UNIVERSITA
DEGLI STUDI
DI TORINO

ScuDo

Scuola di Dottorato - Doctoral School
WHAT YOU ARE, TAKES YOU FAR

Doctoral Dissertation
Doctoral Program in Bioengineering and Medical-Surgical Sciences

(32M Cycle)

Magneto-plasmonic nanoparticles for

photothermal therapy

Cristina Multari

Supervisors
Prof. Enrica Verne

Prof. Marta Miola, Co-Supervisor

Politecnico di Torino

November, 2020






A mio figlio Guglielmo



This thesis is licensed under a Creative Commons License, Attribution -

Noncommercial - NoDerivative Works 4.0 International: see

www.creativecommons.org. The text may be reproduced for non-commercial

purposes, provided that credit is given to the original author.

I hereby declare that, the contents and organisation of this dissertation
constitute my own original work and does not compromise in any way the rights of

third parties, including those relating to the security of personal data.

Gtsrh.a- /ﬂé«@fw

Cristina Multari

Turin, July 29, 2020


http://www.creativecommons.org/

Summary

The activities performed during the present PhD thesis were mainly focused on
the synthesis, optimization process and characterization of magneto-plasmonic
nanoparticles (MPNPs) composed by a magnetic core (SPIONs) and an external
gold or silver nanoparticles decoration (Au and Ag NPs respectively), that could be
used as advanced system in magneto-photothermal therapy and diagnosis of cancer.

The aim was to produce these MPNPs-Au/Ag with the innovative use of tannic
acid (TA), an organic compound with antioxidant, antiviral, anti-inflammatory, and
anticarcinogenic properties, maintaining the peculiar characteristics of both
nanomaterials. This allowed to generate a hybrid nanosystem that could act as drug
delivery system and contrast agent for magnetic resonance (directly reaching the

tumor site), while concurrently allowing photothermal therapy.

In particular, the MPNPs-Au/Ag were synthetized through two different route:

e In the first route the nanoplatforms were synthetized through a simple
co-precipitation method in which the citric acid was used as stabilizing
agent and APTES as functionalizantion to immobilize the TA reduced
Au NPs or Ag NPs.

e In the second routes, the efforts were devoted to improve the
preparation of MPNPs-Au/Ag usying the TA as reducing and stabilizing
agent, avoiding the use of any other reagents. This allow to obtain the

nanoplatforms through a new, simple and green synthesis method.

For both synthesis routes, the correct formations of MPNPs-Au/Ag were
detected by physical, chemical and morphological characterization methods
demonstrating the good dispersion and the correct grafting of metal nanoparticles
on SPIONs surface. Then, the magneto-plasmonic properties were detected with
magnetic and optical characterization which confirm their ability to maintain the

peculiar properties of both nanomaterials.



Moreover, the ability of the as-synthetized MPNPs-Au/Ag to produce heat, was
studied by irradiating the samples with a laser light, confirming the capability of
the metal NPs to generate heating in the surrounding fluid and therefore to be
potentially used for photothermal therapy.

A cytotoxicity study was also performed to preliminary asses the
biocompatibility of the NPs and to establish the MPNPs concentration that would
not damage the healthy cells. For this purpose, the effect of MPNPs-Au/Ag were
detected both on healthy and cancer cells.

Finally, in order to analyze the efficacy of MPNPs in contact with healthy and
cancer cells, a green laser source was used to evaluate the ability of Au NPs to
convert absorbed light into thermal energy. Cell tests confirmed that MPNPs-Au
causes an important damage of cancer cells, if exposed to laser light; while is not
resulting dangerous in normal cells. This indicate that the MPNPs-Au allows to
convert the light received into heating which can destroy cancer cells, due to their
high heat sensitivity.

In conclusion, the synergy and the combined effect of SPIONs and metal NPs
allows us to maintain the possibility of precisely driving the MPNPs to a specific
tumour site using an external magnetic field, due to their superparamagnetic
response, and to produce heat by converting the light received from laser irradiation
into thermal energy, due to the Au NPs’ decoration.

Thus, these hybrid nanoplatforms have great potential for use in photothermal

therapy in cancer.
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Chapter 1

Introduction and aim of the work

In recent years, much research have focused on the field of cancer treatment
because the world mortality data for cancer diseases indicate a necessity for novel
therapeutic approaches and new pharmaceutical agents to overcome cancer!. Many
studies have concentrated on new-generation cancer medicines that offer good
alternatives to conventional cytotoxic compound-based chemotherapy.

One of new therapeutic approaches that has aroused great interest is
photothermal therapy. Compared to other conventional therapies (such as,
chemotherapy, radiotherapy and surgery) it shows repeatable results, no toxicity
and reduced invasiveness; moreover, its efficacy has been demonstrated in different
types of cancer?.

Despite this promising background, photothermal therapy still suffers from
several limitations®~, such as low selectivity of tumors, low bioavailability and low
tissue penetration. In this therapy, many common photosensitizers must be
activated with visible light, generally in the window (620-750 nm). This window is
characterized by a low depth of penetration in tissues and therefore the clinical
application of phototherapy is currently limited to superficial and flat lesions.

The purpose of the present project is to overcome this limitation of phototherapy

with the support of nanotechnology. Due to the innovative improvements of



nanotechnological techniques, it is possible to develop new nano-sized materials
for biomedical applications.

In particular, the idea is to combine different kinds of nanoparticles (NPs)
obtained from eco-friendly materials and develop hybrid nanoplatforms, thus
creating an innovative approach for the magneto-photothermal therapy of cancer.

NPs have attracted huge attention recently because of their excellent aptitude to
be used as nanocarriers for many therapeutic strategies®, such as delivering
therapeutic payloads at tumour site, carrying different theranostic agents or
providing a non-invasive imaging of a specific tumor. Much attention has been paid
to superparamagnetic iron oxide nanoparticles (SPIONs), gold nanoparticles (Au
NPs) and silver nanoparticles (Ag NPs) because they possess unique properties,
which make them very attractive for the developement of hybrid nanoplatform.

SPIONs are known for their ability to be used in different biomedical
applications, such as contrast agents in magnetic resonance imaging (MRI), heat
sources for hyperthermia and vectors for drug delivery, especially in cancer
therapy’®. Moreover, these materials are suitable for therapeutic and diagnostic
purposes thanks to their well-known chemical-physical properties, in fact, they
possess the great ability to be activated through an external magnetic field without
retaining any magnetism once the field has been removed’. Thanks to these
exceptionl physical, chemical and magnetic properties, SPIONs are one of the most
promising candidates in cancer theranostic. Furthermore, they demonstrate high
biocompatibility, low toxicity and biodegradability.

Au NPs have received large attention in cancer research due to their high
stability, ease of synthesis and surface modification and excellent biocompatibility,
in fact, even at high concentration, they present very low toxicity. Moreover, thanks
to their particular chemical, physical and morphological characteristic it has been
selected as one of the best candidate to works as photosensitizers'’. They present a
unique photo-physical phenomenon, called surface plasmon resonance (SPR),
resulting from the interaction with light radiation. This allow Au NPs to be
externally activated and controlled by using a light stimulus. Thanks to the SPR
effect, Au NPs can be used as non-conventional dye in photothermal therapy: when
Au NPs are irradiated with a laser light in a specific wavelength, they can transform
the radiation into thermal energy by producing heat. This bring cancer cells into

apoptosis, due to their increased heat sensitivity!’.



Ag NPs have been broadly used as antibacterial and anticancer agents due to
their intrinsic cytotoxicity given by their high degree of toxicity against cells.
Thanks to their distinctive physiochemical properties and anti-inflammatory,
antibacterial functional features, Ag NPs play an important role in the development
of novel biomedical applications. Moreover, Ag NPs are also plasmonic structure
and possess the exceptional ability to scatter visible light thanks to the SPR effect
so they are able to absorb light and scatter to a specific wavelength, this makes them

a suitable approach for cancer theranostic.

Thanks to the attractive physico-chemical properties and excellent ability of
SPIONs, Au NPs and Ag NPs described above, these nanoparticles were selected
to create a hybrid nano-sized structure. The structures are capable of maintaining
the peculiar abilities of each nanomaterial and thus represent an innovative
approach in magneto-photothermal therapy of cancer.

The magneto-plasmonic nanoplatform (MPNPs) are composed of a magnetic
core and external gold or silver NPs decoration (MPNPs-Au and MPNPs-Ag) acting
in synergy. The MPNPs simultaneously possess both magnetic and plasmonic
properties. The magnetic properties allow drug delivery and imaging while the
thermal action occurs as a result of the SPR absorption of Au NPs or Ag NPs.

During the thesis work the two nanostructures MPNPs-Au and MPNPs-Ag are
developed and characterized with the same approach through highly performing
techniques in order to explore both routes and evaluate which was the best
performing solution.

One of the major challenge and novelty of this work is to optimize the MPNPs
procedure in terms of materials, properties, scalability and cost-efficiency by means
of the innovative use of tannic acid (TA). TA, a polyphenolic compound extracted
from plants, is proposed as stabilizing and reducing agent to create a new, simple
and green synthetized MPNPs. In this project, TA is successfully used as eco-
friendly agent capable of reducing Au or Ag NPs directly on SPIONs surface while
ensuring a good stabilization of the dispersion. In recent years, many studies!' !>
have concentrated on the use of polyphenolic compounds as green routes to
stabilize or reduce NPs, but to the author best knowledge, this is the first study on

the ability of TA to act simultaneously within few minutes as reducing agent for Au



or Ag NP and stabilizing agent for MPNPs-Au and MPNPs-Ag hybrid
nanoplatforms.

An additional aim is to investigate the cytotoxicity of the as-prepared MPNPs-
Au and MPNPs-Ag in contact with different healthy and cancer cells. This allow to
study the ability of the nanoplatforms to work as phototherapy system in contact
with cancer cells evaluating their potential use for biomedical application.

Thus, due to the tailored optimization that the present thesis work will offer,
the final hybrid nanoplatforms that will be selected among the other syntheses, will
offer a great improvement in cancer therapy over existing pure magnetic or
plasmonic nanoparticles. These nanoplatforms give the possibility of precisely
driving the MPNPs to a specific tumour site using an external magnetic field and
contemporaneously produce heat by converting the light received from laser

irradiation into thermal energy.
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Chapter 2

Nanotechnology

Nanotechnology is a rapidly expanding field which involves various sectors,
including engineering, electronics, materials sciences and biomedicine'. In fact,
nanotechnologies represent a well-established reality in the scientific world as they
allow to study and produce materials, structures and devices with innovative
properties and functionalities?’. They are based on a set of technologies and
processes that require a multidisciplinary approach involving numerous research
fields ranging from supramolecular chemistry to quantum physics, from material
science to molecular biology, from mechanical to chemical or -electronic
engineering. The term ‘nanotechnology’ first appeared in1974 in the paper “On the
basic concept of Nano-Technology” written by N. Taniguchi in which he wrote:
""Nano-technology mainly consists of the processing of separation, consolidation,
and deformation of materials by one atom or one molecule"®. This is the first
scientific publication in which the feasibility of nanotechnology was demonstrated.
The revolutionary perspectives associated with nanotechnologies derive from the
fact that behaviors and characteristics of matter in the colloidal state have
drastically different dimensions from those observed in macro dimensions®. In fact,
nanotechnology use the properties developed by a material at its nanometric scale

which differ in terms of properties from the same material at a bigger scale*.



