR to match dpéimal wavelength to perform
plasmonic photothermal therapy.

[ron oxide nanoparticles

In subchapter “lron oxide nanoparticles in cancesearch” the importance of
FeQONPs in biological applications has been recallegpleasizing the fact that large
nanoparticles (above several micrometers) are cdreammercialized for MRI or
bioseparation uses. Many forms of iron oxides eigtthree of them are the most
commonly used in nanomedicine: magnetites(zg maghemite (-Fe,03) and, in
less extent, hematite-Fe0s).

Among these three oxides, magnetite exhibits ttegest magnetism, followed by
maghemite.

The structure of the three iron oxides consistylames of close-packed oxygens
anions with iron cations distributed in octahedoal tetrahedral interstitial sites
(Figure 1.17). Oxygens anions are in a cubic cjmmeked arrangement in magnetite
and maghemite. Magnetite has a cubic inverse spimatture with F& cations

occupying half of the octahedral sites and*Rations distributed randomly between
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tetrahedral and octahedral sites. Similarly to neditggy maghemite has a spinel
structure but with vacancies in the cation suldattiwo third of the sites are filled
with Fe* regularly arranges ions, with two filled sitesléobed by a vacancy. One
can also recall that, differently from magnetitel anaghemite, in hematite (a very
poor magnetic common iron oxide;Fe0O3;) oxygen anions are arranged in a
hexagonal close-packed lattice with *Fecations occupying two-thirds of the
sites'®1% Table 1.6 resumes physical and chemical propedfethe three iron
oxides.

8 o A
(a) Hematite (b) Magnetite
Rhombohedral, R3c cubic, Fd3m Cubic, P4,32/Tetragonal, P4,2.2

Figure 1.17 Crystal structures of Hematite, Magnetite and Magjke (Fé'=black
ball, F€*= green ball, &= red ball)!*®

Most commons synthesis of Fg@Ps, like AuNPs, involves the use of iron (llI) and
(1) salts. Clearly, varying the proportions beewereagents or reactions conditions,
one can obtain the three oxides selectively.

Property Oxide
Hematite Magnetite Maghemite

Molecular formula o-Fe,0, Fe;0, v-Fe,05

Density (g/cm?) 5.26 5.18 487

Melting point (°C) 1350 1583—1597 —

Hardness 6.5 55 5

Type of magnetism Weakly ferromagnetic Ferromagnetic Ferrimagnetic
or antiferromagnetic

Curie temperature (K) 956 850 820—986

Ms at 300 K (A-m?/kg) 0.3 92—100 60—80

Standard free —742.7 —1012.6 =711.1

energy of formation AG¢
(kJ/mol)

Crystallographic system Rhombohedral, hexagonal Cubic Cubic or tetrahedral

Structural type Corundum Inverse spinel Defect spinel

Space group R3c (hexagonal) Fd3m P4,32 (cubic); P4,2,2

(tetragonal)

Lattice parameter (nm) a = 0.5034, ¢ = 1.375 (hexagonal) a = 0.8396 a = 0.83474 (cubic);
agy = 0.5427, « = 55.3 a=0.8347, ¢ = 2.501
(rhombohedral) (tetragonal)

Table 1.6Physical and chemical properties of iron oxitfés.
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Some of the most used synthesis strategies aridyldescribed below, in particular
for obtaining magnetite nanoparticles: the moserggting oxide because of its
magnetic properties.

Synthesis strategies
Several methods are available for the synthesisnfoxide nanopatrticles. Like for

gold nanoparticles, chemical routes are the masinoonly used due to their relative
simplicity and inexpensiveness (figure 1.18). Howmevphysical and biological
syntheses are sometimes preferred depending dim#th@pplications.
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Figure 1.18 Comparison of published works (data of 2011) andinthesis of iron
oxide nanoparticles by chemical, physical and lyjisial methods?°

Coprecipitation method

This is the most common method for the synthesisoof oxide nanopatrticles. It is

based on the simultaneous precipitation 6f Bad F&" ions in basic conditions:

FE* + 2F€" + 80H - Fe0, + 4H,0
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If performed with a stoichiometric ratio of 2/1 {H&€’"), magnetite nanoparticles
are obtained. The pH of the solution has to beiwighand 14 and reaction has to be
performed in a non-oxidizing environment, whictugially obtained with a nitrogen
flux. In fact, magnetite is not very stable andeéssitive to oxidation, which leads to
the formation of maghemite:

Fe,04 + 2H > yFeOs + FE* + H,0O

The main advantage in the coprecipitation methathas large amounts of particles
can be obtained, with narrow sizes ranging from 2arh7 nm. Sizes and shapes can
be controlled varying reaction conditions (pH, tergture, time, injection fluxes and
ionic strength of the environment). Carboxylateelating agents (such as citric,
gluconic or oleic acid) or polymer surface comptexiagents (dextran, starch,
carboxydextran or PVA) must be used during the &roms, for stabilizing the
nanoparticles and allows to control the size ofopanmticles and contribute to their

stabilization®’

Micelles or water-in-oil microemulsion method

Similarly to AuNPs, micelles or water-in-oil micnoellsions are quite often used for
the production of iron oxide nanoparticles. The hagusm of nanoparticles
formation is based on the coprecipitation methad, nucleation and growth occur
inside the micelles/inverse micelles. With this noet iron oxide nanoparticles from
2-3 nm up to 100 nm can be obtained. An advantagieiosynthesis is a good size
control, which in turn depends on micelles/emulsiimension. Clearly, depending
on the surfactant used and solution propertieteréifit sizes can be obtained. Also in
this case, the use of stabilizers is needed: thaybe in solution but sometimes the
micelles are studied to act also as stabilizersnwéahélesired size is needed. One of
the drawbacks of this synthesis method is the dgetentially toxic surfactants and
solvents, which, in particular sensitive environtpdike the biological, can create

potential problem§!1%%1%°

Hydrotyhermal and thermal decomposition methods

In hydrothermal synthesis, aqueous solutions oh igalts or organometallic
precursors are treated in closed vessel at higipasature (130-250°C) and high
pressure (0.4-4 mPa). These conditions allow ntioleand growth of iron oxide
nanoparticles with narrow size distributions. Irerthal decomposition method,
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nanoparticles forms after the decomposition at heghperature of organometallic or
coordinated iron salts in organic solvents. Commifamgc salts include Fe(CQ)
Fe(acag) (acac = acetylacetonate), iron oleate, Fe(Cugfup = N-
nitrosophenylhydroxylamine), Prussian blue4{Fe(CN)- 14H0], Fe—urea complex
([Fe(CONH4)e](NOg3)s), ferrocene (Fe(8Hs),), and Fg(COo.

Iron oxide nanoparticles produced with thermal degosition synthesis show
crystallinity and narrower size distribution witkespect to the co-precipitation
synthesis. With this method stabilizers are needwtinanoparticles are soluble only
in non-polar solvents. The use of potentially togtabilizers or precursor and the
impossibility to dissolve nanoparticles in aquesab/ents make these nanoparticles

less suitable for use in nanomedicifiz!®

Other chemical methods

Electrochemical synthesis allows to obtain magherit magnetite nanopatrticles.
The synthesis is performed using an iron electiodeersed in aqueous solution of
DMF. Adjusting the current density it is possilbdecbntrol nanopatrticles sizes.
Another method which is a valid alternative to thal methods is sonolysis. Here
ultrasounds generate cavitation bubble which reléagh quantity of energy when
they collapse. This energy, in the form of highgstee and temperature, enable the
decomposition of organometallic precursor (likeharmal synthesis) thus leading to
formation of iron oxide nanoparticles. Also in tlaase, stabilizers are needed to

limiting the growth of nanoparticléé:'%

Physical methods

Regarding physical methods, the most used are sprdylaser pyrolysis. In spray
pyrolysis, a solution of ferric salts in organich@mts with a reducing agent is
sprayed through reactors at high temperature, wiheraerosol solute condenses and
solvent evaporates. The dried residue consists avfoparticles which size is
determined by initial droplet size. Laser pyrolysesn be considered a gas-phase
synthesis. In this case, an opportune laser hegasamixture in which an iron
precursor is present. Heating generates small ggregated iron oxide

nanoparticles’
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In this work iron oxide nanoparticles are syntheizvith laser ablation method, like
for gold nanoparticles. A section dedicated to tpig/sical method is provided

below.

Magnetic properties
A material is said to be paramagnetic when theviddal atomic magnetic moments

are randomly aligned with respect to each other, detause of this, the neat

magnetic moment is zero (see figure 1.19)

Ferromagnetism
Te

Tec

Antiferromagnetism

T
Paramagnetism X

Fernimagnetism

Figure 1.19The alignment of atomic magnetic moments in diff¢raaterials->*

If an external magnetic field is applied, someh#se magnetic moments will align
and the entire crystal will show a net magnetic rapin

In a ferromagnetic crystal, all magnetic moments aligned even without an
external magnetic field while in a ferrimagneticystal (like magnetite) a net
magnetic moment is also present, but it comes ftam types of atoms with
moments of different strength arranged in antipalrdhshion. When antiparallel
moments have the same magnitude the crystal ig@did antiferromagnetic and no
net magnetic moment is present. In a bulk ferroraigmmaterial, the magnetization
M is defined as the vector sum of all the magnetienents per unit volume. Bulk
material contains domains with each domain haviagown magnetization vector
arising from the alignment of single magnetic motserit is also probable that
magnetization vectors of domains are not alignedatth other. For this reason the
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global magnetization of the material is less thtanvalue when all atoms magnetic

moments are perfectly aligned (Figure 1.20).

Figure 1.20Magnetic domains in bulk materiaf¥.

However, when the length scale of the material becesmall, the number of
domains decreases until a single domain is prebkatfor iron oxide nanoparticles
under a certain critical size.

Figure 1.21, shows the variation of the magnetzalil when an external magnetic

field with strengthH is applied.

M;
Mg

4
A

v

Figure 1.21Variation of the magnetizatiod under an external magnetic figtd"*

When the external magnetic fiditlis applied to a ferromagnet, the magnetizalibn
increase wittH untill saturation magnetization vali#s is reached. The curve shows

a hysteresis loop because domains do not retuitmetooriginal orientation whekhl
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decreases. For this reason, whémeturns to zero, a residual magnetizatMg is
still present.Mg can be removed applying a coercive fi¢ld in the opposite
direction respect of that originally applied.

A single domain magnetic material has no hysterési®p because no residual
magnetization is present after magnetic field remhoand is said to be
superparamagnetic. Superparamagnetism is typicalrosf oxide nanoparticles
smaller than a certain size (20-30 nm), namely whleeir dimensions are
comparable with that of a single domain.

Above a certain temperature, magnetic materiale kb®ir magnetization due to
thermal fluctuations of individual magnetic momentghich lead to a disordered
arrangement of the magnetic moments. For ferrim@gnand ferromagnetic
materials this temperature is the Curie temperaigrewhile for antiferromagnetic
materials it is the Néel temperaturg. Superparamagnetic nanoparticles maintains
an ordered arrangement below the blocking tempex &ty

The strong magnetic moment of iron atom derivemftbe four unpaired electrons
in its 3d orbitals.

Hematite is weakly ferromagnetic at room tempertamd becomes paramagnetic
above its Curie temperature at 956 K. It also ugoles a phase transition to an
antiferromagnetic state at 260 K (Morin temperatlg. Its magnetic behavior can
be improved decreasing nanopatrticles size (Mormptrature tends to vanish) while
a poor crystallinity and substitution cations camvér also E. For this reason,
hematite nanoparticles are not the best choiceapmlication like bioseparation
because they are not efficient.

On the other hand, magnetite is ferrimagnetic atmrdemperature and has a Curie
temperature of 850 K and also possesses the higaesation magnetization among
the three metal oxides. Magnetite nanoparticlessaperparamagnetic below 25-30
nm. However this value depends on the synthesig l@and particles morphology and
in literature it is quite difficult to find an ageeent on that value. Thanks to their
magnetic properties, magnetite nanoparticles are thost preferred for
biological/nanomedicine uses.

Maghemite is also ferrimagnetic at room temperatima it's unstable at high
temperature and loses susceptibility with time.afgproximately 400°C undergoes
an irreversible crystallographic change in hematker this reason its Curie

temperature is difficult to estimate although isigoposed to be between 820 K and
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926 K. Maghemite nanoparticles below 10 nm are gyamagnetic at room

temperature. However, also in this case synthest morphology can affect

magnetic properties. Maghemite nanoparticles cawo de efficiently used for

biological applications, as an alternative to maig@@anoparticles.

As stated above, magnetic properties of iron oxigeoparticles strongly depend on
the composition, the synthesis adopted, morpholgy dimension. However, also
subsequent surface modifications have demonsttatembntribute to variations in

their properties®*

Chemical properties
Like gold nanoparticles, the chemical propertiesroh oxide nanoparticles have

been extensively studied. Surface modifications, &oe these nanoparticles, of
fundamental importance because they help to (iyovg FEQNPs stability and (ii)
give new properties to nanoparticles. In this lzsegory the surface chemistry of
iron oxide nanopatrticles is used to introduce nemcfional groups, useful for further
functionalization, but also to improve their biogoatibility.

The stabilization of nanoparticles helps preventingir aggregation in biological
medium and/or when exposed to a magnetic fielce (lik bioseparation assays).
Generally, there are two major forces involvednteiparticle interactions: van der
Waals short-range attractive forces and electiostapulsive forces. The Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory well descrilibese two forces. In the
case of magnetic suspension, also magnetic diptdknactions have to be taken into
account’ In the case of superparamagnetic nanoparticlesravio remanence and
coercivity is found, the aggregation phenomenareigigible at room temperature.
With all these parameters, it's easy to understahg the functionalization of iron
oxide nanoparticles is a crucial point, especialhen their final destination use is in
biotechnology or nanomedicine.

In general, nanoparticles can be stabilized expbpithe steric and/or electrostatic
repulsions. Steric repulsion is often preferredaose, once performed, aggregation
is avoided also in the case of important changepHnor ionic strength of the
solution. Long polymer chains physisorbed or chenhied on nanoparticles surfaces
are used in steric stabilization.

Electrostatic repulsion is extremely sensitive kband ionic strength of the solution

and can be followed through the knowledge of thpokential, a measure of the
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surface charges given by the potential that theyegge just outside the electrical
double layer. However, electrostatic stabilizedogpaaticles have the advantage of a
bare surface, completely disposable for furthectiomalizations.

In iron oxide, the iron atoms on the surface ach &gwis acid and coordinate with
molecules that donate lone-pair electrons. In agsiemlution, Fe atoms coordinate
with water which readily dissociates leaving irorxide surface hydroxyl
functionalized. Due to amphoteric nature of —OHugrsy they may react with acids
or bases. For this reason, depending on the pHh@fsblution, the surface of
magnetite can be positively or negatively chardeat. magnetite nanoparticles, the
isoelectric point (also called point of zero chalggC), is observed at a pH of about
6.8, very close to that of biological environmetts.

At PZC, the charge density on nanoparticle surfaceo small and they tend to
aggregate, sometimes irreversibly (coagulation).

Controlling both electrostatic and steric repulsione obtains stable nanoparticles.
Functional groups like carboxylates, phosphates sauithtes are known to bind to
magnetite surface.

Citric acid is a common carboxylated stabilizer:caordinates via one or two
carboxylate groups, leaving the other group exposedhe solvent which is
responsible of the negative surface charge ancopiicity.*’

Other frequently used carboxylated compounds & @icid and lauric acid, used
for synthesis in organic solvents.

To enhance Fe@®Ps biocompatibility, very common coatings are palcharides
and biopolymers like dextran, carboxymethylatedudax carboxydextran, starch,
alginate, chitosan and carboxymethylcellulose.

Polyehtylenglycole (PEG) is also a common biocombpastabilizing agent, usually
with a carboxy or phosphate terminal grdfp.