Nanotechnologies find application in many productive sectors’: here are

reported some of many current or potential applications in the scientific and

technological fields (figure 2.1)>68,
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Figure 2. 1 Nanotechnologies applications

Nanoelectronics
Nanotechnology can improve the characteristics of electronic devices by reducing
their weight and energy dissipation, improving their capacity through the increase
of memory chip density and decreasing the size of transistors used in integrated

circuits in order to create smaller and more powerful devices’.

Environment
Nanotechnology can help reduce both air and water pollution'”
The air quality can be improved by acting, for example, on the performance of the
catalysts used to transform the vapors escaping from automobiles or industrial

plants into harmless gases. The greater surface area of nanotechnological catalysts



allows them to interact simultaneously with more chemicals, demonstrating greater
efficacy than the conventionally used counterpart.

In improving water quality, on the other hand, nanotechnology is being sought
to develop solutions to different problems. A challenge is the removal of industrial
water pollution using nanoparticles to convert the contaminant, through chemical
reactions, and make it harmless. Another challenge is the removal of salt or metals
from water'!: deionization methods based on electrodes composed of nanometric
fibers are promising in reducing costs and energy requirements for transforming

salt water into drinking water'?.

Chemical sensors
Carbon nanotubes, zinc oxide nanowires or palladium nanoparticles can be used as
sensing elements in nanotechnological sensors. The operating principle is based on
changing the electrical characteristics, such as resistance or capacity, of the
sensitive element following the absorption of few gas molecules; this allows to
detect even very low concentrations of chemical vapors!!4,
A possible application could be the assembly of these sensors in places where

you want to check for the presence of vapors emitted by explosive devices, in order

to guarantee safety'>.

Textile industry
The textile production of fabrics containing particles or fibers at nanometric
dimensions allows an improvement of the properties without a significant increase
in weight, thickness or stiffness'®. Current applications concern, among others, the
use of nanowhiskers for the production of water repellent and stain-resistant pants
or the use of silver nanoparticles in order to kill bacteria and make garments odor-

free!”.

Agribusiness
Nanotechnology can influence different aspects of food science, from how food is
grown to how it is packaged, but also food safety or the health benefits offered by
food'®.

An application under development consists of the use of nanosensors able to

detect bacteria and other contaminants in packaging plants. This would allow



frequent testing at a lower cost than sending samples to an analytical laboratory and

as a consequence, would significantly reduce the risk of contaminated food.

Sport
Nanotechnology is also able to offer advantages in the sports sector by improving
not only the equipment, but also the athlete's performance level in order to reduce
the risk of injuries and make the sporting experience more enjoyable for athletes
and spectators.

Some of the current applications include the addition of nanoparticles to the
frame of the tennis rackets which allow better control and greater power when
hitting the ball, or filling with silica nanoparticles the spaces between the carbon
fibers in the fishing rods, in order to strengthen them without increasing their

weight!?.

Nanomedicine
It deals with diagnosing, monitoring, treating and preventing diseases in order to
improve and make existing treatments more effective and develop new therapies®.

The contribution of nanotechnologies in the medical sector is very broad and
includes new diagnostic tools, agents and imaging methods, systems for
administering drugs, therapies, implants and constructs capable of repairing and
regenerating tissues and organs®'2,

This is made possible by the manipulation of atoms and molecules at the
nanoscale level to produce structures with desired properties and of dimensions

comparable to those of biomolecules, able to interact with the cells of the human

body.

2.1 Nanotechnology in medicine

Nanomedicine is the application of nanotechnology to achieve innovation in
clinics, which studies the biological effect that takes place inside the cells and uses
this information for the engineering of nanomaterials and biosensors and the

development of increasingly sophisticated medical therapies®>34,



Nanomedicine deals specifically with the development of nanotechnologies for
pharmacological and medical applications and its goal is to obtain drugs and
devices of exactly controlled structure and composition and with dimensions
comparable to those of the biomolecules which they must interact with.
Nanomedicine is emerging in many areas thanks to the development of new
materials that are changing the operative methods with new applications in the
surgical field, supplying prostheses that are always better tolerated and more
biocompatible?. The use of systems comparable in size to those of a virus that can
easily penetrate cells allows the development of systems for earlier and more
accurate diagnosis. In therapy, nanotechnologies can lead to benefits with regards
to the use of drugs with inadequate chemical-physical and biopharmaceutical
properties (biopharmaceutical class I, III and IV drugs). For example, it is possible
to obtain drugs with improved solubility characteristics or to encapsulate the drug
in a suitable lipid and polymeric coating that allows to overcome the gastrointestinal
barriers and to quickly reach the circulation. In any other field the effects of
nanotechnologies have been as relevant as in oncology because they allow to
exploit some peculiarities of the tumor tissue such as vessel permeability and
retention in tumor tissues. Modified proteins, liposomes, polymeric micelles,
nanoparticles and nanogels have already entered the market or are undergoing
clinical trials®®.

One of the mayor applications developed by nanomedicine is the use of
nanoparticles which are capable of conveying drugs, heat or other substances within
our body in a targeted manner, i.e. directed to specific cells. In fact, regardless of
the severity of the disease, systemic administration of drug molecules produces side
effects (or in more serious cases toxic effects) related to therapy?’. Nanomedicine
offer improvements both in terms of selectivity towards the diseased tissue or cell,
and in the administration of hardly soluble active ingredients as well as degradation
stability?®.

European Science Foundation (ESF) Forward Look Nanomedicine defined,
through a consensus conference, nanomedicine in the following way:
"Nanomedicine is the discipline that uses nanometric tools for the diagnosis,
prevention and treatment of diseases and for having a greater understanding of the
complex physiopathological mechanisms underlying diseases. Therefore, the

ultimate goal is to improve the quality of life. "



2.1.1 Nanomedicine in cancer treatment

One of the main goals of nanomedicine is the development of new and more
efficient cancer treatments that are able to improve the efficiency of the currently
available chemo-therapeutic agents and allow an early pre-symptomatic diagnosis
of cancer. In fact, conventional therapies for treating cancer such as surgery,
radiotherapy, chemotherapy and immunotherapy, are still ineffective in some
cases'’ and in addition they can have serious side effect as well as different
drawbacks as non-selectivity, high toxicity and invasiveness?>’. Moreover, the
patient's tolerable level of toxicity to radiotherapy or chemotherapy limits their
applications and therefore their beneficial effect.

Hence, nanomedicine compared with traditional therapy and chemotherapeutic
drugs, offers the opportunity to combine multiple function in a single system that is
able to target, monitor and treat cancer: this aptitude is known as “theranostic”
effect, which is the ability to combine diagnostic and therapeutic capability in a

single system (figure 2.2).
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Figure 2. 2 Representation of different nanomedicine approaches in lung cancer theranostic.?

Another important advantage of nanomedicine is that allow the delivery of a

drug in a protected nanosystem through the biological barriers with a high degree



of transport and protection from the immune system, in this way the efficacy of
therapy is improved”. In fact, thanks to drug delivery is possible to have a
controlled transport of a drugs in a specific site and release it in a time-dependent
way, without affecting healthy organs. This allow to obtain different advantaged
such as the reduction of the drug’s dose to be administrated, the minimization of
the undesirable side effects and so the improvement of therapeutic index.

Drug delivery solves the problem attributed to the poor solubility of drugs in
water and consequently the low absorption of the drug by the body.

Specifically addressing the drugs to the desired site of action, in particular the
anticancer drugs to tumors, is becoming a challenge that is currently being
addressed. Nowadays, the challenge is to design a theranostic nanovector
combining the use of biocompatible materials to exploit their properties and
peculiarities in order to achieve structures that can increase the therapeutic effects
and the efficiency of diagnosis while controlling that the two mechanisms occur at
different times of action.

Here are reported some nanomaterials gained approval by Food and Drug

Administration (FDA) and are commonly used in medicine nowadays (Table 2.1).

Table 2. 1 Nanomaterials undergoing clinical trials or FDA approved®!



Table 1. Examples of Nanomaterials in Clinical Use.*

=

Nanomaterial
Metallic

Iron oxide

Gold

Nanoshells

Quantum dot

Organic
Protein

Liposome

Polymer

Dendrimer

Micelle

Semiconductor

Trade Name

Feridex

Resovist
Combidex

MNanoTherm
Verigene
Aurimmune
Auroshell
Qdots, EviTags,

semiconductor
nanacrystals

Abraxane
DoxilfCaelyx

Oncaspar
CALAA-OL
VivaGel

Genexol-PM

Application

MRI contrast

MRI contrast
MRI contrast

Cancer therapy
In vitro diag-
nostics
Cancer therapy
Cancer therapy
Fluorescent con-

trast, in vitro
diagnostics

Cancer therapy

Cancer therapy
Cancer therapy
Cancer therapy
Microbicide

Cancer therapy

Target

Liver

Liver

Lymph nodes
Various forms
Genetic
Various forms
Head and neck
Turmors, cells,
tissues, and
malecular

sensing
structures

Breast

Various forms

Acute lymphoblas-

tic leukemia

Various forms
Cervicovaginal

Various forms

Adverse Effects

Back pain, vaso-
dilatation

Mone

Mone

Acute urinary
retention

Mot applicable
Fever

Under investigation

Not applicable

Cytopenia

Hand-foot syndrore,
stomnatitis

Urticaria, rash
Mild renal toxicity

Abdominal pain,
dysuria

Peripheral sensory
neuropathy,
neutropenia

Manufacturer

Bayer Schering

Bayer Schering
Advanced Magnetics

MagForce
Nanosphere
Cytlmmune Sciences

Manospectra
Biosciences

Life Technologies,
eBiozcience,
Manoco,
CrystalPlex,
Cytodiagnostics

Abraxis Bioscience
Ortho Biotech

Rhéne-Poulenc Rorer
Calando
Starpharma

Samyang

Current Status

FDA approved

FDA approved

In phase 3 clin.
ical trials

In phase 3 clin-
ical trials

FOA approved

In phase 2 clin-
ical trials

In phase 1 clin-
ical trials

Research
use only

FODA approved
FDA approved

FDA approved

In phase 2 clin-
ical trials

In phase 2 clin-
ical trials

For phase 4
clinical
trials

* MRI denctes magnetic resanance imaging.

In the specific case of cancer treatment, several nanomaterials such as

liposome, polymeric micelles or iron oxide NPs have been approved for cancer

treatment and many others are under clinical investigation (table 2.2), moreover,

due to the complexity of tumor biology and patient heterogeneity, cancer

nanomedicine require for novel approach to improve the nano-bio interaction and

develop novel and more effective therapeutic NPs. In fact, the properties of

nanomaterials such as shape, size, composition and surface ligand can highly

influence the biological process determining the final therapeutic effects.

Table 2. 2 Examples of clinical-stage nanomedicines for cancer therapy>°




Generic name

Active

Therapy . . Nanotechnology .
modalify and/or proprietary platform ph.nrmnc.emcal Cancer type Status
name ingredients
0 ™) HIV-related Kaposi
Llposomggl doﬂ);ombmm Pegylated liposome Doxorubicin Sarcoma, ovarian cancer, Approved by FDA
ox and multiple myeloma
Liposomal daunerubicin 0 - HIV-related Kaposi f . oy
(DaumoXome) Liposome Daunorubidn — Approved by FDA
Liposomal vincristine 0 P Acute lymphoblastic . o B BT 2
(Margibo) Liposome Vincristine sulfate lenkaermia Approved by FDA
Li o irinot Post-gemcitabine
((;r?ii;?ég er;rg:ac;xsl) Pegylated liposome Trinotecan metastatic pancreatic Approved by FDA
cancer
Liposomal _dnxorubmm Liposome Doxorubicin Metastatic breast cancer Approved in Europe and
(Myocet) Canada
Muramy! tripeptide " n
. q . i Nonmetastatic Y
Mifamurtide (Mepact) Liposome phosphati d_}-l— resectahle o teosarcoma Approved in Europe
ethanolamine
Nab-paclitaxel . " Breast, lung and o o
(Abraxanc) Albumin NP Paclitaxel pancreatic cancer Approved by FDA
Chmwtherap):r: o SMANCS Polymer conjugate Neocarzinostatin Liver and renal cancer Approved in Japan
targeted delivery
Polymeric micelle gyt . Breast cancer and r ]
paclitaxel (Genexol-PM) Polymeric micelle Paditaxel RSCLC Approved in Korea
Liposomal cisplatin . h i
{Lipoplatin) Pegylated liposome Cisplatin N8CLC Phase T
NEK-105 Polymeric micelle Padlitaxel et Phase TII
breast cancer
Pancreatic cancer, liver
Liposomal paclitaxel 0 . metastases and HER2
(EndoTAG1) Liposome Paditaxel nesative and triple- Phase I
negative breast cancer
Advanced malignant
Nab-rapamycin (ABI- . -’ PEComa and advanced
009) Albumin NP Rapamycin cancer with mTOR Phase 1T
mutations
NSCLC, metastatic renal
CRLX 101 Polymeric NP Camptothecin cdl carcu_lm:na and Phase IT
recurrent ovarian, tubal
or peritonesl cancer
MM-302 HER? tatgeting Doxorubicn HER2 positive breast Phase I/
iposome cancer
BIND-014 FSMA-targeting Docetaxel NSCLC and mCRPC Phase IT
polymeric NP
Chemoﬂla'.a}_)y: targeted Gastric, oesophageal and
delivery MBP-426 T1R targeting liposome Oxaliplatin gastro-oesophageal Phase I
adenocarcinoma
Anti EGFR .
immunoliposomes EG?(:;E:HE Doxorubidn Solid tumours Phase I
loaded with doxorubicin P
Channﬂle.t"fapyt s.tt_muh— ThermoDox Liposome Doxorubicin Hepat(.}cdlular Phase T
responsive delivery carcinoma
Liposomal cytarabine— ' i e e
daunorubicin (CPX-351 Liposome d Cj,‘tarag;n_e a.r}dl High _n]Sk u;cu‘[e_m} eloid Phase I
Chemotherapy: or Vyeos) amorubicin (5:1) eukaemia
combinatorial delivery
- . Irinotecan and Advanced colorectal
CPX-1 Liposome flouridine (1-1) . Phase I
NanoTherm Iron oxide NP NA Glioblastoma Approved in Europe
Hyperthermia . 0 Head and neck cancer,
AuroLase Silica core with 2 gold NA and primary and Pilot study
nanoshell g
metastatic lung tumours
Radiotherapy NBTXR3 Hafinium oxide NP NA Adult soft tissue Phase IITI
sarcoma
Plasmid encoding Recurrent glioblastoma
SGT53 T1R targeting liposome | normal human wild-type and metastatic Phase I
Gene or RNA therapy p53 DNA pancreatic cancer
Relapsed or refractory
N DNA oligomcleotide nen-Hodgkin lymphoma
ARy Lipasome against BCL-2 and diffuse large B<cell LT
Iymphoma
siRNA against e[F5A
SNS01-T Polyethylenimine NP and plasmid expressing ReIa%sled :lr.re&a;:?ory B Phase ITT
FSA KSOR cell malignancies
Ara027 Liposome sIRNA _aga{nst_ protein Advanced or metastatic Phase T
kinase N3 pancreatic cancer




Generic name

Active

Thwa?“i and/or proprietary Hancteckndlogy pharmaceutical Cancer type Status
modality platform 2 +
name ingredients
Neuroendocrine
TKM-080301 Lipid NP SiRNA against PLK1 tmonrs; advenoonriical Phase 111
carcinoma and advanced
hepatocellular carcinoma
DCRMYC Lipid NP EHoct s suale SN Hepatocdlular Phase ITI
against MY C carcinoma
Primary liver cancer.
MRX34 Liposome miR 34 mimic soiid fnmies s Phase I
haematological
malignancies
TR $ tiess siRNA against
CALAA-01 targetng polymenc | o smcleotide reductase Solid tumours Phase I
NP
M2

ALN-VSPO2 Lipid NP RERAS s kit Solid tumours Phase

siRNA EPHA2 DOPC Liposome siRINA against EPHAZ Advanced cancers Phase I

pbi sShRNA STMN1 LD Lipid NP shRNA against stathmin Advance_d and/or Dhase T

1 metastatic cancer
Tecemotide Liposome MUCI antigen NSCLC Phase I
Recombinant HER2
dHER2 + AS15 Liposome (dHER2) antigen and Metastatic breast cancer Phase ITI
AS15 adjuvant
HLA-A2-positive
= ¢ Multi-tumour associated | advanced stage ovarian,
Immunotherapy DPX-0907 Liposome s breast and prostate Phase I
cancer
Lipovaxin-MM Liposome Melanoma antigens Malignant melanoma Phase I
i - = Relapsed or refractory
JVRS 100 Lipid NP Plasmid DNA Torbusaia Phase I
CYT 6091 Colloidal gold NP TNF Advanced solid mmours PhaseI

2.2 Type of nanomaterials

Nanomedicine uses the properties developed by a material at its nanometric
scale 10" m (figure 2.3) which differ in terms of chemistry, physics or biology from
the same material at a bigger scale®. The term "nanomaterials" identifies particulate
nanostructures, which may have various shapes, but which have at least one
dimension in the nanometric scale. Nanomaterials can be spherical or tubular,

filamentous or irregularly shaped, can be formed from various materials, and can

exist in the dispersed state or in a melted, aggregated and agglomerated form.
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Figure 2. 3 Different nanoparticle types and their size in the context of various biological components 3!

A common characteristic of nanoparticles (NP) is that, due to their size, they
possess different properties and characteristics from those of the parental chemical
species. In fact, NPs have a much greater exposed surface area for the same mass
compared to the same material in the form of a macroparticle and this exponentially
increases their chemical and biological reactivity.

Nanomaterials (NMs) can have natural origin, such as those produced by natural
combustion processes (volcanoes, spontaneous fires) or have anthropogenic origins
32, In this case, is possible to distinguish those produced unintentionally (originating
from vehicular traffic in particular from diesel engines, incinerators, industries and
domestic heating) and those voluntarily produced. To this last category belong
artificial NMs, or engineered NMs, that are specifically produced by
nanotechnologies to carry out technological purposes at various levels and in
various scientific and industrial fields **. Today, the most produced NMs by
nanotechnology are titanium, silicon, aluminum, metals and carbon.

A common classification divides nanomaterials into 4 groups:

I) Carbon NMs, composed mainly of carbon, usually in the form of hollow
spheres, ellipsoids or tubes. Spherical or ellipsoid carbon nanomaterials are called
"fullerenes", while cylindrical ones are called "nanotubes".

IT) Metals NMs, which include quantum dots, nanogolds, nanosilvers and metal
oxides such as titanium dioxide (TiO2).

IIT) Dendrimers and polymers of “nano” dimentions, consisting of branched

units. These can be used for the selective and controlled transport of drugs, markers



and oligonucleotides since they contain internal cavities in which molecules can be
easily incorporated.

IV) Composites NMs, obtained by combining different types of solids which
often are made up of a matrix (metallic, polymeric or ceramic) reinforced with
nanometric particles. This union allows to obtain hybrid systems with mechanical,
thermal and electrical properties intermediate to those of the single constituents and
therefore more resistant and light materials, not sensitive to corrosion and to
abrasive wear.

In general, the peculiar properties of nanomaterials are due to the fact that, due
to their size, they follow the physical laws found between classical physics and
quantum physics; in fact, the surface / volume ratio is very high, halfway between
that of atoms and that of materials over micron in size. The characteristics that
allows to change the NMs properties are essentially the composition, the size and
the surface and all these parameters must be controlled when thinking about the
technical application which they are designed for. On the other hand, the
undesirable effects of NMs seem to be due precisely to those characteristics that
make them so interesting, such as a large surface area and high surface reactivity.
Many studies have also shown that changes in surface charge strongly influence

biological responses to NPs, such as phagocytosis, genotoxicity and inflammation
34

2.2.1 NMs synthesis

As already stated, the essence of Nanotechnologies is to build new materials and
objects on the nanometric scale. To achieve this goal, it is not possible to simply
use miniaturization techniques for the starting materials, but various production
techniques are required which can be classified and summarized in the "Top-down"

and "Bottom-up" strategies (figure 2.4).
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Figure 2. 4 Top-down and bottom-up approaches for the synthesis of nanoparticles.

The Top-down approach consists in starting from a bulk material obtaining the
nanostructure by progressive removal of matter. The main peculiarity of this
production strategy is the reproducibility, the reliability and the complexity of the
objects that can be obtained; on the other hand, is a technique with high energy
impact and that produce greater production waste than other. The Top-down
production strategy is realized through the use of precision engineering and
lithography techniques, which have allowed the production of most of the electronic
and optical devices available today.

The Bottom-up strategy, instead, consists in the creation of more complex structures
starting from the assembly of single atoms or molecules; this is normally achieved
with the natural manifestation of interaction between the constituent elements,
which organize themselves to form the desired structure. The techniques that work
according to this strategy are substantially three: chemical synthesis, Self-assembly,
and "positional assembly". Through chemical synthesis we can obtain
nanostructures in two ways. The first is to produce and manipulate the bulk material
until the desired structure 1s achieved. The second way is to produce the elements
forming the structure at a higher level of organization than the various bulk
materials (for example molecules), which will then be assembled to form the
nanostructure using one of the two remaining Bottom-up production strategies.
With the self-assembly process, atoms and molecules spontaneously organize
themselves to obtain nanostructures, in fact, they are able to establish characteristic
physical and chemical local interactions that guide their assembly and recognition.
This is a reversible process, which can be controlled by an appropriate components
design, by the environment in which the process takes place, and by the forces that
guide it. Although this process is exploited in an extremely efficient way by nature

(just think about the coupling of nitrogenous bases to form the double helix of DNA,



the folding of a polypeptide chain to obtain a specific protein, or the double
phospholipid layer of biological membranes) the industrial application of this
technique is still limited, but extremely attractive from an environmental and
economic point of view due to the low energy impact and waste production. The
"positional assembly" technique is the direct manipulation of atoms, molecules or
aggregates to form the desired nanostructure. This technique can be exploited to
create structures on a surface using Scanning probe microscopy (SPM), or in three
dimensions by exploiting the technology of Optical tweezers; however, there are
still extremely laborious techniques that cannot be applied on an industrial level.
An interesting consideration to taking into account is how over the years the Top-
down and Bottom-up production strategies have evolved in terms of capacity to
manufacture nanostructures with increasingly smaller dimensions for the Top-down
approach, and larger for the Bottom-up ones. This growth has led to an overlap of
the dimensional limits achievable with the two strategies *°, and to the development
of techniques for the construction of hybrid nanostructures constituted by the union
of NP (of any origin) with biopolymers *°.