Other polymers, with their advantages when usedan oxide nanoparticles are
listed in table 1.7.
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Polymers Advantages
Natural Polymers Dextran Enables optimum polar interactions with iron oxide surfaces,
improves the blood circulation time, stability, and biocompatibility
Starch Improves the biocompatibility, good for MRI, and drug target delivery
Gelatin Used as a gelling agent, hydrophilic emulsifier, biocompatible
Chitosan Non-toxic, alkaline, hydrophilic, widely used as non-viral gene
delivery system, biocompatible, and hydrophilic
Synthetic Polymers  Poly(ethyleneglycol) (PEG) Enhance the hydrophilicity and water-solublility, improves the
biocompatibility, blood circulation times
Poly(vinyl alcohol) (PVA) Prevents agglomeration, giving rise to monodispersibility
Poly(lactide acid) (PLA) Improves the biocompatibility, biodegradability, and low toxicity in
human body
Alginate Improves the stability and biocompatibility

Polymethylmethacrylate (PMMA)  Generally used as thermosensitive drug delivery and cell separation

Polyacrylic acid (PAA) Improves stability and biocompatibility as well as bioconjugation

Table 1.70rganic natural and synthetic polymers used for, /@ coating”®

There is another coating, which is very commonifon oxide nanoparticles and

provides new surface functionalities: the silicatoag.

A sol-gel approach to surface modification
Silica is the most common compound for preparingcfionalized iron oxide

nanoparticles. This coating has three main advastdy

1. Stability is improved and interparticle interacon(magnetic dipole
interactions) are avoided.
2. FeQ@SIO nanoparticles possess good stability and dmocdompatibility
and are hydrophilic.
3. The technology for the synthesis of these nanocasitgmis already mature
and easy to control.
The process involved is a sol-gel reaction and rttesst common is the Stober
synthesi&”, also used in this project.
Stbber synthesis has been named after the sciartestdiscovered this reaction in
the ‘60s. In his work, “Controlled growth of monegerse silica spheres in the
micron size range”, he describes the synthesidioa sianoparticle starting from an
alcoholic solution of precursor.
This sol-gel synthesis is a two-step reaction: finsh step, an organosilane precursor
is dissolved in an alcohol/water solution in thegance of catalytic quantities of a
base like ammonia. In these conditions the precungdrolyzes. The second step
involves condensation of the hydrolyzed precursorforming spherical silica
nanoparticles.
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If this reaction is performed in presence of oth@nopatrticles, like iron oxide
nanoparticles, a shell of silica forms around them.

Figure 1.22 shows the Stbber synthesis in the poesef iron oxide nanoparticles.

OCHj,4 - R R R
A : R— Si—oH —uane_ | | |
—Si— ; —————» R—Si— HO—Si—O0—Si—0—Si—OH
-3CH;0H | -2H,0 | | |
OCHs L y T T
Silane
HOHC'?{OH
R \_/
Fr © R R, o— Sl O /R Iron Oxide NPs
FN i | Si
/S / b l
\Si | Si_ S o d Dom
/ \ O / OH HO C|>'-~ H H\ /H |’.] [
HO (o) \ o} A He } 0 O/H
\/L{ 0 .\(
() -2 H,0 VA :
hnd \_/

Figure 1.22Mechanism of the formation of a shell on iron oxidoparticles. The
firsts two steps are called Stober or sol-gel sysigi®

Here, the hydroxyl groups on the surface of iroldexanoparticles reacted with the
methoxy groups of the silane molecule leading ® fhrmation of Si-O bonds and
leaving the terminal functional groups (-R) avaiéab

The simplest organosilane which can be used fos thynthesis is TEOS
(tetraethylorthosilicate). However, there is oftdre necessity to have specific
functional groups on the surface, so that furtkaction can be performed.

In this case, precursor like APTES ((3-aminopradpigdhoxysilane) or MPTMS ((3-
mercaptopropyl)trimethoxysilane) provides —-NKnd —SH groups respectively
(Figure 1.23).

Surface exposed amino groups could serve, for ebeangs a reaction site for
terminal —COOH groups of a peptide to obtain bivaahanoparticles.

In chapter 3 of this thesis, the —SH groups of MFSTMoated iron oxide
nanoparticles serves as binding site for gold narimtes to create a multifunctional

magneto-plasmonic structures.
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Figure 1.23 TEOS is the most simple organosilane precursorStéber reaction.
MPTMS and APTES are used to obtain surface exptisetl and amino groups
respectively.

Besides functional groups, the new composite siractan have a different surface
charge with respect to iron oxide nanoparticles. TMB and TEOS coated
nanoparticles present negative charges at phystalogpH due to partially
unprotonated —OH surface groups. On the other BRKES gives rise to positively
charged nanocomposites due to partially protonatatho groups at physiological
pH.

Considering that iron oxide nanoparticles have wotential values (usually 0-10
mV in absolute value) at physiological pH, thecsilicoating, either performed with
TEOS, MPTMS, or APTES (or any other precursor) dagive rise to Z-potential
values up to 40 mV (in absolute value) thus cootimly to a determining
electrostatic stabilization.

Magnetic composite nanomaterials can have differeatphologies (Figure 1.24)

depending on the synthesis strategy or the deistmase'®

The most common is
the core-shell structure with an iron oxide nantpiar coated with a silica shell (also
indicated as Fe@IP@Si or FeEC(NP@SIO or Fe(NP@TEOS etc.). Other
interesting structures are matrix-disperse strastum which, similarly to this project,
more than one nanoparticles is embedded in theasihatrix. This type of
nanostructure is useful in bioseparation becausveixposed to a magnetic field it
migrates faster than a single core-shell structsmehe separation time is drastically

reduced?
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Figure 1.24 Different morphologies of nanostructured materi&@iie color is for
iron oxide, while red and orange are other non-raagmmaterials like silica or, for
example, gold®

The last interesting characteristic of silica-cdateanoparticles is that small
molecules, like fluorescent dyes, can remain embadd the silica shell if the

synthesis is performed in the presence of theseculds. At the end one obtains
fluorescent magnetic nanoparticles that can, foangde, be tracked using a
fluorescent microscop&®

This strategy will be used in this thesis in cha@gebut, as it will be shown, the

particles will be used for SERS measurements.

Common synthesis for magneto-
plasmonic materials

There’s a wide literature on the synthesis of mégpéasmonic materials, due to the
multifunctionality that makes them an attractivelsoin several fields. Earlier in this
introduction some of their applications in cancesearch were discussed. This
subchapter will focus on some synthesis strategfiesagneto-plasmonic materials,
in particular those made of gold and iron oxidethwattention to the different

morphologies which can be obtained.
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Core-Satellite structures

One of the most common hybrids Au-Re€ructures are of the core satellite type.
This structure possesses a single core surrounglethuitiple, usually smaller,
nanoparticles of a different material called sdtsl Core and satellites are linked
each other through covalent bonds or other supeoutar interactions. The core
must be bare or predisposed to functionalizatioth wihe opportune ligands for
satellites linking.

Due to numerous satellite nanoparticles, this sirecpossesses high surface area
and is particularly suitable for uses in catalysisfor high chemical/biochemical
loading. These structures are also the startingtor the synthesis of core-shell
particles.

The most common structure is FgDAu core-satellite because of the facile
synthesis of the iron oxide core (50-300 nm, sdlganhal route is preferred) and
subsequent chloroaurate chemical reduction to #ulP (2-20 nm).

A synthetic strategy, often used in literature, gists in using amino-functionalized
silica coated magnetic nanoparticles (APTES is wsegrecursor for silica shell).
Citrate stabilized gold nanoparticles, with thesgative charges, are electrostatically
attracted by —NK groups leading to formation of Fe@SIOG:@Au core-shell-
satellite structures (Figure 1.258}**

Another strategy involves the use of positive chdrgolymers instead of a silica
coating (Figure 1.25b).

Also small molecules can serve as linker betweenirttn oxide core and satellite
gold nanopatrticles. For example, the carboxylicugrof the amino acid lysine can
be coupled to FeOcore. The residual free exposed amino groups ses/e
attachment site foin situ formed gold nanoparticles in the presence of HAwDH
NaBH, (Figure 1.25c).

Better stability of core-shell-satellite structuess been observed when, instead of
electrostatic coupling between shell and AuNPgr@nger covalent bond is present.
In this case aminoacid cysteine was used to couplethe core, followed by gold

reduction with ascorbic acid!
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(A) 1. Amine-silica coating _ @ e 4
2. Anionic-AuNPs o
— &

@

Fe,O, Core NP 9 Ob
(B) 1. Cationic polymer coating
2. Anionic-AuNPs

(C) 1. Lysine coating
2. Anionic-AuNPs

Figure 1.25 Three different ways to produce core-shell-saglitructures via
electrostatic interactions: (A) amino-functionatizsilica; (B) polymer coating; (C)
lysine coating.

In this thesis, core-shell-satellite nanoparticlase synthetized using thiol

functionalized silica (MPTMS). This strategy progglstrong binding between the
gold nanoparticles and the shell via Au-S bondviBus studies demonstrated that
with MPTMS the shell surface coverage by gold namtges is as high as with the

amino functionalized precursor (Figure 1.28).
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- d

Figure 1.26 TEM images of silica nanoparticles after reactionth gold
nanoparticles. The silica nanoparticles were faomaiized with (a) 100%
AEAPTMS (N-(2-aminoethyl)-3-aminopropyltrimethoxysilane), (b)0% MPTMS,
(c)100% DPPETES (2-(Diphenylphosphino)ethyltrietygibane), and (d)
unfunctionalized. All scale bars are 10 riff.

Core-shell structures

Core-shell structures are different from core-shatkllite because, in this case, the
metallic core is completely covered by the shetlreds, teherefore, less exposed and
the surface area to volume ratio become smalldr rggpect to core-shell-satellite.
Structures like Au@FeQ core-shell particles are seldom investigated doe t
inactivated properties of Au core inside the iraide shell.

More frequent and useful are Fg@®Au core-shell nanoparticles because chemical
and optical properties of gold are still activesatihe synthesis.

Two principal routes are available for the synteesiie use of prefabricated core-
satellite nanopatrticles with subsequent gold radncand direct reduction on iron
core. In the first one, gold satellite nanoparsclen iron oxide cores serve as
nucleation sites for the reduction of the Au shveth Au®*" and a reducing agent.
Different reducing agents can be used and varylwgproportions between gold
seeds and HAuGlthe shell thickness can be varied. The other rguielves the
direct formation of gold shell on the iron oxidereoFor this, the iron oxide core has

to be modified with some functional groups thavseas template for Au nucleation.
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A common route is to synthetize magnetite nanoglagiby reduction of Fe(acaadh
presence of oleylamine and oleic acid stabilizerd then perform a typical gold
reduction. Just formed magnetite nanoparticles astsucleation centers for gold
and oleylamine provides the functional groups fisabing Ad* ions**

Apart these two, several other methods are availatslthe synthesis of Fe@Au

core-shell nanoparticles. Some of them are ligtadble 1.8.

Size and shape of Presence of  Thickness of Monodispersity
Fe O, core Reduction conditions Au seeds Au shell/nm of Au shell Remarks
50 nm sphere/cube HCHO + K,CO,; + HAuCl, Yes Controllable 1145 High
200 nm (length) HCHO + K,CO; + HAuCl, Yes Controllable 13.1-27.5  High
rice
258 nm sphere NH,OH + HAuCl, Yes 7 High Sonication in ice
bath needed
15 nm on silica HCHO + K,CO; + HAuCl Yes 30 High
nanosphere
18 nm sphere Na,S,0; + ascorbicacid + HAuCl; No 5 Low Rough Au shell
formed
5 nm sphere 1,2-Hexadecanediol + OAm + No 0.5-2.0 High
Au(CH1COO0);
25 nm sphere NH,OH + HAuCl, at pH 9-10 No Controllable 1-5 High
4.9 nm sphere Sodium citrate + HAuCl, No 15 Low
9-11 nm sphere 1,2-Hexadecanediol + OAm + No Inner: 1 Low
Au(CH3COO); outer: 8-10
10.5 nm sphere OAm + HAuCl, No 1.3 Low Non-uniform

coating observed

Table 1.8 List of different reaction conditions for synthesif FeQ@Au core-shell
nanohybridg*

Aggregates
FeQ-Au aggregates are structures in which iron oxidd gold nanoparticles are

randomly organized in space. With respect to thkertmagneto-plasmonic
typologies, aggregates are simpler to synthetidtmafjh some polydispersion can be
observed.

A method to obtain aggregates with some controltlem dimensions is that of
including AuNPs and Fe®IPs within polymers. An interesting example is fdun
the work by the group of Liz-Marzan where they walde to co-encapsulate gold
nanostars (AuNS) and small iron oxide nanopartiatsg poly(styrene)-block-poly-
(acrylic acid) (PS-b-PAAJ*® First, they separately synthetize iron oxide
nanoparticles and gold nanostar using a chemicérdhen, when water is added to
a THF mixture of Fe@NPs, AuNS and polymer, the aggregates form (FigL2e).
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Figure 1.27 Scheme of encapsulation process for A0 aggregates forming (left)
and TEM images at different magnification of aggtteg (right):*®

The synthesis of magneto-plasmonic aggregates nofdgold and iron oxide
spherical nanoparticles is the object of this thesnstead of using polymer or
chemicals to form aggregates, the driving forceoiwed in our synthesis was the
different electrostatic charges of F&Ps and AuNPS&' This methods allow to
obtain nanostructures without extraneous molecued, therefore, simple to

functionalize.

Other magneto-plasmonic structures

Multi-layer plasmonic nanostructures are a sortcoffe-shell structures, but with
more than two layers of materials.

As stated above, silica is a common coating fan mgide nanoparticles. A frequent
multilayer nanostructures consists on an iron oxioiee surrounded by a silica shell
on which, in turn, gold deposition is performed nfiimg the third layer
(FEQ@SIG@AU).

Another morphology is Fe@Au@SiQ in which satellite gold nanoparticles are
linked to the iron oxide core and then the wholetay is covered with silica. In this
case, silica stabilizes the core-satellite strgctlryes can be embedded in the silica
matrix to obtain SERS effect and/or fluorescentapemticles.

Reaction scheme for these two multi-layer strustiseshown in figure 1.28.
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Figure 1.28 Scheme for the synthesis of magneto-plasmonic #aylér
nanostructure§:!

Another less used but interesting morphology is te called dumbbell
nanoparticles. This system is composed of oneasode nanoparticle and one gold
nanoparticle, bonded together. Two strategies amnwnly adopted: the first
consists in deposit one iron oxide nanoparticle ome previously formed gold
nanoparticle, in the second the two nanopartiadlesamed at the same time.
Evolutions of dumbbell nanoparticles are nanofl@vétere one gold nanoparticle is
surrounded by more iron oxide nanoparticles (froto #). Figure 1.29 shows few
reactions for synthesis of dumbbell nanoparticied eonformation of nanoflowers.

a) 1. Fe{CO)y, 1-octadecene, oleic 'u ' )
(W) addand  oleylamine , 300°C
> v
2. Atmospheric air oxidation [ w .
Oleylamine-coated Nanodumbbells w
gold nanoparticles (6 nm) (6-17 nm)
Fe:Au=1:1 Fe:Au=25:1

b) Fe{CO),

decomposition Annealing . Annealing Q

Gold Core/shell Partially exposed Nanodumbbells ’
nanoparticles core/shell -/ %

) Fe(OL),, oleic acid, oleylamine & ’J .\_‘ . '
\J octadecene, reflux
- 'h
Gold nanoparticles '
(Synthesized by reducing Nanodumbbells Fe:Au=6;1 fFe:Au=10:1

HAuUCl; with tert-butylamine (6-17 nm)

borane complex)

111

Figure 1.29Synthesis of dumbbell nanoparticles (left) andaflamvers (right).
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The synthesis of these magneto-plasmonic matagai®t simple because reaction

times and proportions between reagents need tareéutly controlled:**

In figure 1.30, TEM images of different kinds of gmeto-plasmonic materials are

reported to have a better view of what they are.

50 0m_ 100 nm|

Figure  1.30 Representative TEM images  of:  core-shell-satellite
Fe;0,@polyaniline@Au nanoparticles using polymer as Ish@ and B);
FeOQ.@SIiO@Au core-shell-satellite nanoparticles (C); k@BIO@Au core-shell-
shell nanoparticles (D and E); polymeric aggregafé®QNPs and AuNPs (F)'!

Magneto-plasmonic nanosystems like dumbbell natiopes or nanoflowers are
interesting because denote the technical and ymthdvances in the control of
nanostructured materials.

However, in the design of magneto-plasmonic nartesys for biomedical
applications an efficient but simpler system is stmes preferred with respect to a
sophisticated but less efficient one.

Dumbbell, nanoflowers, nanoroses and multilayer meégplasmonic structures are
representative classes of nanotechnological deredap approaches. However, at
present, literature on nanotechnology cancer reBeseems to be more oriented on

core-shell or core-shell-satellite structures.
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Important goals of nanotechnology in cancer reseame active tumor targeting
nanostructures to obtain easy diagnosis, drug @®liand nanoparticle mediated
thermal therapies. These aims can be achievedmatineto-plasmonic systems with
core-shell and core-shell-satellite configuratibesause:
1. Their synthesis is relatively easier and well d&tabd than other magneto-
plasmonic systems.
2. Magneto-optical properties can be well controlleithveimple variations of
the reaction scheme.
3. Less complicated reactions and reproducibility midam more suitable for
large-scale productions.
One last consideration concerns the use of toxpotentially toxic chemicals during
the synthesis. Core-shell and core-shell sateligeally requires less synthetic
passages than others more complicated structuikdhes) often, means that the
number of used chemicals is restricted. Howeves thinot sufficient to ensure
complete non-toxicity when these structures rehelr final biomedical use.
For this reason, new synthetic routes, which rdasalso green chemistry rules, are
now an important goal.
One of the approaches that follow a green chemagiproach is the Laser Ablation
Synthesis in Solution (LASIS), since one can predgtable colloidal solutions

without using surfactants or other stabilizing ncoles.

The importance of being green: Laser
Ablation Synthesis in Solution

The growing interest for biomedical applications gbld and iron oxide
nanoparticles, lead scientists to think to new Isgtit strategies to avoid the use of
toxic or potentially toxic agents usually considefer chemical syntheses.

As widely discussed above, these nanoparticles comeontact with biological
entities ranging from cells to organs and for tleigson, every chemicals that could
show toxic effect should be avoided. Several waghsteps during synthesis are not
sufficient to guarantee the absence of unwantedeentds in the final product

because, apart from the procedure itself, due ¢ondmnoparticles high surface to
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volume ratio and reactivity, molecules could beaalded (chemically or physically)
onto their surface and released in a second moment.

Apart from laser ablation, other green synthetidhméologies for the synthesis of
gold and iron oxide nanoparticles use plants, famgi other microorganisms.

Gold nanoparticles have been successfully biosyiathee using plant extracts from
Aloe Vera'* Camphora leavé® and Trigonella foenum-graecutt?. Fungus like
Verticillium™’ or bacteria likePseudomonas Aerugind$dandRhodopseudomonas
capsulaté'® have also been used for the synthesis of AUNPs.

For the plant-mediated synthesis, enzymes like atedes, naphtoquinones,
anthraquinones, polyphenols and carbohydratestéea@reduce gold ion's?

In the case of bacteria-mediated synthesis, regdestgeptides or other proteins and
metabolites are responsible for the reduction ¢d.¢d

The same substances are implicated in the formatfomon oxide nanoparticles
using fungi like Fusarium oxysporumand Verticillium'®? or bacteria like
Magnetospirillum magnetotacticuandM. gryphiswaldensé".

However, the use of plants, bacteria or fungi toe production of nanoparticles
requires infrastructures and multidisciplinary teicll skills which are seldom
gathered in a single research group.

Laser Ablation synthesis in solution can avoid aldwe problem of a
multidiscipilinary research team because one doewed particular skills to work

with a laser source to perform laser ablation.

Laser Ablation assisted Synthesis in Solution (BASI

The ablation is a process of material removal ftbm surface of an object through
vaporization and erosion processes.

LASIS allows to obtain nanoparticles of differengtals in different solvents (often
water) in a relatively simple way.

The experimental set-up consists of a pulsed Esefdenses to focus the beam in the

proximity of a metal target immersed in a solutioside a vessel (figure 1.31).
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Figure 1.31LASIS for nanoparticles synthesis consists on lagullaser focused in
the proximity of a metal target immersed in a sotve

LASIS is a typical top-down method since the startinaterial is in its bulk form.

In LASIS method, nanoparticles are formed by thedemsation of a plasma plume
originated from the laser ablation of a metal taigemersed in liquid. Usually the
metal target is positioned out of the laser facugrevent local boiling of solvent.
Mechanism of laser ablation is still object of studlie to its complexity and the
short time in which it occurs.

Figure 1.32 shows the six fundamental passagedvewan the mechanism of
ablation by a single laser pulse. The whole processurs in less than one

millisecond.
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t<0 =010 7, t=10"?s to 10-'%
Pulse penetration Absorption of Detachment of the
in the liquid the laser pulse

Laser Pulse

Bulk Target
t=10"% to 107s t=10°%s to 10s t>10s
Expansion and quenching Expansion and collapse Slow growth and

of plasma plume of cavitation bubble agglomeration of NMs
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Figure 1.32Timeline of laser ablation process in the casesdfser pulse¥?

First, laser penetrates into the liquid. At thiaget of the process it is important to
consider that solvent can absorb laser light withresult that less energy reaches the
target. In the case of ablation using a 1064 nrerlasd water as solvent the
absorption is is negligible. To reduce the solvabsorption it is good practice to
have not more than 1-2 cm of liquid above the targe

When the laser pulse reaches the metal target,ipnoibn absorption and direct
photoionization occurs, leading to the detachménthe ablated material. Three
thermal processes are involved in the detachmematérial: vaporization, normal
boiling and explosive boiling. In ordinary LASiSjtivlaser pulses shorter than™10
s, the prevalent mechanism is explosive boilingvimich the material is superheated
above its critical temperature and expelled infdren of a plasma plume containing
highly ionized species due to high temperature phdtoionization. The plasma
plume is accompanied by emission of light and shasles.

From 10% s to 10" s the plasma plume expands and simultaneouslys atmin.
When the hot material inside the plasma plumesstartool, nucleation and growth
of metal nanoparticles take place. The coalescehtiee firsts small nuclei lead to
the final nanopatrticles.

After 10” s the plasma plume is extinguished and the emetggsed gives rise to a
cavitation bubble, which expands and collapsestemia second shockwave. In the
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last moments of laser ablation, after the collagfsihe cavitation bubble & 10%s),
nanoparticles undergo chemical surface modificatiém particular surface oxidation
can occur at this stage when water is the solvent.

LASIS usually produces almost spherical particlesduse, during nucleation and

growth processes the system minimize its surfaeeggmi®

Three are the laser parameters involved in theresqiocess: pulse wavelength,
energy and duration.

Regarding the wavelength, the use of laser liglat tould be absorbed by the
nanoparticles should be avoided because the almorgécreases the amount of
energy reaching the target. Since gold and irole@xianoparticles absorb UV and
visible light, the use of lasers in the near irdchrminimize the absorptions.
Furthermore, if nanoparticles absorb laser ligheythcan undergo further
modifications. In particular, depending on the gimoénergy, photofragmentation or
nanoparticles melting occur. The first lead to dematanoparticles, the second lead
to bigger ones. For AuNPs this happens in particufang a 532 nm laser light,
because this wavelength is near to the maximunmaag resonance at 520 nm (for
nanoparticles with20 nm diameter)>*

Increasing of pulse energy influences the amourdbtéted materials but also the
morphology/dimension of obtained nanoparticles. dBativity increases almost
linearly with pulse energy. With high energy pulsesiltiple mechanism of material
detachment occurs simultaneously (like fragmematiexplosion, boiling and
vaporization) and nanoparticles with a non-homogesesize distribution are
obtained. Usually, with low fluences, smaller naartigles are obtained while high
fluences causes the formation of bigger and ir@gu&noparticles.

The pulse duration has his effects in particularnamoparticles size distribution.
With ns laser pulses, like in this thesis projebe pulse and the plasma plume
coexists for a certain time and part of the las@rgy is transferred to the plasma
plume increasing its temperature, pressure antniiée As a consequence melted
drops of the target ejected in the plume have mighance to vaporize, leading to
more homogeneous plasma plume. After cooling, nartigtes with sharper size

distribution are obtained with respect to fs andassr pulse$®
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Gold and iron oxide nanoparticles obtained with LRS

During plasma plume expansion several species caicipate to chemical
reactions. This reactivity is promoted by the pnegeof both solvent and metal
excited species in the plume boundary as well a&setktreme temperature and
pression reached inside the plume®*(®@and 16%10° Pa in an ordinary LASIS).

Gold nanoparticles synthetized with LASIS usingevats solvent are well known to
be stable for long times without the use of anyistang agent due to their high
negative surface charge. This is due to a parti@adion of the surface, of the order
of less than 10%, caused by the ablation procesH.it

In fact, XPS and FTIR experiments have evidencedpitesence of Au(l), Au(lll)
and Au-O-Au species on the surface of LASIS syiitkdtgold nanoparticle$>!#
The interaction between Au-O-Au bridges and negaibns in water like hydroxyl
and chloride are supposed to be responsible offdimations of Au-O species
according to following reactions:

Au-O-Au + CI —>Au-0O + AuCl

Au-O-Au + OH —> Au-O+ AuOH

The presence of chloride or hydroxyl ions in sa@atcan therefore increase negative
charges on AuNPs surface thus preventing theiremgdgion.

Clearly, in the case of charge-stabilized nanoglagj the ionic strength of the
solution plays a key role in the colloid stabili;d one needs to find the right
balance between salt concentration and NPs stabilit

Previous works in the laboratory in which this ieesas developed, found that this
balance is realized when AuNPs are synthetized Na&l 10° M water solution
because in this conditions one obtains a high peésige of spherical particles with

dimension ranging from 15 nm to 20 nm (Figure 183)
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Figure 1.33 LASIS of AuNPs at different concentrations of Na@). UV-Visible
spectra of gold nanoparticles at different NaClasonrations: OM (1) 1M (2) 10

M (3) 10°M (4) 10°M (5) 10°M (6) and 10‘M(7). Inset graph reports absorbance
values for all solutions. B)Percentages of sphenm@moparticles obtained as a
function of NaCl concentration. C) Mean diameteobfained AuNP as a function of
NaCl concentration®

Clearly, increasing NaCl concentration, the electtiouble layer collapse and
particles aggregate and precipitate.

With LASIS, AuNPs with diameter between 15 nm abdchinh are obtained when the
synthesis is performed in water while in organilveots dimensions varies between
5 nm and 10 nm. They are mainly spherical with |[mvcentages of spheroids and

with a polycrystalline structuré>*

Iron oxide nanoparticles are synthetized by albdpéirpure Fe metal target in water.
Also in this case reactions with water occurs.

Fe reacts with oxygen giving a mixture of oxidé®lmagnetite (R©,), maghemite
(y-Fe03), hematite ¢-Fe03) and waustite (FeO). Fe reacts with water givingpal
amorphous hydroxides or mixed oxide-hydroxide phase

Iron oxide nanoparticles produced with LASIS in @&ratonsists of multiphase
polycrystalline spherical NPs embedded in an anmmrphhydroxide phase with

dimension of ca. 25 nm.

73



Chapter 1

FeQO; NPs are mainly composed of magnetite (75%), heen§2i2%), wustite (ca.
2%) and Fe (0) (ca. 1%) and shows superparamagdredtaviour.

Once the amorphous phase is removed with an a@@dtntent, iron oxide
nanoparticles possess charge stabilization, whicles with the pH of the solution
(see subchapter “Iron oxide nanoparticles — Chdrpicgerties”)?3127128

Laser ablated Fe@Ps, like AuNPs, can remain stable for months astogk

solution.

Gold and iron oxide nanopatrticles can be produ¢salia other solvents, but in this
case, other phases can forms. As an example, fig@% shows TEM images and

phases of AUNPs and Fg@Ps synthetized with LASIS using various solvents.

Dimethyl- Tetra- Dimethyl-
formamide | hydrofuran | sulfoxide

) - Q )
H/ \H /\OH HyC—=—=N H)J\N/ < 7 /E\

Toluene
CH,

= Water Ethanol | Acetonitrile
2

[ e== Target

Au y i Y, \ =¥ : s \', 4 " X . : ‘
Metal Au | Metal Au/
Graphite

Fe : e H : 9 A e 3 .‘
o | ‘ e N e A

Fe;0,Fe,0, Fe;0, Fe;0, Fe;0, Metal Fe/ | Metal Fe/ |Fe-Carbide/|
Fe(OOH), FeCy Carbon Carbon Fe;0, Carbon Graphite

Figure 1.34 LASIS of Au and Fe target in different solventsdda nanoparticles
with different compositiori?®

To conclude this brief outlook on laser ablationtsgsis in solution, some pros and
cons of this technique are reported. The main gres
1. LASIS allows to obtain nanoparticles of differentaterials in different
solvents simply changing the metal target. Theupetemains the same and
usually only minimal variations of parameters asguired. Due to its
versatility, there are few companies providing ooszed nanoparticles
produced by LASiS?
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2. LASIS method does not necessarily require the fishemicals and wastes,
if any, are minimal. For this reason is a sustdmahnethod which also
respects green chemistry principles.

3. Since the set-up is minimal and no expensive chanaie used, it can be
considered a low-cost method. Manual operations ase significantly
reduced with respect to chemical methods. Thederksafacilitate also the
reproducibility of the synthesis.

4. One-step functionalization is possible eithesitu (during the ablation) ogx
situ (after the synthesis).

5. The absence of chemicals during the synthesis bBadabsence of any
stabilizer on nanoparticles surface make LASiSntost suitable method for
the production of nanoparticles for biomedical aggilons.

However, LASIS has also its cons:

1. Although gram scale production has been repditéguch productivity is, at
the moment, not comparable with that of wet chemisgnthesis.

2. The control of size distribution is lower than atleynthetic methods and
only spherical nanoparticles can be obtained.

3. Since LASIS is a relatively young technique, a gehgrocedure for

nanoparticle production is still absent and evabyhas its own procedures.

Aim of this thesis

The aim of this project is the synthesis, char&aéon and application in
nanomedicine of magneto-plasmonic nanostructures.

The work is divided in two parts.

In the first one (chapter 2) magneto-plasmonic s#aootures are obtained
aggregating gold and iron oxide nanoparticles inaaocluster (AuFe@dIC). The
peculiarity of these aggregates is that no chesniaed used to bond nanoparticles to
each other and aggregation is controlled by opegain the opposite surface charges
of AuNPs and FePs. By controlling the amount of AuNPs and RHes,
nanoclusters with both good SERRS and superparatiagmoperties are obtained.
To show the applicability of these nanostructuresiFeQNC are incubated with
murine macrophages which, after being mixed withentmacrophages, can be
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magnetically guided in solution by sorting theml@ss than 10 minutes. SERRS
analysis at single cell level demonstrates thatodlasters are active also in
biological environment and allows the identificatiof cells.