Due to the numerous problems that chemical and physical NPs synthesis procedures
present, there is an essential need to develop more environmentally friendly
procedures. This new awareness has led to the development of an ecological
approach for the synthesis of NP that has various advantages such as simplicity,
cost-effectiveness, compatibility for biomedical and pharmaceutical applications,
as well as large-scale commercial production *’. A promising approach to achieve
this goal is to exploit the wide range of biological resources. In fact, over the last
few years, plants, algae, fungi, bacteria and viruses have been used for the metallic
NPs production with a low-cost, low energy dissipation and non-toxic method>®.
The synthesis and assembly of NPs would benefit from the development of "clean",
non-toxic and environmentally friendly technologies that go under the name of
"Green Chemistry". Green chemistry “aims to less use or avoid using hazardous
substances in a chemical process. In fact, green chemistry is a movement to find
alternatives to the use of hazardous chemicals such as feedstock, reagents, solvents,
products, and byproducts in the production processes. Moreover, it concerns about
sustainability of using raw materials and energy sources for manufacturing.”3®
The use of Green Chemistry in nanosciences allows obtaining high precision in the

synthesis and low production of waste, enormous benefits in production on a



t°. The use of low-cost

commercial scale, for society and the environmen
chemicals, non-toxic and biodegradable solvents is essential for the synthesis of
non-dangerous materials for both the environment and humans. The reducing agent,
the reaction medium and the stabilizing agent are the three key factors for the
synthesis and stability of metal nanoparticles*.

Therefore, green chemistry plays a crucial role in the synthesis of NPs for
biomedical application because the materials used come from biological pathways
(eg. plants or natural polymers) and are therefore safe to be consumed by humans
thanks to their high biocompatibility and biodegradability. Furthermore, the
biological compounds present in these materials, can act both as reducing, capping
and stabilizing agents during the NPs synthesis process allowing to control the size
and shape of the NPs*!.

A "clean" method to synthesize gold and silver NPs for example, involves the use
of AuCl4 and AgNO3 that undergo reduction with heparin and hyaluronic acid, that
are reducing and stabilizers agents. The NPs thus obtained show stability under
physiological conditions and have important biological activities (such as anti-
inflammatory and anticoagulant efficacy) demonstrated by in vivo and in vitro
studies®”. Recently an active field of research study the incorporation of
carbohydrates on nanomaterials. Jiang and colleagues synthesized hybrid NPs of
poly (glucosamine) chitosan-Au using chitosan and ethylenediaminetetraacetic acid
(EDTA); they obtained the reduction in situ of the Au ions in polymeric spheres
using EDTA as a reducing agent **. Gorges and co-workers have used glucose as a
reducing agent to form NPs using chlorinated ions trapped in a film of amines and
lipids in turn trapped on a glass substrate**,

Raveendran et al. used B-D-glucose as a reducing agent and starch as an
encapsulating agent to obtain silver NPs #. Recently an eco-friendly method has
been developed, thanks to which is possible to prepare silver nanoparticles in
natural polymeric media. Nano silver particles were synthesized in an aqueous
solution containing silver nitrate, glucose as a reducing agent and gelatin as a
stabilizing agent. The NPs were found to be uniform, with an average diameter of
5 nm and, of course, adhered to the gelatin matrix. This type of method can be used
for the synthesis of other metallic nanoparticles such as those of gold, palladium

and platinum nanoparticles*.
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Chapter 3

Nanoparticles

As anticipated in the previous chapter, one of the mayor applications developed
by nanotechnology is the use of nanoparticles in medical field. In fact, technological
progresses in NPs synthesis and functionalization are generating important
advances in patient screening, diagnosis, monitoring and treatment. Thanks to the
development of new multifunctional targeting devices, novel imaging agents and
innovative monitoring sensors, the efficiency of the processes are improved while
minimizing the costs'™.

There are different types of nanoparticles, each of which present certain
characteristics based on their different nature. NPs can be prepared with polymers
or organic materials (organic nanoparticles) or with inorganic elements (inorganic
nanoparticles).

Among the organic nanoparticles we find liposomes and micelles, dendrimers
and carbon nanotubes.

e Liposomes are phospholipid vesicles with dimension between 50-100
nm composed by a bilayer membrane structure which is similar to the
biological ones. Thanks to their amphiphilic properties they are
generally used as carriers in which the hydrophilic molecules can be
encapsulated in the internal aqueous phase, while the hydrophobic

molecules transported in the lipid bilayer. The chemical-physical



properties of liposomes can be accurately modified simply by mixing
different lipid molecules, varying the surface charge, functionality and
size in order to increase their delivery specificity.

e Dendrimers are highly branched synthetic polymers (<15 nm) with a
layered architecture consisting of three parts: a multifunctional core,
branching units and surface functional groups, which determine its
characteristics. Thanks to the modification of their multiple terminal
groups they are excellent drug and imaging diagnosis agent carriers.

e Carbon nanotubes are cylinders of coaxial graphite sheets whith a
dimension <100 nm, they have excellent strength and electrical
properties and are efficient heat conductors. Carbon nanotubes can be
used as drug carriers, biosensors and tissue-repairs scaffolds.

Among the inorganic nanoparticles there are: quantum dots, metallic and
magnetic nanoparticles; these possess a central core made of inorganic material
which defines the magnetic, fluorescent, electronic and optical properties.

e A quantum dot is a semiconductor crystal highly packed by hundreds
or thousands of atoms, and whose dimensions are in the order of a few
nanometers (from 1 to 100nm). By varying the size of the quantum dots,
they change their optical properties, and are typically used for their
ability to emit different florescence. Moreover, they are characterized
by high resistance to photobleaching and photo-chemical degradation.
For this reason, they are excellent tools for contrast agent in biomedical
imaging and label for bioassays.

e Metallic nanoparticles: Metallic particles of nanometric dimensions
present a unique photo-physical phenomenon, called localized surface
plasmon resonance (LSPR), they are able to absorb light and emit
photons with the same frequency in all direction. Thanks to this
property they are used for biomedical imaging because can be easily
detectable with different techniques as optic absorption and
fluorescence. Moreover, they are able to change their properties by
varying their size, shape and dimension.

e Magnetic nanoparticles: spherical nanocrystals (10-20 nm), typically
based on magnetic iron oxides and in particular magnetite and

maghemite. Thanks to their superparamagnetic property, they are



mainly used in biomedical field in MRI or for hyperthermia treatment.
Is possible to functionalize their surface to make them more

biocompatible and allow the active targeting.

In table 3.1 the main organic and inorganic nanoparticles are summarized with

their principal biomedical application.

Table 3. 1 Summary of main organic and inorganic NPs with principal application

NANOPARTICLES

Organic Inorganic

. Liposomes = Carriers . Quantum dot ~ ~” Bioimaging;

. Dendrimers = Drug derlivery sytem; Label for bioassays.
Imaging techniques N Metallic NPs - Coniugate ligants;

. Carbon - Drug carriers; Imaging techniques

Nanotube Biosensors: . Magnetic NPs > Drug carriers; Bioimaging;

Tissue-repairs scaffolds. Hyperthermia; Targeting.

3.1 Magnetic Nanoparticles

In recent years, magnetic nanoparticles have significantly attracted the interest
of the scientific community for their ability to be used in different fields of research
such as technology and medicine. A reason of great interest is the possibility to use
them in different biomedical applications, such as contrast agents for resonance,
heat sources for hyperthermia and vectors for drugs delivery, especially in cancer
therapy. The most widely used magnetic NPs are based on magnetic iron oxides
and in particular magnetite and maghemite. These materials are preferred thanks to
their low toxicity, high biocompatibility and stability.

Magnetite (Fe3O4) differs from most other iron oxides because it contains both
divalent and trivalent iron ions. It presents an inverse spinel structure in which the
0O2-anions form a closed, cubic face-centered packing and the bi- and trivalent iron
ions occupy the interstitial and octahedral tetrahedral sites. In particular, the Fe3 +
ferric ions are distributed on all the tetrahedral sites and half of the octahedral sites,
while the Fe2 + ferrous ions occupy the rest of the octahedral sites.

Maghemite (y-Fe>O3) is composed by a cubic structure. Oxygen anions give

rise to a cubic close-packed array in which ferric ions are distributed over



tetrahedral sites (eight Fe ions per unit cell) and octahedral sites (the remaining Fe
ions and vacancies). The maghemite can be considered as fully oxidized magnetite

(Figure 3.1).

Figure 3. 1 Magnetite(Fe3O4) and Maghemite(y-Fe:03) structure’

3.1.1 Properties

3.1.1.1 Magnetic Properties

Iron oxide nanoparticles can be classified according to their response to
external magnetic field. In particular, the description of the orientation of the
magnetic moment in a particle helps to identify the different types of magnetism
observed in nature. The magnetic properties of the particles can be described
depending on the magnetic induction (M) with respect to the applied magnetic field
(H).

In many materials the relation between M and H is linear:

M = uH
where p is the magnetic permeability of the particles. The iron oxide particles show
paramagnetism if p> 1, diamagnetism if p <I. In the vacuum p = 1. Alternatively,
magnetic susceptibility (y) is used as an estimate of the efficiency of the
magnetization response (M) of the material to an external magnetic field (H). It can
be defined as
X =06M/SHorasy = u—1
and is a dimensionless quantity. Paramagnetic particles have y> 0, diamagnetic

particles x <0 and in a vacuum y = 1.



Particles with unpaired electronic spins, align spontaneously so that the
material can exhibit magnetization without the application of an external magnetic
field and are called ferromagnetic particles. In the study of the magnetic properties,
much importance is given to the M vs. H diagrams representing the magnetic

hysteresis curves (Figure 3.2).
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Figure 3. 2 Hysteresis cycle of a multidomain material, where h is the magnetic field amplitude and m
L. . . 46
the magnetization of the material®

An irreversible behavior in magnetization is indicated by the fact that a residual
magnetization Mr remains in the sample for a certain time, even when the external
magnetic field (H) is removed. This phenomenon depends on the decay speed of
the magnetization which is specific for each material. The area within the curve
represents the energy needed to reverse the magnetization. Ms is the saturation
magnetization that is obtained when all the spins are aligned with respect to the
external field; Hc is the coercivity, that is the field intensity that must be applied to
bring the residual magnetization of the sample to zero.

If we talk about nanoparticles, we must consider that these materials have
different chemical-physical characteristics compared to the starting bulk material’;
in fact, the small dimensions and the high surface area of the magnetic particles lead

to a radical change in the magnetic properties: being single magnetic domains they



exhibit phenomena of superparamagnetism®. Coercitivity results to be particularly
interesting because when the size of the ferromagnetic material decreases to a value
corresponding to the critical diameter, the Hc reaches a maximum which allow to
change from a multi-domain structure to a single domain configuration. For even
smaller sizes, coercivity becomes zero and the particle exhibits superparamagnetic
characteristics.