In chapter 3, the synthesis of a different and megjied nanosystem is reported. In
this case a magneto-plasmonic nanosystem with e-stwll-satellite (CSS) type
architecture is obtained. This nanosystem is oppety designed to minimize
aspecific interactions with cells and it is funcidized with an antibody (D2B)
specific for an antigen (PSMA) which is expressgdpbostatic cancer cells. CSS
nanostructures show also good SERRS propertieskshan gold satellite
nanoparticles while magnetic characteristics aneergiby a core of iron oxide
nanoparticles.

Their efficiency, in targeting and selection, i9aim for PC3-PIP cells, positive for
PSMA, and compared with PC3 cells, negative for RSWhe quantitative results
show, at picomolar concentrations, a sensitivitp&¥o and a specificity approaching
100% with an overall accuracy of 98%.

CSS nanostructures are then used in plasmonic thleotoal treatment of cancer
cells showing viability close to 0% for PC3-PIP Isebnly after few minutes of
irradiations, while viability of equally treated BCells remains unaltered.

With these features, CSS nanostructures can beetdiedi complete theranostic agent.
Moreover, both AuFe©@QNC and CSS nanostructures are synthetized stafrimg
laser ablated nanoparticles and, therefore, aree msaitable for biomedical use

thanks to the enhanced biocompatibility of lasdatall nanoparticles.
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Chapter 2

Gold and iron oxide nanoparticles
aggregates for cell guiding and sorting

In this chapter the synthesis of magneto-plasmaggregates and their application
in cell guiding and sorting is presented. Theseeggies show both plasmonic and
magnetic properties and are obtained combining smgle nanostructure gold and
iron oxide nanopatrticles.

AuNPs and Fe@NPs are combined in a single nanocluster (AufRED) without
using any condensing material but only thanks &ir thative surface charges.

Both gold and iron oxide nanoparticles are firspagately synthetized by laser
ablation synthesis in solution. The process its&df,explained in the introduction,
produces charged nanoparticles. These surfaceaeharg also responsible for the
stabilization of the colloidal solution.

After synthesis, aggregation of gold nanoparticgke®btained with centrifugation
method. This is an important step because aggoeghdads to the formation of hot
spots, useful for SERS. Moreover, the absence ¢déeules on NPs surface enhances
the possibility of having reporter molecules in lspbts and therefore larger SERS
signals are obtained. Aggregation between AuNPs Fe@NPs is controlled by
mixing the two solutions at appropriate pH. In facshould be recalled that pH have
influence on the surface charges of nanoparticles.

In this step, varying the proportions between goid iron oxide nanoparticles, one
can enhance preferentially plasmonic or magnetpgnties of AuFe(NC and this

is useful for different applications for which thanostructures can be designed.
The nanoclusters described in this chapter have bpgmized for SERRS imaging
of macrophage cells and macrophage guiding witlagnatic field.

Macrophage cells will be used to show that superpagnetic properties of
AuFeONC are useful for their sorting when they are miweth other cells. On the
other side, plasmonic properties are useful for roftage identification with
SERRS effect.

Macrophage cells are of great interest in nanoniregli¢ because they can migrate
into tumor lesions. The possibility of guiding themith a magnetic field and to
detect their presence with SERRS spectroscopy altovexploit them as a “Trojan
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horse”. In this way, AuFe@IC can be delivered at tumor site, to improve tumor
detection, and to apply hyperthermia therapy.

Synthesis of AuFeOnanoclusters

Svynthesis of gold and iron oxide nanoparticleshaaer Ablation

Gold and iron oxide nanoparticles are separatehthgfized with laser ablation
synthesis in solution. LASIS is obtained by simfggusing laser pulses (6 ns, 50 Hz,
1064 nm) of a Nd:YAG (Quantel Brilliant 50) on arpy99,999%) gold or iron plate
under water at room temperature and pressure.

Pulses with a fluence of 1.2 J érare used to obtain gold nanoparticles in a dilute
NaCl (10° M) solution in double distilled (dd) water. Sodiwhloride stabilizes the
colloidal solution (see also subchapter “The imgace of being pure: Laser
Ablation Synthesis in solution” in introduction)ytoit is also one of the components
most present in biological environments.

For iron oxide nanoparticles, fluences of 1.5 J°omere used and the synthesis is
performed in pure dd water.

As discussed previously on the introduction, iroide nanoparticles obtained with
LASIS possess a small fraction of amorphous hydiesi The amorphous fraction is
removed in a post-synthesis phase using a procedeveloped in the hosting
laboratory> HCI was added to a 0.024 M final concentration #reh the solution
was heated at 60° C for 60 minutes under constaming and then stored. The
acidic pH of the solution was neutralized in a secmmoment during the assembling
with AuNPs (see below), using NaOH. Total iron camication was determined
using o-phenanthroline methddBriefly, iron oxide nanoparticles (0.5 mL) are
dissolved with 2.5 pL of concentrated30, at 90°C for 1h. Then pH is adjusted at
about 4.5 with NaOH 0.03 M and 1 mL of acetic andlium acetate buffer (pH 4.5)
is added. 50 uL of 0.1 g miLhydroxylamine hydrochloride are added to reduce
Fe(ll) to Fe(ll). After 10 minutes, 250 pL of arhg mL* of o-phenanthroline
solution and acetic acid/sodium acetate buffertsmitare added to a final volume of
5 mL. Absorbance at 510 nm gives the amount of HH (sing
(NHj).Fe(SQ),*6H,0O (Mohr's Salt) for the calibration curve. An appiate

concentration of iron oxide nanoparticles is cated using magnetite bulk density

92



Chapter 2

(hematite has a very similar density), and f¢® mean diameter obtained by TEM
images.

AuUNPs size and concentration in the colloidal sotutire determined by fitting their

UV-Vis spectra with a software developed in thetimgsresearch group.

Au molar concentration can be calculated using Asildi?erage diameter obtained
from the fitting and the density of the bulk maaéri

Assembling of the nanostructures and their labelintty a SERS reporter
AuNPs and FeNPs nanoclusters were obtained with different Aud drfe

concentrations. Those useful for experiments wallscreported here, are those with
1:3.5 molar concentrations of Au and Fe.

The assembling was performed using a gold nangpasplution with an AuNPs
concentration of 2:90° M and Au concentration of 7#° mg mL', and a
FeQNPs solution with a Fe concentration of 615 mg mL* corresponding to a
FeQNPs concentration of 2B)° M. Molar concentration of Fe has been
determined with o-phenanthroline method and confirmed with ICP-MS
measurements while nanoparticles concentration ble@h calculated considering
FeQNPs with a particle size distribution like the dandigure 2.1 D, obtained from
TEM analysis of nanopatrticles.

Before proceeding with the assembling of nanodadjcAuNPs were aggregated
with centrifugation method in order to form the Ispiots between particles. AUNPs
were mixed with a solution of NaOH (0.01 M) in tpeoportions of 1:1.5 (v/v)
respectively and then centrifuged at 121@Gor 20 minutes. Supernatant were
removed and particles were suspended in dd watercomplete the aggregation,
another centrifugation cycle was performed at 12368 20 minutes and then, after
supernatant removal, nanoparticles aggregatessuspended in dd 4.

SERRS labeling of aggregated AuNPs was performexlguthiol-functionalized
Texas Red (TR-SH) as SERRS repoft®80uL of a 36uM solution of the dye were
added to gold nanoparticles aggregates. After LlNPs were centrifuged and
supernatant was removed and replaced with gl H

AuFeQNC were assembled adding dropwise fé¢Ps at pH=2 to functionalized
AuNPs aggregates at pH=12 until neutral pH wa®redt
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In this solution, NaCl is present but it is presaiso in the solution that will be used
for incubation with macrophages. After 1h, parscleere centrifuged, supernatant
was removed and AuFe@®C were suspended in dg®lL

AuFeONC were stabilized adding bovine serum albumin (B&Aa concentration
of 2.7 mg mL. Beside stabilizing gold and iron nanoclusters,ABS also a
component for the incubation with macrophages.

AuFeONC were left at rest for one night and then cemgéid (1210@, 20 min) and
dispersed in bidistilled water.

Functionalization with methoxy polyethilene glyctiliol 5000 Da (mMPEG-SH),
which is used to give stealth properties to nartapes, was performed adding a 1.1
mg mL* solution of the polymer to AuFglC solution.

After 3h the solution was centrifuges, supernataas removed and AuFgRC

were dispersed in dd.BD.

Macrophage labeling and sorting

Experiments with macrophages were performed inaudp@&®AW 264.7 macrophage
cells for 24h with a solution of AuFeRC at a final concentration of Fe, in the
wells, of 0.18 mg mt. We verified that this incubation time and concation allow
us to perform a complete sorting in less than lffutes.

After incubation time, cells were washed multipfads with phosphate buffer saline
(PBS) solution to remove nanoclusters in excessthed collected in a vial with
PBS.

The magnetic cell sorting was performed in 10 nmesyplacing the vial in contact
with a commercial magnetic particle concentratoyr(&@ MPC-L, Invitrogen).

Sorted cells were separated from unsorted oneshemdboth were deposited in two
different polylisinate slides for 1h. For cell fikan, a 4% paraformaldehyde solution
was added and, after 30 minutes, all slides weshadwith PBS and dried.

Instrumentation

UV-vis spectra of the preparation were registered 2 mm quartz cuvette using a
Varian Cary 5000 UV-vis—NIR spectrophotometer. Focro-Raman measurement
we used a Renishaw inVia micro-Raman instrumertt @i20x objective and the 633
nm line of a He—Ne laser with an output power dd41mW. SERS spectra in

solution are recorded in a 2 mm quartz cuvettegusirbx objective and a He-Ne
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laser with a power, on the cuvette, of 1.5 mW. D&l Z spectroscopy were
performed with a Malvern Nano ZS instrument equippéth a 633 nm He—-Ne
Laser. For transmission electron microscopy (TEM) recorded the images at 100
kV with a FEI TECNAI G2 microscope. The samples fOEM analysis were
prepared by evaporating AUF@QC suspension mixed with a solution of PVA, to
avoid aggregation during evaporation of the sohytan a copper grid covered with a
holey amorphous carbon film. Metal concentratiofnihe final preparation were also
determined by ICP-MS measurements performed withAgilent Technologies
7700x ICP-MS. Calibration solutions were prepargdgbavimetric serial dilution
from multielement standard solutions at suitablacemtrations. Microwave acidic
digestion was operated according to EPA 305 B pmitior nanoparticles® with a
CEM EXPLORER SP-D PLUS. Flow cytometry was perfodmesing a BD
FACSCanto flow cytometer.

Results

Svynthesis of gold and iron oxide nanoparticles

The colloidal solutions of gold and iron oxide npadicles are stable thanks to
surface charges arising from the ablation prodss# i °**

FeQNPs produced by LASIS are mainly composed of maignetvith minor
fraction of hematite, wustite and amorphous matetia® They show good
superparamagnetic behavior (Figure 2.1 B) and anntkameter of 25+11 nm
(Figure 2.1 C) with a typical distribution showed figure 2.1 D. Z-potential
measurements show values of about +40 mV in asidligtions, which determines
good stability of these nanopatrticles.

Typical UV-Vis spectra of laser ablated AuNPs igared in figure 2.1 F and show
a surface plasmon resonance located at 520 nnmg~if this spectrum with the
Mie-Gans theory provides mean diameter, concentratand sphericity of
synthetized AuNP3.In the case of the spectra in figure 2.1 F, ortaiob an AuNP
concentration of 5:20° M with 70% sphericity and a mean diameter of at®ut
nm, which is in good agreement with TEM images afNRs (figure 2.1E). Z-
potential measurement performed on laser ablatEdrgmoparticles show values of

more than -30 mV, which guarantees their stahititgolution.
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Figure 2.1 (A) Cartoon representing Laser Ablation SynthdsisSolution. (B)
Magnetic response of FgRPs with a permanent magnet. (C) TEM image of
FeONPs synthesized with LASIS (D) size distribution BEQNPs from TEM
analysis. (E) TEM image of AUNP synthesized withSi8. (F) Absorption spectrum
of AUNP with LSPR located at 520 nm.

Synthesis and characterization of Aukefanoclusters

Aggregation of AUNPs by a controlled centrifugatimeates the so called hot spots,
namely, structures in which the electromagnetild fie enhanced. Molecules within
hot spots show SERS activity.

Although LASIS generated AuNPs repel each othenkbdo high negative surface
charges, the highyg values generated by the centrifuge are able tacowee
electrostatic repulsive forces until Van der Wastsactive forces prevails, according
to DLVO theory*?

Besides gold nanoparticles aggregation, SERS pediace of the nanostructures is
improved using a SERS reporter which is in resoeamith the laser excitation (we
used in particular the laser line with wavelendtl®33 nm), so these aggregates are
optimized for SERRS.

The SERRS reporter used in this work, Texas Rednstionalized with a thiol
group (TR-SH, figure 2.2 ¢ and d), which quicklynd$ to the surface of gold
nanoparticles. AuNPs aggregates functionalized Wig-SH give high SERRS
signals (figure 2.2 e). In figure 2.2 a, TEM imagjea gold nanoparticles aggregate is
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reported. The aggregates consist of 10-20 AuNPIs ant overall size of about 60-
100 nm. The UV-Vis-NIR spectra (figure 1b) show tigpical two characteristics
plasmonic peaks of aggregated gold nanostructuittssome plasmon at about 520

nm, and a broader one at 650-750 nm.
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Figure 2.2 AuNPs aggregates functionalized with TR-SH: (aMTl'Enage of gold
nanoparticle aggregates and (b) their UV-Visibl&Mpectrum. (c) Thiolated Texas
Red used for functionalization of AUNPs and (d)uts Visible spectrum of a 3pM
solution. () SERRS spectra of labeled AUNPs aggest’

Gold and iron oxide nanoparticles show Z-potentél opposite sign and the
electrostatic interactions between the two typepanticles drives the formation of
AuFeQNC. Nanoclusters can be obtained simply by mixhrgttvo solutions.
Varying molar proportions between the two nanophasi, one can enhance either
magnetic or plasmonic properties. We found thatlitain both good SERRS signals
and magnetic properties, Au:Fe molar ratio mudbdteveen 1:1 and 1:3.5.

In this work we consider aggregates with Au:Fe madéio of 1:3.5.

Before mixing the two solution, NaOH at a pH=12acded to gold nanoparticles
aggregates. The amount of NaOH added is necessamutralize the acidic pH of
iron oxide nanoparticles solution. One hour aftexing, the synthesized AuFgRC
were washed and concentrated by centrifugation.

Z-potential measurement performed on AufdO show values of about -5 mV,
which is in agreement with the neutralization ofNRs and Fe@NPs charges. With
such small Z-potential, nanoclusters rapidly fldate, but the phenomenon is

reversible with a weak sonication.
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Dynamic light scattering (DLS) measurements pergnon AuFe(NC show
aggregates with average size of 150-200 nm.

Due to the low Z-potential, these nanostructuresdn® be stabilized. For this
purpose we used bovine serum albumin (BSA), becaoagng of the NPs surface
with an inert protein like BSA, also used in follimg incubation with cells, helps to
reduce the aggregation process significalftl}?

After BSA addition, the solution is stored overrighhe next day, AuFe®IC are
centrifuged to remove protein in excess and susgkind PBS solution. In the last
step one also add mPEG-SH, which saturates alladlaifree sites, if present, on
gold nanopatrticles. The preparation is stable fontins.

The whole procedure for the synthesis of AufidO is sketched in figure 2.3.

1064 nm
<) Lo 6ns Laser
‘s pulses
6 50 Hz
AuNP aggregation Iron Hydroxide
by centrifugation removal

SERRS Labeling] 4~

& + &

AuNP and FeOxNP aggregation

_—

Figure 2.3 Steps for the synthesis of magneto-plasmonic AyR€functionalized
with Texas Red as SERRS label, BSA and mPEG=SH.

-
’
v

The UV-Visible-NIR spectrum of AuFe®C is reported in figure 2.4 a. Here one
can observe the surface plasmon resonance ped®0at00 nm, typical of gold
nanoparticles aggregates as seen before. Contmibwifi FEQNPs is observed
between 450 nm and 300 nm, where these these Ndesbab(see inset graph in
figure 2.4 a) and contribution from BSA and mPEG-&i be found only below 300

nm.
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In figure 2.4 b, typical SERRS signals of Texas Ra@ shown. Comparing
intensities of the peaks with those on figure 2.8re can see that intense signals are
present also in AuFgONC, confirming that hot spots of AUNPs are consdralso
when assembled with iron oxide nanoparticles.

One representative TEM image of AURST is shown in figure 2.4 ¢ where one can
see how gold nanoparticles (the darker ones) amd axide nanoparticles are
arranged within a nanocluster.

Z-potential measurement performed on BSA and mPBHGH8nctionalized
AuFeQNC showed values of -5mV, like for uncoated nanstets. This highlights
the importance of BSA and mPEG-SH coating for thbiszation of AuFe@NC.
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Figure 2.4 (a) UV-Vis-NIR spectra of synthetized AuRCC functionalized with
TR-SH, BSA and mPEG-SH. Inset graph show absorptiofreQNPs in acidic
solution and explain small wavelength absorptiodoFeQNC. (b) SERRS spectra
of AuFeQNC+TR-SH+BSA+mPEG-SH showing typical Texas Red pe&k TEM
image of AuFeGNC .

To investigate the magnetic properties of AuRdOs the solution was placed in the
proximity of a NdFeB permanent magnet (figure 2.5naonitoring the variation of
the absorption spectrum of the solution in time.

For this purpouse, a quartz cuvette with 10 mmacappath is filled with AuFe@NC

solution and placed in proximity of NdFeB magndike cuvette with magnets is
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placed inside a UV-Visible spectrometer and thst fapectrum was recorder at the
initial state { = 0). As the time increase the absorbance decrehseso particles
migration toward the magnets. At tinhe= t;;, the absorbance is half of its initial
value, meaning that half of AUFeRC have been attracted to magnets (figure 2.5 b).
Monitoring the absorbance at 450 nm, spectra walteated every 5 minutes for 200
minutes (figure 2.5 c). Absorbance at 450 nm waseh because both gold and iron
oxide nanoparticles absorbs at this wavelengtheda than 100 minutes, almost all
AuFeQONC are attracted to magnets, as can be obsenfegine 2.5 c.

Comparing the three spectra taken at titne$), t = t;, andt = 200 min (figure 2.5

d), one can conclude that the assembling of gold iaon oxide nanoparticles

)“
=0

occurred for all the nanoparticles.
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Figure 2.5 (a) Picture showing the response of AuRldO when a magnetic field
gradient is applied. (b) A 10 mm quartz cuvetteontact with magnets is filled with
AuFeQNC. As the time increase, the absorbance decredsesto particles
migration. (c) Graph showing absorbance at 450 rersus time. Spectra are
collected every 5 minutes for 200 minutes. (d) @ramporting spectra of
functionalized AuFe(NC in three representative moments of their migratithe
beginning of the experiment € 0, black spectra), when absorbance is half ef th
initial one ¢ = ty,, red spectra) and when all particles have beeactd { = 200
minutes, green spectrs).
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In fact, in these spectra, one can see absorpbiogsld and iron oxide nanopatrticles
decreasing in the same proportions, as time ineseabhis shows that in all the
attracted nanoparticles there were both magnetigpEsmonic nanoparticles.

The magnetophoresis of iron oxide nanoparticlelqund is strongly dependent on
nanoparticle sizes. In particular, bigger nanopkasi migrate toward magnets faster
than smaller one¥. The same considerations can be made for AyNEOwhere
faster kinetics, with lowetr,, were observed with larger aggregates containiagem

iron oxide nanopatrticles.

In vitro application

Since AuFe@Q NC showed good magnetic and SERRS propertiesowsidered the

possibility to load murine macrophage cells typeVRR64.7 with the nanoclusters.
As recalled above, macrophages loaded with a magilasmonic system like
AuFeONC can be used for theranostic application.

We first incubated machrophages with AuRRQO (figure 2.6 a).

633nm

~ 1500 1600 1700 1800

Raman shift (cm’)

Figure 2.6 Scheme with experimental passages for machrophalgeling and
sorting. First machropages are incubated with AyRgD(a) and then sorted (b).
When focusing a 633 nm laser on a single cell, Rasp&ctra of TR-SH is obtained,
confirming the internalization of AuFe®C (c)

In order to obtain a population of cells with aisfactory particles loading, cells

were sorted for 10 minutes using a commercial miagparticle concentrator (figure

2.6 b) and deposited on a glass slide.

SERRS analysis were performed on single cells (@&gu6 c) using 633 nm laser line
with an output power of 1.54 mW and 20x magnificatiSpectra on more than 100
cells were acquired looking for the most intengmal of Texas Red at 1505 ¢m
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Histogram in figure 2.7 shows signal intensitiestrtution at 1505 cthvs number

of cells.

The presence of TR-SH Raman signals in all sorddld confirms the uptake of
AuFeONC and that nanoclusters show stable SERRS si¢gmb#ter their inclusion
within cells.

To show that quantitative cell guiding using a netgn field is possible, we
performed an experiment in which AURLL loaded macrophages were sorted after
being mixed with non-treated macrophages.

After 24 hours incubation with nanoclusters, celere washed multiple times with
PBS and treated with carboxyfluoresceinsuccinimiester (CFSE), a fluorescent

vital dye.
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Figure 2.7 Histogram showing signal intensities distributiaanumber of cells. The
TR-SH signal was detected in all cells confirmimg tpresence of functionalized
AuFeOxNC inside the celf$.

Then, NC loaded and stained cells were mixed inakeguoportions with other

macrophage cells which had not undergone any tesdtm

Flow cytometry analysis is used to determine theg@age of the two populations
of cells in the mixed solution. Figure 2.8a showwfl cytometry with relative

percentages of treated and untreated cells bdfermagnetic sorting.

The solution containing the mixed cells is thencpth in the proximity of a

commercial NdFeB particle concentrator for 10 m@&sutn order to separate NC
loaded and stained cells.

Flow cytometry shows that 95.6% of cells incubatedh AuFeOxNC were

magnetically sorted (Figure 2.8b), while unsortediscwere found to be those

untreated (Figure 2.8c).
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We verified also that the small amount of unsodells is due to mechanical mixing
occurring during magnetic separation.

This experiment highlights the efficiency of AURT in magnetic cell guiding in a
solution where other cells were presents.

It should be noted that usually such magnetic iefficy is obtainable with

commercial magnetic beads with sizes in the ordemiacrometers. In this case,
AuFeONC aggregates have sizes between 150-200 nm, pctadaller with respect

to commercial ones.
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Figure 2.8. Performance evaluation of magnetic cell sortinglow cytometry. (a)
RAW 264.7 macrophages incubated with AuFeOxNC aadkad with fluorescent
label CFSE mixed in equal proportion with untreat@@crophages. (b) Flow
cytometry showing that 95.6% of magnetically sortedls were those incubated
with AuFeOxNC. (c) Flow cytometry of unsorted celiows that macrophages
treated with AuFeOxNC are practically abskht.

Furthermore, AuFeC showed good labeling properties thanks to higiRBS
signals. SERRS measurements showed that typicebHRignals were present on

sorted celld?

Conclusion

Magneto/plasmonic nanostructures are of partigatarest in nanomedicine because
allows cell manipulation and identification usingly one system. However, their
synthesis is often complex and require more passagh several purification steps

due to chemicals required for synthesis.
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In the present case, AUFQQC are synthesized from laser ablated gold and iron
oxide nanoparticles and assembled exploiting tfferdnt surface charges of the two
nanoparticles.

The absence of chemicals to stabilize just syrgbdtnanoparticles or to assemble
the nanoclusters makes AuR®Z simple to produce and suitable for use in
nanomedicine.

Magnetic and plasmonic properties can be tuned ndkpg on the needs simply
changing molar proportions between nanoparticleEMTimages and DLS
measurements show nanoclusters with dimensionsketd®50 nm and 200 nm.

We observed that SERRS and magnetic propertieshef nanoclusters were
maintained also after the assembling and use fibmenipulation. Micro-Raman
measurement performed at single cell level showgld 8ERRS signals, confirming
the possibility to perform imaging on sorted cel&CS experiment showed that up
to 95% of cells incubated with AUFRIC can be sorted in solution in less than 10
minutes.

The work presented in this chapter has been pualigh2014:
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FeONP@dye-doped Silica@AuNP
Core-Shell-Satellite nanostructures

In chapter 2 the synthesis aim vitro application of AuFe® nanoclusters was
shown. Thanks to a good internalization in machagghcells, an efficient magnetic
guiding and cell identification was possible.

However AuFe(NC suffers of some limitations for their use witkells. In
particular, the absence of targeting ligands (lé@ibodies) does not allow the
selection of cells and their identification.

With macrophages a targeting ligand is not necgsbacause their biological
function is to engulf particles, debris, foreigrbstances, cancer cells etc. that could
be present in blood and for this reason Auf¢O©in solution are easily phagocyted.
However, aim of this thesis is the synthesis ofasémictures for magnetic sorting of
specific cancer cells and their photothermal tresttmTo achieve this goal with a
nanostructure, the use of targeting ligands is s&g.

The use of antibodies in nanostructures for actargeting techniques has been
widely discussed in the introduction of this thesis

After the experiment with macrophages we tried impmagnetic sorting of
prostatic cancer cells using antibody functionaliz&uFeQNC. Unfortunately,
although antibodies were present on nanoclusteffacgy the system was highly
non-specific and both prostatic cancer cells antrobcells were equally targeted.
Non-specific interactions between nanoparticles eglts can depend on different
parameters which are still object of stddy.

These observations lead us to think that AufNEO were not suitable to perform
immunomagnetic sorting of cancer cells, even ifytheere very efficient in
macrophage guiding and imaging. Therefore, a diffenanosystem, with different
characteristics was engineered, always with magplegmonic properties.

Like in the previous chapter, here we present §hehgsis of magneto-plasmonic
nanostructures with a green approach following gheen chemistry prescriptions
and based on the laser ablation of bulk materralwater at room temperature and
pressure. The synthesis proceeds with the assagrflithe nanoparticles to produce
FeOQNP@dye-doped Silica@AuNP-Ab a core-shell-sate(li&S) structure with a

core of magnetic nanopatrticles, a shell of siliod gold nanopatrticles as satellite.
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Then, the CSS are functionalized with D2B antibedi@SS-Ab) for the targeting of
the PSMA prostate specific membrane antigen whscbvierexpressed on prostatic
cancer cells.

Unlikely AuFeQNC, in this case the coupling of magnetic and ptasm
nanoparticles has been faced by covering the miagnahoparticles with a silica
shell exposing thiols on its surface and to whididgnanoparticles are quickly
linked. This method also allows to better contrbke tmorphology of the as
synthetized nanostructures.

In the silica shell a SERS reporter is included a@sdinteraction with the gold
nanoparticles makes the nanostructure also a ¥iecieat SERS active probe.

A targeting activity of the nanostructures opentidogerspectives both for imaging
and therapeutic purposes. In these cases one rasulsa further effort for a
quantitative determination of the targeting acyivit particular as a function of the
concentration of the nanostructures, which is sotlly available in literature.

Here we show quantitative evaluation of the targgtiactivity of antibody
functionalized CSS nanostructures with PSMA positind negative cells, exploiting
their magnetic and SERS activities. Results shoverg good targeting activity of
the nanostrutures with an overall targeting acouraé 98% at picomolar
concentrations.

Furthermore, we will show how CSS-Ab can be effithe used for photothermal
treatment of prostatic cancer cells. Different expental approaches have been
designed to prove their efficiency. Photothermahtment is exploited using the
plasmonic properties towards the NIR of gold namigas present as satellites on
the structure.

The last section of this chapter reports the esforttuning the plasmonic peaks to
longer wavelenghts, namely toward 900-1000 nm ksecahis spectral region is
more appropriate to perform plasmonic phototheimadapy.
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Synthesis of Core-Shell-Satellite
nanostructures

Synthesis of gold and iron oxide nanoparticles
Gold and iron oxide nanoparticles were synthesiaedording to the protocols

already reported in chapter 2. The procedure ws randified for the amorphous
phase removal in the synthetized iron oxide narimbes. In this case another
cleaning procedure was performed by adding disodiBDTA at a final
concentration of 9.4 mt.? After the addition, nanoparticles were maintairsed
60°C for 1h under constant stirring and then wastes@ral times with dd water after
centrifugation cycles at 3700 rcf. This protocolriggon was used because we
experimentally observed that a more homogeneousa sshell is formed, in the
following synthetic step, when Fgl®Ps are cleaned with ETDA and not with HCI.
However, differences in FePs morphology and size following the two protocols

were not observed.

Assembling of antibody functionalized core-shell-gallite (CSS-Ab)

nanostructures
The second step of the synthesis produces the Slwk-nanostructures (CS), with a

core of Fe® and a shell of silica. The silica shell was syh#esl using 3-
mercaptopropyl trimethoxysilane (MPTMS, Sigma-Attlj, as precursor, in a
modified Stober synthesfss mL of FeQNPs (4.3 nM) were centrifuged, suspended
in ethanol and mixed with 5 mg of MPTMS, 200 of dd HO, 125uL of NH,OH
30% and 5 mg of crystal violet (Sigma-Aldrich) aSRS reporter. In this case one
can call the dye a SERRS (surface enhanced resoriRanman scattering) reporter
since the spectra are recorded exciting at 633 inntesonance both with the
localized plasmon resonance and the dye. The neixtwas kept under vigorous
stirring for 6 h at room temperature to obtain @& nanostructures. The CS
nanostructures were magnetically separated andeddshr times with dd water and
dispersed in 1 mL of phosphate buffered saline (R®B&ition in the last step.

The third step of the synthesis produces the doed-satellite (CSS) structures with

AUNPs as satellites.
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The strong linking of AuNPs to the silica shellnmde possible by the presence of
the thiol groups on the silica shell. The CSS sgsith was obtained by simply
mixing the colloidal solution of AuNPs with CS natactures in PBS, and
magnetically collecting the CSS nanostructures.

The presence of PBS or, more generally, a solwtitim high ionic strength is crucial
in this step of the synthesis. In fact, both CS astmuctures and AuNPs are
negatively charged at neutral pH. Z-potential measents show values ranging
from -35 mV to -40 mV for CS nanostructures anchlue of -40 mV for AuNPs.

A negative surface charge of the silica coatingC8fis present because, in addition
to —SH functional groups, there are Si-OH termigabups that are partially
deprotonated at a pH=7 in wafefthe use of physiological PBS buffer helps to
screen the negative charges for the large condemtraf N& cations so the two
different particles can binds to each other.

In practice, the CS solution was mixed with 15 nfLAANPSs solution (6.4 nM),
placed in a sonication bath for 30 minutes and timeproximity of a permanent
magnet in order to separate core-shell-satelliteosiauctures (CSS) with gold
nanoparticles linked to the CS nanostructures, fnamoparticles with only AuNPs.
Finally, CSS were washed, using three centrifugatigcles, and dispersed in 1 mL
of PBS. In order to avoid the reactivity of remanpithiols groups on the CS surface,
0.1 mg of methoxy-polyethyleneglycol-maleimide (n@MAL, Laysan Bio, 5000
Da) were added to the solution to block all theasmmg free thiol groups. The CSS
nanostructures were washed again with PBS, by tbesdrifugation cycles, and
finally dispersed in 1 mL of PBS. The SERRS sigraflghe nanostructures were
found to be strong and stable in time.