Domains are groups of spins oriented in the same direction which act
cooperatively. They are separated by domain walls, which have the characteristic
width and energy related to their formation and existence. The coercivity is
dependent on the particle size, in particular, the He increase with the decrease of
the grain size (D), so is proportional to 1/D. While the magnetic domain moves
closer to the grain size, the multidomain material change into a single domain
material, and the H. increase because of the impossibility to change the
magnetization only by shifting the domain walls.

In superparamagnetic systems (when nanoparticles have a diameter below a
threshold value of 20 nm) the particles are considered single domain ferromagnets
without domain walls. NPs lose the ability to store magnetization and so the
application of an external magnetic field determines a strong magnetization, but
with the removal of this field, no residual magnetic force remains between the
particles’. The superparamagnetic nanoparticles, called SPIONs (Super
Paramagnetic Iron Oxide Nanoparticles), show a high saturation magnetization, and
no coercivity and residual magnetization, as reported in their typical hysteresis

cycle!® (figure 3.3).
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Figure 3. 3 Hysteresis loop for superparamagnetic materia

As said, when the external field is removed, no residual magnetization is left in
the nanoparticles: this loss tends to occur with a typical relaxation mechanism.
Basically, when such external magnetic field is applied, the particle’s magnetic
moment needs to overcome an energy barrier in order to rotate and align with the
field itself. For magnetic single domain nanoparticles, the energy barrier K*V
decreases with decreasing particle volume V and the time needed to establish the

thermal equilibrium is given by the Neel relaxation time:

kv
N = Tg e kT

Where 7, is about10™ s and represent a characteristic flipping time (expression of
the anisotropy energy), K is the magnetic anisotropy, KV is the anisotropy energy
and kT the thermal energy (where k is the Boltzmann constant and T is the
temperature). However, exist another relaxation mechanism which may occur due
to the ability of particles to rotate freely in fluid magnetic particle suspension, which
commonly is termed Brownian relaxation. With this rotation the comparatively high
magnetic anisotropy barrier may be avoided when the external field changes

direction. The relaxation time of that rotation may be approximated by
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Where 7 is the viscosity of the carrier liquid and Vi is the effective hydrodynamic
volume of nanoparticles.

It is notable how 7, is influenced by parameters related only to particles, while 7

is linked to the system in which the NPs are dispersed, or rather to its viscosity and
its ability to influence the hydrodynamic volume of the NPs. Both sources of
friction generated due to the delay in the rotation of the magnetic moments with
respect to the applied magnetic field (figure 3.4), lead to a dissipation of energy in
the form of heat.

Neel relaxation Brownian relaxation
After application of a After application of a
magnetic field B magnetic field B
T8 T
RN
"-c-f 1 ™
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Figure 3. 4 Relaxation processes that influence the heating properties of magnetic nanoparticles’?

Particles choose the simplest route to reach reversal of magnetization with respect
to the external magnetic field, in fact, they follow the process with the smallest
relaxation time constant.

The overall relaxation can be defined with the following equation, where the faster

relaxation mechanism is dominant.

TpTn

T = —
eff Tp + TN



The heat dissipation value is calculated using both the harmonic mean of the relaxations
and their relative contributions depending on the particle diameter such as:

P (f,H) = uonfH?*y" [W/m’]

Where P is the heat dissipated, p, is the permeability of the free space (magnetic
field constant), f and H? respectively the frequency and strength of the applied
magnetic field and y" is the susceptibility of the magnetic field (imaginary part),
dependent on the frequency.

Thanks to this equation it is possible to calculate the energy produced by a NPs in
suspension in a viscous fluid in terms of specific absorption speed (SAR) which is
also a function of the particle diameter. SAR could be defined as Specific loss
power (SPL) or in some cases Specific power absorption (SPA) and has the

following equation:

P dT
SAR = 41868 — = Ce—
me dt

where P is the power absorbed by the sample under examination (dissipated by the
nanoparticles), me is the mass of the magnetic nanoparticles and Ce is the specific
heat capacity of the sample.

Therefore, with SAR calculation, is possible to evaluate the ability of the material
under study to transform magnetic energy into heat; hence determine at which rate
electromagnetic energy is absorbed by a unit of mass of a biological material and

so to calculate the main parameter determining the heating of the tissues.

3.1.1.2 Colloidal properties

A colloid" is a solution that has particles between 1 nm and 1 pm in diameter, able
to remain uniformly distributed throughout the solution. A simple colloidal
dispersion is therefore a two-phase system that includes the dispersed phase
characterized by the small particles and the dispersing phase that surrounds them.

The colloidal solution shows different physico-chemical properties from those of



the atoms or molecules that constitute it, which change according to the size of the
particles that compose the solution.

In particular, the liquid layer with the ions surrounding the particle is composed by
two regions: an internal one (stationary layer, or Stern) with the ions strongly bound
to the charged particle, and an external one (diffuse layer, or Gouy- Chapman),
where interactions are weaker. The two zones constitute a double electric layer
around each particle.

Inside the diffuse layer (of a much greater thickness than the Stern layer) the ions
form metastable structures: when the particle moves in the liquid, the ions move
with it; in particular, those beyond the shear plane replace and are continually
replaced by free ions present in the liquid so that the dimensions of the double layer
remain constant.

Figure 3.5 shows, for a generic charged particle, the variation of the electric
potential as a function of the distance from its surface: we can see how decreases
rapidly inside the stationary layer, more slowly inside the diffuse layer and then

even more slowly until it vanishes.
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Figure 3. 5 Zeta potential influences whether particles will repel or attract when held in suspensionM



The main characteristics of colloidal systems can be attributed to the interface
between dispersed phase and dispersing medium. In fact, each particle has a well-
defined surface that presents the typical interfacial properties: adsorption, electrical
state, coalescence. Therefore, the surface-volume ratio of the dispersed particles has
a very notable influence in determining the behavior of colloidal systems.

In particular, since the intrinsic charge on the surface of the particle is shielded by
the stationary layer charges, the interactions between particles will be regulated
precisely by the surface potential present at this layer. Moving away from the
particles surface along the potential curve in figure 3.5, the cutting plane is reached:
the potential in this point is called zeta potential ({) and defines the behavior of the
dispersed systems, in particular of the suspensions. The zeta potential change with
the pH of the solution in which the particles are dispersed (figure 3.6), so it is
possible to modify its value by adding electrolytes, so that their ions are adsorbed

on the particles surface themselves.
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Figure 3. 6 Z potential by varying pH'.

When two particles are so close together that their double layers’ overlap, they repel
each other with an electrostatic force whose intensity depends on the zeta potential:
if it 1s too low (typically less than + 25 mV), the repulsive force will not be strong
enough to overcome the van der Waals attraction between the particles, and these

will begin to agglomerate. When this happens the suspension is unstable.



A high C potential prevents the agglomeration of the particles and keeps the
dispersion uniform and free to flow. Therefore, for the preparation of most
formulations, the goal is to maximize the zeta potential.

The { potential depends on the density of the surface charge and on the double layer
thickness; the density of the surface charge, in turn, depends on the concentration
of the potential produced by the ions in ionic solvents. In many systems the H + ion
determines the potential, so the  potential depends on the pH.

The C potential is positive for low pH values and negative for high values. The pH
for which the { potential is zero defines the isoelectric point (IEP) of the dispersed
system, so the pH value for which there are no surface charges. The IEP is a
property of the particle surface and is the value around which there is poor stability
since the van der Waals forces are more evident.

In biomedical field, colloidal suspensions of iron oxide particles, find many
applications, this because they have a unique combination of fluidity and interaction
with an external magnetic field. However, in aqueous solution these particles have
each iron atom of the surface which acts as a Lewis acid and is easily dissociating
by donating a pair of electrons and leaving the surface functionalized with hydroxyl
groups, which, being amphoteric, can react with both acids and bases'®.

Therefore, depending on the solution pH, the magnetite surface can be positive or
negative and can cause undesired interactions around its isoelectric point, which
lead to the formation of clusters or agglomerates. If two large clusters of particles
then adhere, each particle in the magnetic field is further magnetized. Finally, the
adhesion of the remaining magnetic particles causes a mutual magnetization which
leads to a greater increase in the total aggregation.

Then, in order to be able to use them in the biomedical field, is necessary the
stability of the colloids which is obtainable by functionalizing the surface of the
particles in order to prevent unwanted adhesions'” by controlling for example the

pH, the temperature or the ionic strength.

3.1.2 Biomedical applications

During the last decades, magnetic nanoparticles have been proposed as suitable
nanostructures for therapeutic and diagnostic purposes thanks to their well-known

chemical-physical properties. Magnetite (Fe3Oa) is the most promising candidate



due to its high biocompatibility and biodegradability and of course, it need specific
requirements in order to be applied in this field:

e Biocompatibility

e Non-Toxicity

e Having sizes smaller or comparable to those of different biological entities

e Having a well-defined morphological and microstructure properties

e Good colloidal and chemical stability

e (Good response to the external magnetic field and no remnant magnetization

when the field is turned off.
Thanks to this good physical, chemical and magnetic properties, SPIONs can be

used for different biomedical applications such as magnetic separation, drug

delivery, Magnetic Resonance Imaging (MRI) and Magnetic Fluid Hypertermia'®,

3.1.2.1 Magnetic separation

In biomedical contest it is often necessary, for numerous biological assays and
analyses, to separate specific organic entities from their original environment.
SPIONSs can be used with this aim by acting as magnetic separator. For this purpose,
the biological entities need first to be targeted with a magnetic material, this is made
possible through an appropriate chemical surface functionalization of the magnetic
nanoparticles with specific biocompatible molecules (e.g. Polyvinyl alcohol (PVA),
dextran or phospholipids)'®~!. This functionalization provides the link between the
particles and the target site as well as increase the colloidal stability of the magnetic
fluid.

After this first step, the magnetically labelled material is then separated from its
native solution by passing the fluid mixture through a fluid-based magnetic
separation device which recognize and stops the labelled entities'®.

Magnetic separation has been successfully used in many sector of biomedical and
biological research. For example, it has been proven to be a very high sensitive
technique for the separation of rare tumor cells from the blood?2. It has been used
to perform ‘magnetic enzyme linked immunosorbent assays’ in combination with
optical sensing. In which fluorescent enzymes are used to optically determine the
number of labelled cells by the assay enzymes®*-**. Magnetic separation has been
used in polymerase chain reactions as a pre-processing technology in which the

sample of DNA is amplified and identified.”® In another application, magnetic



separation has been used to localize targeted cells at specific locations for cell
counting and detection via optical scanning.?® Thanks to all this applications,
magnetic separation using biocompatible nanoparticles, is a versatile technique to

achieve different purpose in diagnostic field.

3.1.2.2 Drug delivery

Magnetically targeted drug delivery is another important application of SPIONs
that can be used as carriers for anti-cancer drugs. The term drug delivery indicates
the mechanism through which substances and drugs are delivered in particular areas
of the body affected by diseases or tumors making the treatment more specific and
effective, limiting side effects on the healthy tissues and reducing the necessary
dosage. The functionalization of the magnetic particles through a superficial
chemical processing and the following loading of drugs, allow to make them
selective in the detection of the tumor cells. Therefore, the purpose of the use of
magnetic nanoparticles for these uses is twofold, on the one hand the systemic
distribution of cytotoxic medicine is reduced by reducing the related side effects
and on the other hand the dose required for an effective drug effect is reduced.
The process essentially consists in the intravascular injection of magnetic
nanoparticles towards points of the body affected by a tumor. Once reached the
desired position, the drug can be released through an external magnetic field
application or through changes in physiological conditions such as pH, osmolality
or temperature. For this type of application, the dimensions, the charge and the
surface chemistry of the nanoparticles are particularly important characteristics as
they strongly influence the circulation time in the body through the blood vessels.
The optimal diameters range for this use is between 10 and 100 nm. The lower limit
is based on the fact that too small particles are easily expelled through kidney
cleansing. The upper limit otherwise is not well defined but is set according to the
type of tumor into which the nanoparticles must penetrate.

In table 3.2, some examples of SPIONs for drug delivery currently under
investigation are shown, the table also shows the SPIONs coatings and the drugs

tested?’.



Table 3. 2 SPIONs for drug delivery currently under investigation’

7

Coating Delivery system Drug tested Examination route

. Carmmomyecin and In vivo(Rat) Imjected mto the tail

Carbon Aqueous media my . (Rat) Tnj
rubomycin vein

. . . In vivo(Human) Intravenous

Anhydroglucose Aqueous media Epirubicin L ( )
: injection
In vivo(Mice)

) ) . were ini

Phosphated starch Aqueous media Mitoxantrone The magnetic NPs were injected

either mto the femoral artery close
to the tumour or intravenously

Poly(lactic-co-glycolic acid)

Microspheres and
microcapsules

Dexamethasone acetateln
vitroand

In vivo(intra-articular)

Amphiphilic block copolymers of
maleimide-terminated

poly(ethyleneglycol)-block- Multifunctional . In vitro
: . = L Doxorubicin

poly(D,L-lactide) and methoxy- polymeric micelles

terminatedpoly-(ethylene glycol)-

block-poly(D,L-lactide)

Albumin Microspheres Doxorubicin In vitro
Polyethylene glycol fumarate Aqueous media Tammoxifen In vitro
L . Doxorubici d .
Oleic acid Aqueous media oxorublein an In vitro

paclitaxel
Oleic acid-Pluronic Aqueous media Doxorubicin In vitro
Poly(acrylic acid) Aqueous media Taxol In vitro
None Porous hollow nps Cisplatin In vitro
Chitosan, O-carboxymethylchitosan
and(N-succinyl-O- Aqueous media Camptothecin In vitro
carboxymethylchitosan
Poly(lacti id) and poly(lactic-co-
oly( 'ac |c.a::| } and poly(lactic-co Microspheres Interferon alpha-2b
glycolic acid)
Silica Hollow mesoporous Ibuprofen In vitro
sphere
Cross-linked chitosan Microspheres Aspirin In vitro

3.1.2.3 Magnetic Resonance Imaging (MRI)

Superparamagnetic nanocrystals of iron oxides can be used as contrast agents in
MRI, a non-invasive imaging technique used in the medical field to discriminate
different tissue on the base of their biochemical composition. MRI is based on the
nuclear magnetic resonance of the protons of the water present in the body. The

operating principle is based on exposing the patient to a static magnetic field BO



that can go, depending on the analysis to be conducted, from a few tenths of a tesla
up to 8 and 9 tesla. This strong magnetic field, makes the proton's magnetic
moments line up with it and the tissues to be analyzed acquire a net magnetization
M given by the action of the field BO. The alignment of the moments with the field
is never complete, rather a precession motion is generated around the direction of
the field BO at a certain frequency ®w0 (Larmor frequency) of the order of MHz. By
applying an alternating magnetic radiation, perpendicular to the initial field and
with a frequency equal to the Larmor frequency, it is possible to further tilt the
magnetic moments with respect to the initial direction of an angle called flip angle.
By applying the alternating magnetic field at the right frequency, energy is supplied
to the system by exploiting the phenomenon of resonance, hence the name of the
technique. The radiofrequency magnetic pulse is then switched off and the magnetic
moments of the protons present in the various tissues return to their original
configuration, resulting in a variation in the magnetic field flow. This phenomenon
of relaxation that develops once the alternating magnetic field is turned off, takes
place with two distinct time constants; the first one, indicated with T1, represents
the return time of the magnetization component along the direction of the field BO
and depends on the protons interaction with the surrounding molecules, while the
second one, indicated with T2, represents the return time of the magnetization
component transversal to the field BO and depends on the mutual interaction of
neighboring protons'.

The final image is obtained through a 2D Fourier transform of the spatial signal
frequencies. Tumors and diseased cells can be detected due to the different return
rate to the original magnetization situation by protons placed in different tissues;
this effect is used to create contrast between different types of tissue in the body. If
we assume to have the applied field BO along the z axis, the components of the
longitudinal and transverse magnetization will relax according to the formulas:

mz=m - (1 —exp —t/T1) (2.8)
mx,y =m - sin (00t + @) exp —t/T2 (2.9)

From these relaxation processes is possible to generate the magnetic resonance
images, which contrast strongly depends on T1 and T2. This two values can change

a lot depending on the tissue and on the external magnetic field.



However, in many tissues, the intrinsic contrast is not sufficient and external
contrast agents are used to improve it. In particular, the use of contrast agents
shortens the relaxation times T1 and T2.

In recent years, research has developed around the use of superparamagnetic iron
oxides nanoparticles to improve contrast. As can be seen from Figure 3.7, with the
addition of magnetic nanoparticles, the resolution of MRI images increases greatly,

allowing the identification of diseased or tumoral areas otherwise impossible to

18,28-30

S€e

Figure 3. 7 Iron oxide nanoparticles as RES contrast media for MRI. MR images of the hepatic dome
before (A) and after injection of iron oxide nanoparticles (Ferumoxide: 1.4 ml) (B). The lesion (arrow) is
clearly visible after injection of the iron oxide nanoparticles, but not before. The increase of contrast between
the lesion and the liver is due to a darkening of the normal liver. Moreover, please note the heterogeneous
aspect of the liver, corresponding to cirrhosis. In this context, the hepatic nodule is highly suspect of a
hepatocellular carcinoma.’’

This is possible because the real transverse relaxation time T * 2 is related to the
ideal time T2 from equation 2.10 in which vy is the gyromagnetic factor.

1 /(T*2)=1/(T2) + vy (ABO /2) (2.10)
This means that by inserting magnetic nanoparticles within the tissue or even inside
the cells, localized dipolar fields are generated which, as described by equation
2.10, reduces the decay time by increasing the contrast in the image.
During the last decades, many advance have been made in the design and

3132 in table 3.3 are shown some of novel

preparation on SPIONs as contrast agen
SPIONSs used as contrast agent in MRI with specific surface modification and in

vitro or in vivo applications.

Table 3. 3 Summary of novel SPION as Contrast Agents in MRI?'!
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Hyperthermia
Another important application of iron oxide nanoparticles is their use in

hyperthermia treatments. Hyperthermia is the heating of the tumor tissue increasing



the temperature of a localized area, a specific region or the entire body from a
physiological value of 37 © C up to values in the range between 41 and 45 ° C by
means of external mediators*>-*. It is considered as a potential therapy able to fill
the gap between the tolerable toxicity and the desirable benefits, due to its low
toxicity>*.

Nowadays a lot of trials have been carried out to demonstrate the efficacy of this
therapy and the reduction of side effect. In fact, if hyperthermia is used alone, it can
destroy cancer cells through antineoplastic and immunological effects, while it
makes cancer cells more sensitive to radiation or to chemotherapeutic agents, if it
is combined with other strategies®.

The use hyperthermia as an anticancer therapy is particularly advantageous since
the neoplastic environment show a higher heat sensitivity than healthy tissues: this
is due to the high acidity resulting from the increase in glycolytic activities inside
the diseased cells*>*°. In particular, typical features of solid tumors is presenting a
disordered vasculature with acidic, hypoxic and energy lacking regions®. This
characteristic allows hyperthermia to be more selective than other treatment by
keeping most healthy cells undamaged while bringing cancer cell to apoptosis after
a treatment up to 44°C337.

In particular, a specific dose of SPIONSs is injected in the tumor region, then an
external alternated magnetic field is applied in order to create an adequate field
intensity and frequency that allow SPIONs to absorb energy useful to heat the
surrounding tissue. The surrounding temperature can be maintained over the
therapeutic range of 41-42°C for the required time in order to destroy cancer cells.
In many studies, to obtain an effective tumor cells inactivation, numerous in vitro
test have been performed with different kind of cancer cell and SPIONs
concentration. Different physical properties of SPIONs has been changed in order
to optimize the particles absorption into the cells. Through these researches it has
been shown that the position of the particles inside the cell (intracellular, interstitial,
bound to the membrane) is very important as it affects the efficiency of
hyperthermia. In order to the treatment be successful, it is also necessary to optimize
the shape and size of the nanoparticles to obtain the greatest heating power
possible®3?.

In hyperthermia treatments, the most used nanoparticles are SPIONs due to their

high heating rate, appropriate magnetic properties and excellent biocompatibility.



In table 3.4 are summarized some pre-clinical studies performed using SPIONs as
magnetic hyperthermia therapy system. Moreover, despite the promising results
obtained in pre-clinical studies, further optimizations are needed to create clinically
feasible SPIONs which allow the use of an adequate amount of NPs and not too

high magnetic fields and frequencies*.

Table 3. 4 Sample of pre-clinical study of SPIONs in hyperthermia treatment®

Field Frequency Field strength Quantity of Target Targeting Summary of Results
strength (kHz) x frequency Fe delivered Mechanism
(kA/m) (A/mes)
38 kAvm 980 kHz 3.724 x 1010 1700 mg/kg Squamous Cell EPR Durable ablation of tumers.
Carcinoma in 84% of hyperthermia
group compared to 0% for
controls
5 kA/m 366 kHz 1.830 x 10° 13.30 mg/kg®  Melanoma EPR + Porphyrins Tumor volume was smaller
in the hyperthermia group
(p<0.1)
56-113 kVm 183kHz 1.729 x 1010 150 mg/kg” Breast Cancer EPR -+ Antibody Tumor
targeting integral doubling/tripling/quadrupling
membrane times were increased
glycoprotein significantly (o < 0.05)

except for the group that
received the lowest energy

“Assuming 20 g average weight of mice.
EPR, enhanced permeability and retention; kA/m, kiloampere/metre; kHz, kilohertz; A/mes, ampere/meteresecond.

3.1.3 Functionalization

It is essential develop a specific functionalization in order to chemically
stabilize bare NPs against their two main problem: aggregation and intrinsic
instability. In fact, small NPs tend to aggregate and form large particles by reducing
their surface energy and consequently their dispersibility, moreover bare NPs are
easily oxidized in air due to their high chemical activity and this leads the NPs to
lose their magnetism*!.