The fourth step of the synthesis corresponds tofdihetionalization of the CSS
nanostructures with the D2B monoclonal antibodgcsjr for the PSMA antigen, to
obtain CSS-Ab.

D2B was first functionalized with thiol groups (DZBH) by reacting the ammine
groups of the lysine side chains with 2-iminothr@a(2-IT) accordingly to a
previous published protoc6l.Briefly, functionalization was performed in PBS
solution with 10% v/v NaHC®1 M and using a D2B to 2-IT molar ratio of 1:10.
Reaction was kept at room temperature under vigosdirring for 2h and then
overnight at 4°C. Then, the functionalized antiboggs purified from reaction
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products using 5000 Da concentrators (Sartoriud)ranrsed with PBS. The success
of the functionalization was determined with a $pmgahotometric measurement of
the thiol groups using 4,4-dithiodipyridiffe. Performing the test on the
functionalized D2B antibody, and using pristine DaB control, we measured an
increment, on average, of about 1 thiol per antjbod

Functionalization of CSS with the antibody was perfed adding 0.800 mg of
functionalized D2B-SH to 1 mL of the CSS soluti@ualution was stirred for 6 h at
room temperature and then stored overnight at £8S-Ab solution was then
centrifuged and rinsed with PBS to remove unreaatgibody, and finally dispersed
in 1 mL of PBS.

The estimation of the amount of antibody conjugatethe aggregates, was obtained
by comparing the absorbance at 280 nm of the InD2B-SH solution with the
supernatant solution after the cleaning centrifiogat and it shows that about 300
antibodies are present on average for each CSStAbtwe, namely about one
antibody per AuNP (see below for the charactewratif the nanostructures).

To complete the synthesis and add stealth propeaxi¢he CSS-Ab nanostructures,
0.01 mg of methoxy-polyethylene-glycol-thiol (mPESBt, Laysan Bio, 5000 Da)
were added to the solution of CSS-Ab. mPEG-SH wided also to saturate all
available linking sites on gold nanopatrticles.

After 15 minutes of reaction, in a sonication ba@£S-Ab nanostructures were
magnetically collected and dispersed in 1 mL of PBS

The whole synthesis procedure is sketched in fi§ute

cs CSsS
FeOxNPs stiber synthesis (1) mPEG-Mal \(/

@ FTVSEoH - r.'% AuNPs / PBS : ()D2B.SH
O, =mmmm) Qo) s [
O » > 2

(3) mPEG-SH

Crystal violet ®
(SERRS reporter) @

Figure 3.1 Steps of the synthesis of FdPs@dye-doped Silica@AuNPs-Ab core-
shell-satellite (CSS) nanostructures and theirugeatjon with D2B antibody (CSS-
Ab).

The presence of the Ab on the CSS-Ab was confirrbgdflow cytometric
measurements with a BD FACSCanto flow cytometelS@$ were incubated with
a fluoresceine-labeled goat anti-mouse antibodyNIGATC, see figure 3.5 in the
characterization section), and after some washitgpss the aggregates were
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analyzed by flow cytometry. For reference, flow ayetry analysis was also
performed only on CSS nanostructures not incubatddGAM-FITC.

The D2B activity on CSS-Ab for PSMA present on €ellas obtained with a flow
cytometry analysis using PC3-PIP. Cells were intedbavith CSS nanostructures
and then, after two washing steps, with GAM-FITCstain NPs linked to cell
surface. A positive control, prepared only with D2&ibody, before the GAM-FITC
staining, and a negative one using only GAM-FITGhout CSS-Ab or D2B, were
also analyzed. The same measurements were perfamdC3 cells that do not
express the PSMA antigen (see Figure 3.6 in theactexization section).

Au and Fe concentrations in final preparations waggermined with an ICP-MS
Thermo Elemental, X7 Series equipped with the P#sh software. Using
nanoparticle mean diameters, obtained by TEM imdgeseQNPs and fitting of
the localized surface plasmon spectra for AuUNP, thiedbulk densities, of the two
materials, one estimates a AuNPs concentration3ofiM and Fe(NPs of 6 nM,
namely a ratio of 3.8.

The concentration ratio of the two types of atomasvalso confirmed by EDX
measurements performed with a JSM Jeol 6490 SEM-Eifoscope at 20 kV.
CSS-Ab structure concentration in final preparat®m®stimated to be 89 pM. This
concentration was obtained by dividing the totainber of FEQNPs in solution by
the average number of FEIPs present in a single core-shell particle evallidty
examining about 30 TEM images like that in Figur2A3

Experimental procedures concerning the use of CB&AImmunomagnetic sorting
and photothermal treatment of cancer cells areribestin the experimental part.

Characterization of antibody functionalized core-siell-satellite

(CSS-ADb) nanostructures
Instruments and technigues for the characterizatib@SS-Ab nanostructures

Intruments and techniques are those already repoive the synthesis and

characterization of AuFe@C (see pag. 92).

Characterization

The characterization of AUNPs and Rd®Ps made by laser ablation synthesis in

solution is reported in subchapter “Results” ofjutlea two.
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Figure 3.2A shows a representative TEM image ofGBenanostructures where the

FeQONP are seen as darker particles inside the steuctur
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Figure 3.2 TEM images of (A) FeNPs@dye-doped Silica core-shell (CS)
nanostructures and (B) FaPs@dye-doped Silica@AuNPs core-shell-satellite
(CSS) nanostructures. (C) Size distribution of C&Shostructures from TEM
images. (D) UV-Visible-NIR absorption spectra ofGzeNPs@dye-doped Silica
(CS) (black line) and FeONPs@dye-doped Silica@AuNPs (CSS) nanostructures
(red line) in water. (E) Raman spectrum of CS nanotures (black) and SERRS
spectrum of crystal violet obtained with CSS stiuetin water X ase= 633 nm). (F)
UV-Visible spectra of an aqueous solution of Crlysfelet and its molecular
structure.

AuNPs are linked to the CS nanostructures to obti@nfinal core-shell-satellite
(CSS) nanostructures.

After AUNPs binding to CS, the overall Z-potentaits at about -30 mV. This value
was maintained also after conjugation with antieedmPEG-MAL and mPEG-SH
(see below). This is a good value for stability n&nostructures in solution and
allows reducing unspecific interactions with cells.

The magnetic sorting was used to separate aggsegite magnetic properties from
pure AuNP aggregates. One finds that the sepaeajgregates show the localized

plasmon resonances extending in the near infranddch is characteristic of
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aggregated gold nanoparticles. Figure 3.2B showEM image of a characteristic
CSS aggregate and Figure 3.2C their size distabhutdther CSS TEM figures are

available in figure 3.3. CSS mean diameter redoltbe 368+159 nm, which was

confirmed by a Z-average value of 437 nm obtaingd avDLS analysis.

o

—— 1o om ———io0nm

Figure 3.3 Additional TEM micrographs of CSS-Ab nanostructure

All  residual thiols on the silica shell were sateth with methoxy-
polyethyleneglycol-maleimide that prevents anydeal unwanted reaction of the
thiol groups. This is important also for the cohtsbthe interaction with cells.

CSS composition is obtained with an EDX measureraadtshows, by weight, 84%
Au and 16% Fe (see Figure 3.4).
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Figure 3.4 EDX measurement performed on a sample of (NE&@dye-doped
Silica@AuUNPs core-shell-satellite (CSS) nanostnestu

Considering that, on average, are present AUNRX ofm and Fe@Ps of 25 nm,
one obtains a ratio of AUNPs/Fg@Ps of 3.5. This value is in good agreement with
the ratio of 3.8 obtained from the concentratioh®w and Fe obtained from ICP-
MS analysis. The absorption spectrum of CSS namdsites in water is reported in
Figure 3.2D (red line) and shows a broad band f&00 nm to 750-800 nm.
Compared with the absorption spectrum of the CSstamctures without satellite
AuNPs (Figure 3.2D, black line), in which also t@rgstal violet absorption peak is
clearly visible at about 600 nm, one finds thatAiPs contribution is observed as
a broad absorption from 500 nm to 750-800 nm, wisatharacteristic of aggregated
AUNPs, as observed abo¥& Since the dye absorption band at 600 nm (Fig2E)3.
is in resonance with the laser light used for tBRS measurements at 633 nm (see
below), CSS nanostructures are also optimized fBRRS (surface enhanced
resonance Raman scattering) in which both the masenhancement and the
molecular resonance enhancement are present. lreFR2E (red line) SERRS
spectra of crystal violet in CSS nanostructuresreported. Although the dye
molecules are not directly linked to the AuNPs,géarsignals are observed,
comparable to those observed linking directly theletules on the surface of
aggregated AuNPs. Since SERS signals strongly depanthe distance between
molecules and the AuNPs surface, the observedsityeaof the signals shows that
dye molecules are present on the surface of thead8structures and that a strong
interaction with the AuNPs is present. For comparjsone can see very small
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Raman signals arising from CS nanostructures, irclwiAuNPs are not present
(Figure 3.2E, black line).

The D2B antibody (specific for prostate specific mieane antigen, PSMA)
coupling to CSS (CSS-Ab) was performed using thel lunctionalized antibody
(D2B-SH), obtained according to the procedure desdrin the “Assembling of
antibody functionalized core-shell-satellite (CSByAanostructures” section.

The presence of antibodies on CSS-Ab was verifigl flow cytometry analysis by
incubating the CSS-Ab nanostructures with FITC ledbegoat antimouse anti-
antibody (GOAT-FITC). Results from flow cytometrgpalysis show the presence of
D2B antibody on the CSS-Ab nanostructures whilé=hicC signal was detected in

reference samples (Figure 3.5).
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Figure 3.5 Flow cytometry analysis of (A) solution of 0.2% B$ PBS, (B) CSS
nanostructures in a solution of 0.2% BSA in PBS GAM-FITC in 0.2% BSA in
PBS and (D) CSS-Ab incubated with GAM-FITC. Fluaesce signals are recorded
only for sample (D) demonstrating the presencez @ntibodies on CSS-Ab.

The activity of the antibodies was assessed bybaitog the CSS-Ab nanostructures
with PC3-PIP cells, which overexpress prostateifpenembrane antigen (PSMA+),
or with PC3 cells, which do not express this amti¢leSMA-). After incubation and
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several washing, the presence of CSS-Ab nanostasctan cells surface was
assessed by using GAM-FITC reagent. Flow cytomegsylts are reported in figure
3.6 and show that the CSS-Ab nanostructures effigietarget only PC3-PIP
(PSMA+) cells (Figure 3.6C and 3.6F). Their targpecificity is found comparable
to that of pure D2B antibody in solution (Figure6B. and 3.6E). Control
measurements show that GAM-FITC does not bind &tio cell types (Figure
3.6A and 3.6D). The total number of antibodies pné®n a CSS-Ab was obtained
by using the absorption decrease at 280 nm of tipereatant of the reaction
synthesis (see figure 3.7). One can deduce th&0tnactive antibodies are present
per CSS-Ab nanostructure, namely about one antibodyaverage, per AuNP.
However, only a small number of them will be actioé the order of some %!
since these large proteins can have different tiems on the surface of a
nanoparticle, namely side-on and end-on orientatimil they can also form layers

so that only a small number can interact with amtgyon cells.
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Figure 3.6 Flow cytometry analysis of PC3 PIP (PSMA+) in thper part and of
PC3 in the lower part. Cells are incubated onhhv@AM-FITC ((A) and (D)), pure
D2B and then with GAM-FITC ((B) and (E)) and CSS-Aba concentration of 4.4
pM and then with GAM-FITC ((C) and (F)). The dataow that CSS-Ab has an
activity of D2B antibody similar to pure D2B andaththe activity is specific for
PSMA present on PC3PIP cells.
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Figure 3.7 Absorption spectra of D2B solution before conjumaiblack line) and in
the supernatant (red line) after conjugation andrdagation.

Immunomagnetic sorting of cancer
cell

Methods

Cell cultures

PC3 cells are prostate human cells purchased fitenAmerican Type Culture
Collection (ATCC, Rockville, USA) and cultured inPRIl 160 Medium (Biochrom
GmbH, Berlin, Germany) supplemented with 2 mM Ltghiine, 10% heat-
inactivated fetal bovine serum (FBS, Lonza Swiss) antibiotics (0.1 mg rfl

streptomycin and 100 units thpenicillin G, Sigma-Aldrich, St Louis, MO, USA).
PC3-PIP cells, permanently transfected with hum&WR antigen, were kindly
provided by Dr. W. Heston (Department of Cancer|®y, Lerner Research
Institute, Cleveland) and are widely describechim literature"? Cells were grown in
culture flasks and maintained in an incubator at°@7and 5% of C@under a

humidified atmosphere.

Cell incubation, immunomagnetic sorting and sincg-SERRS analysis

For immunomagnetic sorting experiments, 250000 PE3{PSMA+) cells were
incubated with increasing concentrations (1.1, 2.2, 8.9 and 17.8 pM) of CSS-Ab
nanostructures in a volume of 200 for 1 h at 4°C in the presence of 5% Bovine

Serum Albumin (BSA) to block non-specific protemtaractions. Then, the solution
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was placed in the proximity of a commercial magnetrticle concentrator (Dynal
MPC-L, Invitrogen) and, after 10 minutes, magnélycaorted cells were collected,
and, separately, those which were not magneticadljected. Then, cells were
washed with PBS solution, counted and seeded dasa glide. After cell adhesion,
cells were fixed by a 2% paraformaldehyde solution 30 minutes at room
temperature, and then glass slides were washegdrin water and dried.

SERRS measurement of each single cell were pertbwith a Renishaw inVia
micro-Raman instrument using a 20x objective aad 1§ for each cell, 1.5 mW of a
He-Ne laser line at 633 nm. The localization of lsceand the automatic
measurements of the spectra of all single cells p@ssible with a home-made
software. Optical images of CSS-Ab on cells havenbacquired with the
microscope of the Raman spectrophotometer whilSEEF images were performed
with a Zeiss instrument at 3.00 kV and 10.00 kV.

Results
The performance of CSS-Ab in targeting and sorbhgancer cells was obtained

with incubation with PC3-PIP cells, which overexggePSMA (PSMA+) and with
PC3 cells, which do not overexpress PSMA, (PSMAjufe 3.8). Increasing
concentrations of CSS-Ab were used to verify hogythffect the sorting efficiency.
After an incubation of one hour, cells were magradty sorted by placing the
solution in the proximity of a magnet for 10 minsitand then both sorted and
unsorted cells were collected and counted. Seberadred thousand cells were used

for obtaining good statistical results.
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PSMA + (Cell type: PC3 PIP)

PSMA - (Cell type: PC3 WT)

»
Incubation: 1h,
4°C, BSA 5%, ca. 7 A

250000 cells per

sample Targeting Immunomagnetic Cell
/ Sorting Counting
No Targeting

Figure 3.8 Scheme for immunomagnetic sorting performanceuati@n of CSS-Ab
nanostructures. CSS-Ab are separately incubated wélls expressing or not
expressing PSMA antigen. After 1h incubation thkitsan is placed in a magnetic
particle concentrator for 10 minutes and then @a#scounted.

Graph in figure 3.9A shows percentages of magrigtisarted PSMA+ and PSMA-
cells as a function of CSS-Ab concentration. Fov mncentrations of CSS-Ab, of
the order of 1 pM, 60-70% of PSMA+ cells were sort@creasing concentrations to
4.4, 8.9 pM, show a sorting saturation at about 9866 PSMA- cells the unspecific
sorting was found to be low, below 5%, for low centrations of nanoparticles, and
it increases to 30% for 17.8 pM, the highest exgdaroncentration.