By taking into account that most of biological media are similar to aqueous
solution, is crucial for biomedical application obtain water dispersible SPIONs. To

stabilize SPIONs in water and avoid their major problems*!*?

is possible to use
different type of functionalization both with organic and inorganic materials.
Moreover, the new material layer can be useful to provide functional terminal
groups for additional coating by other materials, or for the attachment of therapeutic

and targeting agents.



Silica-coated Iron Oxide NPs are studied in many research activities because of
their well-known biocompatibility and stability. Thanks to its intrinsic physical-
chemical composition, Silica coating allow to improve stability and dispersibility
by overcoming undesirable side reactions and thanks to the abundant silanol group
present on its layer, provides functional terminal groups to further functionalize
SPIONSs surface. For biomedical application, the most studied structure is core-
shell, in which each Fe3O4 NP is coated by a silica layer and the most conventional
routes to prepare Silica-coated SPIONs are Stober method and microemulsions
synthesis.

In Stober synthesis is typically used Tetratethyl ortho silicate (TEOS) which
easily bind the SPIONs surface through OH groups, the resulting silica-coated NPs
have diameters ranging from 50 to 2000 nm depending on type of reagents used and
on solution pH*. Is therefore possible to create silica layer with a specific thickness,
by controlling the reaction parameters. With Stober method, the amount of silane
used is crucial to regulate the thickness of silica shell that should be adequate to the
final application for which silica-coated NPs has been created***. With
microemulsion synthesis, is possible to have a better regulation of the silica layer
thickness if compared with Stober method. Moreover this method prevents the
formation of multicore or core-free NPs*®. Different studies have been performed
in which uniform silica shells with controlled thickness can be realized on the
nanometer scale*®4’.

Another common way to functionalize SPIONs is to displace hydrophilic
ligands on NP surface by using small molecules which allow to change the polarity
from hydrophobic to hydrophilic*®. The main advantage of this method is the
retention of a small hydrodynamic radius without losing the original magnetic
properties. 3-aminopropyltriethyloxysilane (APTES), is one of the common silane
used for anchoring —NH> group to bare NPs. In fact, APTES coated SPIONs are
well-known for their potential in biomedical application thanks to the demonstrated
improvement of cytocompatibility and hemocomptibility given by the acetylation
of the amine group on the NPs surface®. Different other functional group have been
studied to produce strong covalent interaction between SPIONs and ligand
molecule, such as carboxylic acid as citric acid®® and DMSA®!. For example, is
possible to synthetize water soluble SPIONs directly using citric acid with co-

precipitation method as explained in our previous work>2. Therefore, a wide variety



of small molecules can be used to successfully functionalize bare SPIONs in order
to generate water-dispersible NPs solution usable for post connecting with other
metal ions, biomolecules or biological entities.

For biomedical applications, several other approaches are based on polymers
functionalization of SPIONSs, this because polymerization not only provides
colloidal stability and different multifunctional groups®, but also increase the
repulsive force between NPs, their stability and biocompatibility®*. It is noteworthy
that the polymeric material should be selected properly because its presence on
SPIONs may influence negatively their magnetic properties.

Another common route to functionalize SPIONSs is using metal nanoparticles
such as Gold and Silver, which possess a range of attractive properties that in
combination with magnetic NPs makes them interesting due to their

physicochemical properties>>-°.

Generally, the most used nanostructured
SPIONs/metal NPs are core-shell, core-satellites, nanodumbell or nanoflowers
which can be synthetized by microemulsion, thermal decomposition or multi-step
methods®”®. The main studied nanostructure are core-shell NPs in which Au ions
are directly reduced on SPIONs surface in order to create specific coating with
controllable properties®®. The hybrid core-shell structure can also be prepared
through layer-by-layer self-assembly, which is a method to generate multilayers
NPs with an ordinated structure thanks to the molecular interactions and chemistry

6061 = Another recent study®® is focused on preparing hybrid gold

conjugation
nanorods (Au NRs)-SPIONSs structure by aqueous based self-assembly approach,
in order to maintain the original optical and magnetic properties of gold and
magnetic NPs. In this process, in order to allow the attachment between Au NRs
and SPIONSs, a functionalization with carboxyl group on Au surface has been
required. Of course the strain energy between Au and SPIONs is determinant for
structure stability and the functional performance. It is necessary to take into

account that in all the above mechanism, the introduction of surfactants to the

synthesis can influence the properties and the stability of SPIONs.



3.1 Gold Nanoparticles

In recent years, gold nanoparticles (GNPs) have been brought to the forefront
of cancer research due to their high stability, ease of synthesis and surface
modification and excellent biocompatibility, in fact, even at high concentration,
they present very low toxicity®>. Moreover, GNPs have attracted great interest
because no damage on organs is detected after their prolonged exposition, this NPs
are generally taken up by many organs mainly by liver and spleen and could be
ejected via the hepatobiliary system®. One of the most important ability of Au
nanospheres is their ability to get different properties by changing their size and
modifying their shape, those make them interesting for medical purpose.

GNPs can be synthetized by different methods, the most common, thanks to
their simplicity and scalability, are the Turkevich method and the Burst-Schiffrin
one. Turkevich method involves the reduction of metal salt in the presence of a
capping and a stabilizing agent. In particular, it consists in the reduction of
tetrachloroauric acid (HAuCls) by citrate which chemically bind to the metal core
and prevents aggregation. This allow to produce GNPs of about 15nm in diameter®”.
The Burst-Schiffrin method instead, allows to synthesize smaller GNPs by
transferring the gold ions from an aqueous solution to an organic phase by means

of a phase transfer agent, then the reduction is carried out with borohydride®¢.

3.2.1 Properties

Metallic particles of nanometric dimensions are mainly studied for their
innovative properties that are not present in massive metal. In fact, they present a
unique photo-physical phenomenon, called localized surface plasmon resonance
(LSPR), resulting from the interaction with light radiation®”-,

When a metal nanoparticle is exposed to light, the electric field of the incident
wave induces a polarization of the free electrons present within the conduction
band. In fact, in the presence of an oscillating electromagnetic field, the conduction
electrons of the metal nanoparticle, free to move, are subjected to collective

coherent oscillations, known as plasmonic oscillations (figure 3.8). A displacement

of the negative charges compared to the positive ones occurs, generating a charge



difference resulting in a dipole formation. The surface area and the distance
between negative and positive charges in the dipole, define the resonance

wavelength at which SPR occurs.

Metal NPs

Figure 3. 8 Schematic description of LSPR in gold NPs

One of the most important properties of LSPR derives from the possibility of
varying the position of the plasmonic peak by changing size, shape, composition of
the nanostructure and dielectric characteristics of the medium in which the
nanostructures are dispersed. Since nanoparticles have a high surface area / volume
ratio, the plasmonic frequency is very sensitive to the dielectric nature of its
interface with the medium. This peculiarity makes them extremely interesting for
biomedical applications®®%,

The optical absorption properties of spherical NPs were demonstrated through
the Mie theory®, which takes into consideration two phenomena: scattering and
absorption. Scattering occurs when the electronic oscillations coming from light
exposure cause the emission of part of the incident electromagnetic energy in all
directions, while the absorption is the phenomenon for which excited elementary
charges can transform and dissipate photonic energy in the form of thermal energy.
According to this theory, in small plasmonic nanoparticles the absorption dominates
the light radiation extinction process, but with increasing size also scattering

appears. For example, as shown in figure 3.9 GNPs approximately around 20 nm



in size exhibit a plasmonic peak at 520 nm. The size increase of nanospheres or
their aggregation, involves the coupling of the surface plasmons with a consequent

shift of the plasmonic frequencies, accompanied by a widening of the peak.
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Figure 3. 9 Gold nanoparticle size dependant surface plasmon resonance.”’

Is noteworthy how the SPR peak of nanometric spheres are included in a
wavelength between 520 nm and 650 nm, so limited to the visible region. In many
biological applications, especially in in vivo studies, it is preferable to work in the
spectral region of the near IR (NIR), 650-900nm. As shown in figure 3.10B, this
area is characterized by a high transmission in soft tissues given by a low absorption
of deoxygenated and oxygenated hemoglobin (<650nm) and water (>900nm) in the
blood and tissue scattering, for this reason light can penetrate deeply in the tissues
without interfering with tissues and organs’'. LSPR peaks in the NIR region can
only be obtained from non-spherical GNPs such as Gold nanorods (GNRs)’?. In this
case, two plasmonic bands are observed (Figure 3.10 A), resulting from electronic
oscillations along the two axes. The "transverse" plasmonic band, at about 520nm,
corresponds to the oscillation along the shortest axis of the particle, the

"longitudinal" one, in the NIR region, is defined by the length/width ratio®’>.
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Figure 3. 10 A: Optical absorption spectra of AuNRs with different aspect ratios (a-e).”? B: absorbance
of water, deoxygenated haemoglobin (Hb) and oxygenated haemoglobin (HbO3)"!

GNPs possess other important properties such as their simple chemistry which
allow functionalization of their surface with the required ligands. In fact, they can
be easily conjugated with polymers, small molecules useful for molecular targeting
or with recognition binders for high specificity in biological recognition molecules.
Moreover, they are photostable and do not undergo photobleaching, allowing the
use of higher excitation energies and longer irradiation times;

Specific control of nanoparticle size distribution and shape/diameter, high
biocompatibility and large available surface area that can be easily functionalized
with a very dense layer of ligands, make GNPs a very promising nanomaterial for

applications in the fields of drug delivery, diagnostics, and therapy ™.

3.2.2 Biomedical Applications

Thanks to the peculiar properties of GNPs they found different applications in
biological fields, in fact, they are used as systems for specific targeting, agents for
photothermal therapies, as carrier for drug delivery or contrast agent for molecular
imaging’®.

In table 3.5 are summarized the main GNPs application listed by type of

nanoparticles’’.