The collected cells were fixed on a glass slidethed images, obtained with a 100x
objective, allows to see the presence of the C@8stauctures only on the surface of
the PC3-PIP cells due to their strong scatterieg @ark spots in figure 3.10). Here
the dark spots show a variable local concentrationanoparticles and this can be
related to the local presence and clustering oattigens on the cell surface.
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Figure 3.9 (A) Percentages of immunomagnetically sorted PSMRE3-PIP) and
PSMA- (cells) as a function of CSS-Ab concentratidaring incubation. (B)
Immunomagnetic sorting of cells with a different&8b batch shows reproducible
trends in the same concentration range.

PC3

CSS-Ab

PC3 PIP

CSS-Ab

Figure 3.10 100 X Magnification images of PC3 cells (top) an@3PPIP cells
(bottom) incubated with CSS-Ab nanostructures. @8Sanostructures are visible

as dark spots on PC3-PIP cells only.
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The presence of CSS-Ab on the surface of PSMA+ {PIBP3cells) has been
assessed also acquiring FE-SEM images of the ¢fijsre 3.11A and B) and
confirmed with EDX analysis which show the preseategold in the analyzed spot
(figure 3.11 C).
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Figure 3.11 FE-SEM images of a PSMA+ (PC3-PIP) cell immunonedigally
sorted using CSS-Ab nanostructures (A) and its fiagtion (B) in correspondence
of the red circle in (A). The red circle in (B) cesponds to CSS-Ab nanostructures
as confirmed by EDX analysis on the spot (C) winéear Au signals are found.

The reproducibility and the efficiency of the CS$-#i immunosorting of cells were
verified by repeating the experiments using a seédmtch of nanostructures. Flow
cytometer analyses (figure 3.12) show the samaigffio PSMA antigen of the first

batch.
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Figure 3.12Flow cytometry analysis of PC3 PIP (PSMA+) in thmper part and of
PC3 in the lower part. Cells are incubated onhhv@AM-FITC ((A) and (D)), pure
D2B and then with GAM-FITC ((B) and (E)) and CSS-Aba concentration of 10
pM and then with GAM-FITC ((C) and (F)). Similartg the first batch of CSS-Ab
(which flow cytometry analysis is shown in figuré6Bthe data show that the second
batch of CSS-Ab has an activity of D2B antibody isamto pure D2B and that the
activity is specific for PSMA present on PC3PIFsel

Results of immunomagnetic sorting with the new G®Gare shown in figure 3.9 B.
Comparing the two graphs in figure 3.9 A and 3.8r finds that the same trend is
observed, with a low percentages of PSMA+ sortdld é& low concentrations of
CSS-Ab nanostructures and the maximum (almost 160SMA+ cells sorted)
when the concentration is the largest explored p®11The only difference is found
in the percentage of PSMA- sorted cells which his tast case, is found to be very
low (<6%) for all concentrations. This suggestsphesence of false positives for the
PSMA- cell sorting with the first CSS-Ab nanosturets, probably due to accidental
errors in the separation procedure.

The immunomagnetic sorting efficiency and spedifics comparable with that of
commercial products. As an example, in figure 3la® cytometry of Dynabeads®
FlowComp™ Mouse CD4 Kit is reported from the vendeabsite™® This kit is used,

for example, for immunomagnetic separation of Tiscg/pe expressing the CD4
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antigen. Flow cytometry show that 97.2% of T (CD4e)s can be sorted using this

commercial kit. However no information about nomafic cell sorting is given.

% | or2%

Figure 3.13 Flow cytometry of T (CD4+) cells using commerciahtibody-
functionalized beads show efficiency comparable hwithat of CSS-Ab
nanostructure$’

The time required for sorting with the commerciabts is similar to that used with
CSS-Ab (about ten minutes), although they are atsutimes bigger than CSS-Ab.
For beads with size comparable to CSS-Ab the veretmmmends separations with
longer times: This shows that the immunomagnetic sorting with@8S-Ab is very
efficient.

Furthermore, the CSS-Ab, have other characteristibgch make them a more
powerful tool. In particular, thanks to their SERB@&ivity, CSS-Ab nanostructures

can be used to perform imaging on single cells.

SERRS analysis on single cells

The SERRS property of the CSS-Ab nanostructuresemadossible multiplexed
analyses, namely the recording, in a single spextaif different SERRS signals that
can be made to correspond to different antigenss &Hows analyzing many
antigens with only one immunomagnetic sorting. Iis tcase different CSS-Ab
nanostructures have to be functionalized with diffié antibodies and different dyes.
The feasibility of applying CSS-Ab nanostructures imaging sorted cells was
verified by recording their SERRS spectra afterdbeting procedure.

We deposited sorted PSMA+ (PC3-PIP) and PSMA- (R€B3 on a glass slide and
recorded the SERRS spectra of single cells lookimgarticular, to the most intense
band of crystal violet at 1618 ¢mSeveral hundred cells have been analyzed for

each sample.
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The signal of crystal violet is expected only f@NPA+ cells because they should
have CSS-Ab patrticles on their structure (see égui4).

PSMA+ cells SIGNAL

633 nm Laser

1600 1800
Raman shift /cm-1

NO SIGNAL

e

1400 1600 1800
Raman shift/ cm-1

Cell deposed
on a glass slide

Figure 3.14 SERRS analysis of single cells: first PSMA+ andviAS sorted cells
are deposited on a glass slide and the most int@geal of the .SERRS reporter is
registered for each cell. The signals are obsemhezte the CSS-Ab are present.

Results are shown in figure 3.15 A and B for the tvatches of CSS-Ab together

with the results recorded after the immunomagrsgirting.
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Figure 3.15 Sorted PSMA+ (PC3-PIP) and PSMA- (PC3) cells alsih SERRS
signals (green and red lines). For comparison, ftata immunomagnetic sorting
only are reported in both graphs (grey and liglatydines). (A) refers to the first
batch of CSS-Ab as in figure 3.9A while (B) reféosthe second batch as in figure
3.9B.

In both cases, the green line, which representpdéineentage of PSMA+ cells that
have been sorted and also show SERRS signal isisyjesed to the grey lines
representing data from immunosorting only. This nsethat all the sorted PSMA+
cells showed SERRS signal, as expected. In theafd8MA- cells, the percentages
of cells that also show SERRS signals (red lindgure 3.15 A and B) is lower than
the percentages of magnetically sorted cells. Ehgarticularly evident in the first
case (figure 3.15 A) where only a fraction of tleeted PSMA- present SERRS
signal, in particular at the highest concentratibhe presence of these sorted cells
without SERRS signals only for the case of PSMAIscand considering that the
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SERRS signals are very efficient, suggests thabrercan be present in the
immunomagnetic sorting, probably related to theetipg of the cells which are not
attracted by the magnet. This is also evident fittw experiment done with the
second batch of CSS-Ab, where this problem is nedgmt.

The results show, however, that the SERRS sigfal8S&-Ab nanostructures are
observed also after the sorting procedures andhkatositive cells can be identified
with the SERRS analysis.

Multiplexed analyses have not been performed attbment. However, as proof of
principle we synthetized other CSS nanostructuneth@ut antibodies) embedding
different dyes in the shell. In figure 3.16 RamakRS spectra of these
nanostructures are reported, evidencing that teetsp of different dyes are easily
distinguishable between them. This allows to foeetbat the use of CSS-Ab also for
a multiplexed analysis in multiplexing mode, whismot possible with commercial

magnetic beads and a single immunomagnetic sorting.
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Figure 3.16 SERRS spectra of CSS nanostructures with diffedlgas (Rhodamine
6G, Crystal Violet, Methylene Blue and Sulphorhod®nl101) embedded in the
silica shell. Spectra are recorded exciting at 688 and normalized to their most
intense peak.
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Photothermal treatment of cancer cells

In this section the application of CSS-Ab for plibeymal treatmen of cancer cells is
reported. As explained in the introductory sectipotothermal effect is due to the
heat generated by gold nanoparticles irradiatedegonance with their localized
surface plasmon (LSPR). CSS-Ab nanostructures hidnee LSPR maximum
absorption in the spectral range of 600-700 nnrefoee, the cells were irradiated
using a 647 nm continuous laser wavelength. Otsgr|lparameters to be taken in
account in photothermal experiments are the irtexhaime and the power density
(W cmi®). The experiments were carried out by varying ithadiation time and
maintaining constant the power density at valuasilai to those found in
literature**®

Before performing irradiation of the cells the tesrgdure increase following the
irradiation was verified embedding the CSS-Ab inagarose hydrogel. It is in fact
known that hydrogels, with their high water confecéan simulate a biological
environment® Results of the experiments are reported below, taeg show a
notable increase of temperature.

Photothermal treatment experiments on cells haven bgerformed using both
PSMA+ (PC3 PIP) and PSMA- (PC3) cells with fourfeliént kinds of experiments.
First, the effect of laser irradiation on cells nooubated with CSS-Ab verified only
the effect of the laser on cells viability. In acead experiment PSMA+ cells were
incubated with the CSS-Ab and the cell viability svavaluated at different
irradiation times and at a fixed power density.

In the third experiment, a real situation was sated using PSMA+ or PSMA- cells
incubated with CSS-Ab to evaluate the photothereffaict in a situation as close as
possible to a real one.

In the fourth experiment the so called “bystandéat’, namely the possibility that
healthy non-targeted cells dies because of thexipity to targeted tumour cells,
was evaluated being a phenomenon of particularastefor immunologists. One
should recall that the bystander effect can deivéh from heat released to nearby
cells or because of the release of specific apmecrotic signals by dying cells
which trigger the death mechanism of neighborinits & 2! It is not the purpose of
this thesis to investigate the importance of thesehanisms, and experiments were
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done only to evaluate the presence of the effelttexperiments were done with a

fixed exposure time.

Experimental section

Laser setup for photothermal experiments

Laser irradiation of cells and hydrogels were penfed with a continuous AfKr*
mixed gas laser (Coherent, Innova 70) at 647.1 nm.

Hydrogel irradiation was performed using a beamhvétmm diameter and 1.5 W
cm? power density. Cells irradiation was performechgsa focused beam with ca. 1
mm diameter. The beam size have been measured.&sea Beam Analyzer system
(Spiricon) equipped with a CCD camera with 1600200 pixels and 4.4m pixel
pitch. Power densities used in irradiations are:V@&mi? for irradiation of non-
treated cells, 39 W cnfor irradiation of CSS-Ab loaded PSMA+ (PC3-PIR)Is
varying time, 36 W cm for irradiation of adherent cells and 39 W Erfor

irradiation in bystander effect experiment.

Preparation of CS and CSS nanostructures loadedaosgahydrogel

For hydrogel preparation we used a 1% w/w aqueoligien of agarose (Sigma-
Aldrich, low EEQO). The solution was heated untgsblution of agarose and then CS
or CSS nanostructures were added to a final coratemt of 20 pM. The solution
was then cooled to allow hydrogel formation. Hydssgwere then cutted in discs
with 1 cm diameter and 0.5 cm height and storedinvater solution until their use.
During laser irradiation, all hydrogels are main& at 37°C in a home-made
thermostatic chamber. Hydrogel temperature duriregdiation is monitored every

minute for 10 minutes using a FLIR E5 thermocamera.

Cell culture and viability

Cell culture were conducted as reported above & dbrresponding part in the
“Immunomagnetic sorting of cancer cells” sectiomcubation and sample
preparation depend on the experiment (see beloel). \iability is assessed with

trypan blue assay performing the test at least i.8fder irradiation.
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Irradiation of cells not incubated with CSS-Ab

PSMA+ (PC3-PIP) cells not incubated with CSS-Abeverade to adhere to 3.5 cm
diameter wells containing RPMI 160 culture medi@ells were irradiated for 5.00,
10.00 and 15.00 minutes and viability was evaluaighit after irradiation (1.30 h
after last irradiation), after 24 h and after 4&kery irradiation has been repeated 9
times to obtain statistically reliable data. Vidlilof control samples (non irradiated
cells) was recorded before the beginning of irdoie, right after the last
irradiation, after 24 h and after 48 h.

Irradiation times of PSMA+ (PC3-PIP) cells

PSMA+ (PC3-PIP) cells were incubated with CSS-Abnasdructures at a
concentration of 19.1 pM, for 1h at 4°C in the preze of 5% Bovine Serum
Albumin (BSA) to block non-specific protein intetems. After incubation time
cells were magnetically sorted and made to adher8.5 cm diameter wells
containing RPMI culture medium. Cells were irradétfor 30 sec, 1.30 min, 3.00
min, 5.00 min, 10.00 min and 15.00 min. Every iraéidn has been repeated 6 times
to obtain statistically reliable data. Viability afi samples has been evaluated at least
1.30 h after irradiation. Viability of control samep (cells incubated with CSS-Ab
but non-irradiated) has been recorded before tiggnbimg of irradiations and after
the last irradiation.

Irradiation of adherent cells

PSMA+ (PC3-PIP) cells were made to adhere in 3.5d@ameter wells containing
RPMI culture medium. The same was done for PSMAC3)Pcells. CSS-Ab
nanostructures were then diluted in the RPMI medinside the wells to a final
concentration of 19.1 pM. Cells in RPMI medium+CA&lSwere then incubated at
37°C for 30 minutes. After incubation time the Idjun the wells was removed and
replaced with fresh culture medium. Several wastee performed to remove every
CSS-Ab structure not bounded to cells. Irradiaborboth PSMA+ and PSMA- cells
was performed for 2.30 min, 5.00 min and 10.00 r@itimes for every experiment.
Viability for all samples has been evaluated astida30 h after irradiation. Viability
of control samples, consisting of PSMA+ or PSMAlcéncubated with CSS-Ab

but non-irradiated, was recorded before the beggof irradiations and at the end.
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Bystander effect

A mix of PSMA+ (PC3-PIP) and PSMA- (PC3) cells wenade to adhere in 3.5 cm
diameter wells containing RPMI culture medium ahdnt CSS-Ab nanostructures
were added to a final concentration of 19.1 pM.I<efere then incubated at 37°C
for 30 minutes. After the incubation time the lidun the wells were removed and
replaced with fresh culture medium. Several wastere performed to remove every
CSS-Ab structure not bounded to cells. Irradiatdreells was performed for 2.00
min, 5.00 min and 10.00 min. The experiments weeated 3 times for every
experiment. Viability for all samples has been eatdd at least 1.30 h after
irradiation. Viability of control samples, consigji of the same cells mix incubated
with CSS-Ab but non-irradiated, was recorded betbee beginning of irradiations

and at the end. To determine the percentages ofARS(RC3-PIP) and PSMA-

(PC3) cells present in the wells, SERRS analyssirgjle cells was performed. The
percentage of spectra in which crystal violet sigadound with respect to those in
which no signal was present was assumed to be égulaé percentage of PSMA+
(PC3-PIP) over PSMA- (PC3) cells. Several hund&dsells have been analyzed.
SERRS measurements were performed directly on téks veontaining culture

medium using 633 nm laser, with 20x objective apdwaer of 1.54 mW.

Results

Hydrogel
UV-Visible spectra of CS and CSS loaded hydrogeftamared with those of CS and

CSS in solution do not show remarkable differen@@gure 3.17), meaning that

structural integrity of particles is maintained whéey are included in hydrogels.
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Figure 3.17 (A) UV-Vis spectra of aqueous solution of CS an83Cused for
evaluation of photothermal effect. (B) UV-Vis spectof CS and CSS loaded

hydrogel.

Hydrogels were irradiated with 647 nm laser line 1® minutes recording their
temperature every minute. Measurements are repantdjure 3.18 and show a
rapid increase of temperature for hydrogel contgCSS nanostructures (14°C in
the first minute) while for those containing CS therease was only of the 4-5°C.
Temperature of CSS loaded hydrogel was increasethadit 20°C in 10 minutes of
irradiation while those with CS increased their pemature of only 4-5°C. This

confirms that the presence of AuNPs is essentidl that photothermal effect is
efficient.

—#— CS 20 pM in agarose hydrogel
—w— CSS 20 pM in agarose hydrogel
25 ] —&— CSS 20 pM cooling

Time (min)

Figure 3.18 Temperature of CS (red) and CSS (blue and vidbetdled hydrogels
irradiated for 10 minutes with a 647 nm laser Ee power density of 1.5 W ¢m
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In figure 3.19 thermal images of hydrogels at tlegibning and at the end of laser

irradiation are reported.

O min 10 min

Figure 3.19 Hydrogels loaded with CS and CSS (photos on tfig é&ad thermal
images registered at the beginning and at the Elader irradiation.

Irradiation of PSMA+ (PC3PIP) cells not incubated wth CSS-Ab
This experiment shows the effect of the laser smorccell viability.

Uv-Visible spectra of the culture medium show thlasorption at 647 nm was absent
(Figure 3.20).

Histogram in figure 3.21 shows that after 5.00,000and 15.00 minutes of
irradiation, the viability of cells is close to 1930and comparable to that of control
samples (non-irradiated). No effect is observed afier 24 and 48 hour from

irradiation. These results confirm that laser lighs no effect on cell viability.
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Figure 3.20 UV-Visible spectra of RPMI colture medium used idgr laser
irradiation of PSMA+ (PC3-PIP) and PSMA- (PC3) sellSpectra show no
absorption at 647 nm, the wavelength used in phetotal treatment of cancer cells.
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Figure 3.21 Viability of PSMA+ (PC3-PIP) cells non incubatedthv CSS-Ab
nanostructures and irradiated for 5.00, 10.00 &@QLminutes with a 647 nm laser
line at 38 W crif. Viability is evaluated right after irradiationléak bars), after 24h
from irradiation (red bars) and after 48h (blueshaWiability of control samples
(non-irradiated cells, green bars) is evaluatettha@tbeginning of experiment (Start),
after 24h (End 1) and after 48h (End 2).
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Effect of irradiation time on PSMA+ (PC3-PIP) cells
Cells were magnetically sorted and made to adlweweetls in the presence of culture

medium and then irradiated for 30 sec, 1.30, 301D, 10.00 and 15.00 minutes.
Histogram in figure 3.22 shows the PSMA+ (PC3-Ri#l)s viability as a function of
irradiation time. Viability rapidly decreases withi3 minutes of irradiation and

reaches almost 0% for cell irradiated from 5 misute1l5 minutes.

[ Viability of control samples (non-irradiated cells)
[ Viability of irradiated PSMA+ (PC3-PIP) cells
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Figure 3.22Viability PSMA+ (PC3-PIP) cells incubated with C®$ as a function
of irradiation time with a 647 nm laser line at 89 cm? (cyan bars). Control
samples (green bars) are cells incubated but raatiated.

Results show great efficiency of the photothermalcgess on the viability of cells
since also short irradiation times were sufficiEmtdramatic effect on cells viability.

Looking at viability of control samples, one fintsat treatment with CSS-Ab does
not affect cells viability.

Photothermal effect on adherent cell
The difference between this experiment and theipusvone is that now adherent

cells are in the wells and CSS-Ab are inoculatedady in the culture medium. This
procedure simulates the interaction that there d/bel between a tissue, whose cells
are “static”, and CSS-Ab nanostructures that rahehtissue through extravasation.
Clearly, in this case magnetic properties of pkasiavere not necessary. To simulate
better a biological environment, incubation wadqened at 37°C. After incubation

time (30 min) the liquid was removed and replacdth viresh culture medium.
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Irradiation was performed on both PSMA+ (PC3-PIR) #SMA- (PC3) cells for
2.30 min, 5.00 min and 10.00 min.

Results in figure 3.23 shows a drastic decreaseSdfIA+ (PC3) cells viability only
after 2.30 minutes of irradiation, with values ifagl from 95% to less than 10%.
Viability slightly decreases as irradiation timepslonged, reaching almost 2-3 %
after 10 minutes of irradiation. Viability of irreated PSMA- (PC3) cells remains
practically unaltered and comparable with that oftools for all irradiation time.
This, again, confirms the high targeting specifiat CSS-Ab nanostructures against
PSMA+ cells only.

[ PSMA- (PC3)
[ PSMA+ (PC3-PIP cells)

100

H

HH
HA
H
——
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80

60

Viability %

40

20

0 = T .

Start control 2:30 5:00 10:00 End control

Time (min)

Figure 3.23 Cell viability after irradiation of PSMA+ (PC3-PIRyreen bars) and
PSMA- (PC3, cyan bars) adherent cells. Both cgfie tare incubated with CSS-Ab

nanostructures and irradiated for 2.30, 5.00 an8QLéhinutes with a 647 nm laser
line at 36 W crif.

Figure 3.24 shows two images of PSMA+ and PSMAIsdgladiated for 5 minutes.
Thanks to trypan blue staining, one finds thatscdikath occurred only in sample

containing PSMA+ cells where they are irradiatedhsylaser spot.
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PSMA- cells

O Pep < o, 5o TR

Figure 3.24 Two images of irradiated area taken with opticatroscope. Red
circles delimit irradiated area. As evidenced bypan blue assay, cells death is
present only for PSMA+ cells (left) and not for PAMells (right).

Evaluation of bystander effect
The evaluation of the bystander effect was perfarimeirradiating a mix of PSMA+

(PC3-PIP) and PSMA- (PC3) cells. The purpose mskess if dying cells stimulates
apoptosis mechanism also in surrounding cells.ogisim in figure 3.25 shows that
the viability of PSMA- cells incubated with CSS-AInd then irradiated remains at
high levels, comparable with those PSMA- cells thave not been irradiated. For
this reason, when the two cell types are mixed,ubated with CSS-Ab
nanostructures and irradiated, we expect the deatRSMA+ cells only while
PSMA- cells should not be affected. The evaluatadnthe bystander effect is
important because in a real situation tumoral cediis be close to healthy cells, so
one has to consider the damaging of healthy cellssdrrounding cancer cells
undergoing photothermal treatment.

Mixed cells were incubated with CSS-Ab using thensaprocedure used for
adherent cells. Since it is difficult to distingaithe two cell types with a microscope
analysis, SERRS signals were used to determin@dhsentage of PSMA+ (PC3-
PIP) and PSMA- (PC3) cells present in the sampesidering that only PSMA+

cells show these signals.
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Histogram in figure 3.25 shows viability of mixedlls at three different irradiation
times (2.30, 5.00 and 10.00 minutes). The red ahbhe represents the percentage
of PSMA- cells.

[ Viability of control samples (non-irradiated)
[_1Viability of PSMA+ & PSMA- mixed cells
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Figure 3.25 Viability after irradiation of PSMA+ (PC3-PIP) andSMA- (PC3)
mixed cells (cyan bars) and non-irradiated contigiseen bars). Cells type are
incubated with CSS-Ab nanostructures and irradidted2.30, 5.00 and 10.00
minutes with a 647 nm laser line at 39 W TrmA viability value below the
percentage of PSMA- cells means that the presdnuogstander effect is present.
Results show that for all irradiation times viatyilvalues are below the percentage of
PSMA- cells. This suggests that the bystander efepresent. In fact, if the system
behaves as seen for adherent cells, only PSMA$ skthuld have died and viability
values should not have fallen below percentageSMIR- cells. These results show
that also PSMA- cells died during irradiation. Agplined at the beginning of this
section, the mechanism of the bystander effecthimiqithermal treatment is not yet
well understood. Our preliminary study suggests titwa effect exists, but more work

is necessary to confirm and to explain its presence
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From core-shell-satellite to core-shell-
shell: tuning the plasmon to NIR

In the previous section the efficiency of CSS-Amastructures in photothermal
treatment of prostatic cancer cells was showneffieriment were performed using
the 647 nm laser line but, recalling the dedicatection in the introduction, the use
of a laser with a wavelenght more shifted to th& Npectral region, would be more
appropriate because of its deeper penetration ghrotissues. The LSPR of
nanostructured materials determines which laser tias to be used to exploit the
photothermal effect. Since CSS-Ab have their LSPRRthe range 600-700 nm
spectral range, one would like to use nanostrustwith absorption more shifted in
the NIR region. Therefore, we tried to modify thetical properties of CSS
nanostructures acting on the external silica shieis known, in fact, that particles
with a continuous gold shell on a silica shell m&how LSPR in NIR region,
depending on shell characteristics, in particutar thickness with respect to the
nanostructure diameter.

In this section the preliminary results on the bgsis of Fe(NPs@dye-doped
Silica@Au core-shell-shell nanostructures are priese

FeONPs@dye-doped silica core-shell (CS) nanostructaresynthetized and gold
seeds consisting of AUNPs with 2-3 nm radius argugated to silica shell surface
thanks to the presence of —SH groups on silicd.shHe last step involves reduction

of gold ions on silica shell using sodium borohgdras reductant.

Methods
The synthesis of FeBIP@dye-doped Silica core shell (CS) nanostructpreseeds

as described in the section “Assembling of antibddgctionalized core-shell-
satellite (CSS-Ab) nanostructures”. After the swsis, CS nanostructures were

dispersed in PBS.

Svynthesis of Au seeds

Gold nanopatrticles obtained by LASIS using the spneeedure reported in chapter
2 were fragmented using 532 nm pulsed laser (10wtth)a fluence of 260 mJ/cm

Before performing fragmentation, TWEEN 20 (Sigmasvadded to AuNPs solution
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to a final concentration of 0.5% v/v to stabilizes tfragmented nanopatrticles. After
30 minutes, fragmentation was stopped and theisolwas centrifuged at 300@D
for 15 minutes. After centrifugation, the supernatasolution contains gold
nanoparticles with 2-3 nm radius. Their averageneizr was obtained through Mie-
Gans fitting of the UV-Visible spectra and confitnby TEM measurements (see
figure 3.26).

Synthesis of CS-Seed

Gold seeds were added to a CS nanostructures ®ol(tiO0 pM) to a final
concentration of 40’ M. The solution was placed in a sonicating bath fbrto
promote seeds conjugation to silica shell. Aftemisation, CS-Seeds were purified

from unconjugated seeds through magnetic separation

Svynthesis of core-shell-shell nanostructures

First a solution was prepared mixing 500 of HAuCl4-xH>O (0.009 M) with 2 mL
of K,CO;3 (0.011 M). The solution was then stirred for 15ates and then CS-Seeds
nanostructures were added to a final concentraifo®10™ M. The solution was
stirred in the dark for 24 hours (dark aging). Aftlark aging, 68.L of a NaBH,
solution (0.05 M) were slowly added to aged solutimder stirring. Nanostructures
were cleaned from reagents through magnetic separand washing. Molar
proportions for the reagents are HAKCIS-Seed:NaBk+1:1.210%0.8.

Results
TEM image of AuNPs with 2-3 nm radius conjugated@8 shell is reported in

figure 3.27 where the seeds are observable asesrdallk spots.

The UV-Visible spectra of these core-shell-shehastructures is reported in figure
3.28 (black spectra) and compared with that ofah€S-seed nanostructures (violet
spectra). Comparing the two spectra, one can natregl-shift of the plasmonic band
from 600-650 nm to 700-750 nm. This variation ofPES position shows that

morphological changes occurred in the structure.

A TEM image of a representative nanostructure afiter gold salt reduction is

reported in figure 3.29. One notes that, althougicimmore small AuNPs are

densely packed on the surface, with respect toetlaisserved for the CS-Seed
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nanostructures, the formation of a continuous skelbt obtained. The presence of a
continuous shell would have shifted the spectrunmento the NIR spectral region.
Clearly, further efforts must be done to controk tmorphology of CS-Seed

nanostructures for obtaining a better result.

Figure 3.26 TEM images of AuNPs with 2-3 nm radius obtained hwihe
fragmentation of gold nanoparticles with 10 nm wadiFragmented AuNPs are used
as seed.

Figure 3.27TEM micrograph of CS-Seed nanostructures.
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Figure 3.28 UV-Visible-NIR spectra of CS-seed nanostructuredotee (violet
spectra) and after (black spectra) the reductiorgalfl ions. A red-shift of the
plasmon band from 600-650 nm to 700-750 nm is oladde.

Figure 3.29TEM micrograph of CS-Seed after the reductionaéigons.
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Conclusion

In this chapter the synthesis, characterization iandtro application of magneto-
plasmonic core-shell-satellite (CSS) nanostructuresle of an iron oxide core
surrounded by a dye-doped silica shell and goldoparticles as satellites are
reported.

CSS nanostructures showed good magnetic and SERIRSr{es, suitable for their
use in nanomedicine. CSS nanostructures were anatized with D2B antibody
(CSS-Ab), specific for the identification of the MA& antigen, which is
overexpressed by prostatic cancer cells. Immunostagsorting efficiency of CSS-
Ab nanostructures was evaluated showing specifieitguracy and sensitivity close
to 100%. The possibility to perform SERRS analyisingle cell level was also
assessed showing promising results for CSS apiplicat multiplexed analysis.
CSS-Ab nanostructures showed also good photothesffedt if irradiated with a
647 nm laser and their efficiency in photothermaatment of cancer cell was
evaluated. First, irradiation of PSMA+ (PC3-PIP)Iséncubated with CSS-Ab at
different times was performed. Low viability wassebved after only 3 minutes of
irradiation. In a second experiment adherent ceflsch simulate ‘static’ cells found
in a tissue, were used. Also in this case the Ngaldor PSMA+ (PC3-PIP) cells
were found very low after only 2,30 min of irradoat whereas, thanks to the CSS-
Ab specificity, PSMA- (PC3) cells were practicallgaffected.

In the last part the presence of the bystandectefias evaluated irradiating sample
of mixed PSMA+ and PSMA- cell. The preliminary résushow that bystander
effect is present.

Finally, the morphological features of the CSS minmtures were considered in
order to tune their LSPR in the NIR region. Ressliew that the plasmon tuning is
possible, but more experiments are needed to olstasontrolled shift of the
plasmonic resonances in the NIR.

The nanostructures presented in this chapter catobgidered a theranostic agent
because of their possible use for diagnosis, etipipthe magnetic separation and
the SERRS effect, and for therapy using the phetathl effect.

Future perspective for these nanostructures cosdémn evaluation of their use in
multiplexed analysis for diagnosis, and, for thgrafhe use of magnetotherapy,
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namely of the generation of heat with variable nedignfield, together with
phototherapy.
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Conclusion

In the overall nanotechnology panorama, nanostredtmaterials are emerging as
realistic and possible solution to problems in maedicine. In the introductory
section an overview of nanostructured materialsafigplication in nanomedicine was
given, with particular attention for those madegofd and iron oxide due to their
useful optical and magnetic properties and thecogeized biocompatibility.
Although some nanomaterials are already commeze@land used in medicine, the
perspectives for their future use can be foreseandrease greatly, given also the
funded programs around the world.

In this thesis, two magneto-plasmonic nanosyste@magplication in cancer research
were presented. The first one consisting of gold @aon oxide aggregates and the
second one of a core-shell-satellite type structurén core iron oxide nanoparticles,
a silica shell and satellite gold nanoparticlese TlWwo nanostructures were obtained
with nanoparticles synthesized with a green tealmiike the laser ablation in water.
Clearly, these materials decrease harmful consegsethat can be produced by
reagents used in other type of nanoparticles sgigtend that can be found in the
final products.

Magneto-plasmonic nano-aggregates were simply ddednby controlling surface
charges on nanoparticles and were used for cedlitab and guiding. A more
engineered core-shell-satellite nanostructure wae abtained and found to be
efficient both for immunomagnetic sorting and fdropothermal treatment of cancer
cells. We quantified their efficiency and foundtteach a nanostructures can be used
for both diagnostic and therapy purposes, nametlieganostic agents.

The work presented in this thesis can be consideredstep closer to the use of

highly pure nanostructured materials for diagnasid treatment of diseases.
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