Table 3. 5 GNPs main application””



Type of

Photothermal

Gold Size Conversion Laser Treatment Application Brief Mechanism
Efficacy
- ) )
17 % 56 nm 22% 0.4 Wicm2, In w?ro ;ell Specific targeted, NIR
808 nm eradication wavelength
CW laser, In vivo cancer
10 x 38 nm 95% 809 nm PTT eatment Nontargeted, NIR wavelength
13 x 44 nm 5% 815 nm In vivo cancer Specific targeted GNRs laden
Gold treatment macrophages, NIR wavelength
nanorods i |
er|: dr:;z(ﬁegs Single light wavelength both for
) PTT and PDT, Specific targeted
delivery
2 Wicm?2
7 x26nm 50% ' PDT " .
808 nm n :H:Z insd " Double light wavelength for PTT
N and PDT, PS coated GNRSs,
delivery cancer nontargeted
treatment 9
In vitro cells Specific targeted, NIR
eradication wavelength
PTT
45 nm edge In vivo cancer  PEG coated nanocage specific
Gold length, 5 nm 64% 0.4 Wicmz, treatment targeted, NIR wavelength
nanocages wall 808 nm e r
; n vitro and in
thickness :WO . ™ Double light wavelength for PTT
PDT ) and PDT, PS coated
delivery, cancer nan nontargeted
treatment anocages, nontargete
In vitro cell Specific targeted, NIR fs
eradication wavelength
028 W, CW ) Targeted cells with two specific
SG:::S 20 nm 97-103% laser, 532 PTT Lr:::ir;:z: antibodies to form nanocluster
P nm Visible and NIR wavelength
In vitro cell Specific targeted, visible
eradication wavelength
50 nm 59% 815 nm Invivo cancer  PEG coated, nontargeted, NIR
treatment wavelength
5 ) )
145 nm 25% 2 Wicmz2, In wt‘ro gell PEG coated, specific targeted,
808 nm PTT eradication NIR wavelength
In vitro core of Au-laden
Gold 154 nm 30% 815 nm solid tumors monocytes/macrophages, NIR
treatment wavelength
nanoshell
. A two-photon femtosecond
In vitro, P
deli o, i pulsed laser for both PTT and
CW laser, 2 elen e PDT, PS coated GNRs,
152 nm 39% Wicm2,810  PDT eradication nontargeted
nm
In vitro cells Double light wavelength for PTT
eradication and PDT, specific targeted
In vitro and in
I 145 x 123 x 1 W/icm?
Gold 5x123 74% e PTT vivo cancer Nontargeted, NIR wavelength
nanoflower 10 nm 808 nm
treatment
CW laser,
Gold ) In vitr Il Specific t ted, NIR
o 400 nm 56% 01Wmm2,  PTT o ce pectic targete
nanoring eradication wavelength

700-900 nm




3.2.2.1 Photothermal Therapy (PTT)

PTT is a treatment which consists in exploiting light radiation in the visible
(Vis) or near infrared (NIR) to produce heat in a specific target region of the body
in order to kill cancer cells by inducing their apoptosis. In fact, thanks to the SPR
effect of GNPs, when nanoparticles are irradiated with a laser light in a specific
wavelength, they can transform the radiation into thermal energy by producing heat
which bring cancer cells into apoptosis’®®°. They can also kill bacterial cells with
same mechanism as reported in other studies®!.

GNPs show a million times higher absorption capacity than conventional dye
molecules, are photostable, biocompatible and have a high conversion efficiency of
the light absorbed into heat, this allow to overcome the most common problem of
the conventional organic dyes as for example the low absorption efficiency and the
photobleaching phenomenon at which they are subjected, which leads them to lose
their fluorescence ability over time.

The main advantage of using PTT is using light as external stimulus because it
is easy to regulate, focus, and remotely controlled by a pulsed or continued wave
laser. This ease of control enables better targeted treatments that lead to less damage
to healthy tissues, in fact, it is known that cancer cells have more high heat
sensitivity if compared with normal ones®. In order to better select cancer cells,
GNPs can also be functionalised with specific target ligand which recognise the
tumour cells to treat.

Due to the heat produced, that should rise the temperature in a range between
43°C and 46°C3*%5, the nanostructures alter cellular functions causing their
destruction, this follow the same mechanism of SPIONs hyperthermia explained
above, for which cancer cells goes in apoptosis due to their sensibility to high
temperature if compared with healthy ones. The mechanisms of cell death are based
on protein denaturation, on cavitation damage induced by the thermal expansion of
the nanoparticles, on the breakdown of the cellular structure and, finally, on the

evaporation of the cytosol.
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Figure 3. 11 Schematic representation of PTT with GNPs

PTT using radiation in the visible is limited to in vitro studies or to superficial
tumour (as skin tumours or buccal mucosa tumours) due to their poor penetration
capacity into biological tissues. In order to penetrate more deeply in tissues, near
infrared light must be used, as these radiations undergo minimal absorption by
hemoglobin and water molecules.

Finally, to ensure the maximal GNPs absorption of irradiation, it is important
that there is an overlap between the frequency of the incident wave and the
absorption band (LSPR spectrum) of the particles. Usually, as shown in figure 3.9,
for GNPs this band falls in the visible light region, but can be moved towards higher
wavelengths using nanostructures that have larger dimensions or a different
morphology. Moreover, it is possible to obtain a resonance peak at higher
wavelengths by mixing cationic dyes (such as toluidine blue) with GNPs
suspension®: the strong interaction between dyes and NPs trigger the aggregation
of nanoparticles into large clusters followed by a new peak developing with higher

wavelength on the spectra.



3.2.2.2 Molecular imaging

Thanks to the high scattering and the high photostability if compared with other
dyes, GNPs have emerged as extremely promising for cellular imaging and
monitoring. This is possible thanks to the scattering properties typical of GNPs that
depends on their size and shape. In different studies is shown how GNPs with a size
range between 20 and 100 nm are suitable for this purpose, their strong emission
power makes them easily detected by using a commercial microscope under dark-

field illumination. This make GNPs a promising tool for cancer cell imaging.

3.2.2.3 Drug delivery and Targeting

As mentioned for SPIONSs, also GNPs are widely studied for they ability to be
functionalised with different targeting molecule and to act as drug delivery system
in order to deliver drugs and release them to destroy specific cells. This means that
the delivery of free drug molecules takes place with better solubility, protection
from the biological environment and better distribution in the biological system.

As already highlighted, therapeutic delivery can take place by functionalising
GNPs surface with high affinity ligands that selectively detect cells, organs or
tissues. These target GNPs could accumulate in diseased tissues by reducing
unwanted absorption into healthy tissue, thus limiting undesirable side effect.
Targeting can also help to achieve greater efficiency by reducing the drug dose
administered.

The advantage of using GNPs as drug carrier is given by their simple synthesis
techniques that involve the presence of particular chemical species on GNPs
surface. These molecules form a shell that covers and stabilizes the particles and at
the same time provides binding sites (such as free —SH groups) to which various

other molecules of interest can be easily attached.



3.1 Silver Nanoparticles

Silver Nanoparticles (AgNPs) have obtained great attention thanks to their
interesting and promising characteristic suitable for many biomedical applications.
In particular, AgNPs have great potential not only in the development of novel
antimicrobial and antibacterial agents (for which they gained impressive attention
worldwide)®”®® but also for a broad range of other applications as drug-delivery
carriers, wound dressing, biomaterial and medical device coatings, detection and
diagnostic platforms, since they possess good physical and optical properties and
biochemical features that can be tailored by changing the size and shape of
AgNPs¥. This NPs in a size range between Inm to 100nm possess better chemical,
physical and biological characteristics if compared with their bulk forms, and this
is mainly due to, in addition to their size, also to their shape, crystallinity,
composition and structure®®°!,

AgNPs can be synthetize by facile and safe process which offer reproducibility
and repeatability, represented by the chemical reduction of silver salt by sodium
borohydrate or sodium citrate®>. The use of AgNPs has been limited due to their
instability in bacteria-rich environments, which generate a diminution of their anti-
pathogenic activity and thus the limitation of their antimicrobial effect. For this
reason, in order to improve the stability of NPs, new synthesis methods have been
studied with many organic and inorganic, natural and synthetic materials as capping
agent™®’. Moreover, a green chemistry method to synthetize AgNP which uses
biological entities has been proposed as a valuable alternative to other synthesis

routes in order to limit their toxicity by reducing metal ions”®%.

3.3.1 Properties

As already anticipated for GNPs, metallic NPs are mainly studied for their
unique properties given by their small size. Thus, also AgNPs possess the
exceptional ability to scatter visible light thanks to the LSPR effect which is
produced by the collective oscillation of the electron present on their surface. Also
for AgNPs, the optical properties can vary by changing the size, shape and
composition of nanomaterial which affect the vibration of the free electron of the

metallic surface and thus their absorption wavelength. For AgNPs of around 10-20



nm in size, the peak falls in the visible region at 410nm, as shown in figure 3.12
while larger spheres exhibit increased scattering and show peaks that shift towards

longer wavelengths.

P
n

—
(4]
(%]

Optical Density (cm')

700 800

: |
300 500 600
Wavelength (nm)

Figure 3. 12 Extinction spectra of AgNPs'"

Thanks to their tunable optical response, AgNPs can be utilize in different
applications as thermal absorbers or as highly bright reporter molecules, but of
course the main properties of AgNPs which make them particularly interesting in
nanomedicine is their antimicrobial property. In fact, the use of AgNPs have
received much attention thanks their chemical cytotoxic property which make them
potential anticancer and antibacterial agent. The precise anti-pathogenic
mechanism has not been defined clearly, but from current literature it is postulate
that the antimicrobial effect exerted from nanosilver can be summarised by different
phenomena!®'"19 (schematically shown in the picture 3.13): 1) adhesion of AgNPs
on the microbial membrane which cause the damage of cell surface and resulting
functional and structural alterations; 2) the internalization of NPs inside the cells
and the nucleus; 3) the release of Ag+ ions can generate ROS (reactive oxygen
species) which implies the sub-cellular structure damage modulating the microbial
signal-transduction pathways; 4) genotoxicity by modifying the intracellular signal
transduction pathways. Despite various hypothesis, the most remarkable

mechanism for which AgNPs exploit the antimicrobial effect is the ROS and free-



radical production!®® given by the releasing rate of silver ions which is strongly

influenced by numerous features including size, shape, concentration, colloidal

stability, oxidation state and capping agent of AgNPs!0"-103,
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Figure 3. 13 The four main routes of cytotoxic mechanism of AgNPs'"0

Therefore, is necessary to choose correctly the NPs characteristic by
considering the antimicrobial treatment and the releasing rate of the silver ions
needed for the target application. The potential effect of changing size'®’, shape!'®®

and surface'?”

of AgNPs should be take into account, in fact, there is a significant
dependence on the size of the particle: if the particle diameter decreases the total
surface area increase, and increase also the ion release rate. If the available surface
area decreases due to particles destabilization or cluster formation, the ion release
rate will decrease. Also the shape has to be considered, because a non-spherical NPs
have different crystal facets that dissolve at different rates, resulting in shape-
specific ion release rates. The same happen if some molecules are absorbed on the

NPs surface which can modulate the dissolution rate.



3.3.2 Biomedical Applications

Thanks to their distinctive physiochemical properties and anti-inflammatory, anti-
angiogenesis, antiviral, antifungal, and antibacterial functional features, AgNPs
play an important role in the development of novel biomedical applications. In table

3.6 are reported some example of AgNPs emerging application'!’,

Table 3. 6 Example of emerging AgNPs application'!’.

Medical domains | Examples

Coating of breathing mask and endotracheal tube
for mechanical ventilatory support

Silver-loaded SiO; nanocomposite resin filler as
aadditive in polymerizable dental materials
Nanosilver pyramids for enhanced biodetection
Ultrasensitive and ultrafast platform for clinical
assays for diagnosis of myocardial infarction
Fluorescence-based RN A sensing Magnetic
core/shell Fe304/Au/Ag nanoparticles with turnable
plasmonic properties

Remote laser light-induced opening of
microcapsules

Eye care Coating of contact lens

Silver dendrimer nanocomposite for cell labeling
Imaging Fluorescent core-shell Ag@SiO; nanoballs for
cellular imaging Molecular imaging of cancer cells
Neurosurgery Coating of catheter for cerebrospinal fluid drainage
Additive in bone cement Implantable material using
clay-layers with starch-stabilized silver

Orthopedics nanoparticles Coating of intramedullary nail for
long bone fractures Coating of implant for joint
replacement Orthopedic stockings

Patient care Superabsorbent hydrogel for incontinence material
Treatment of dermatitis Inhibition of HIV-1
Pharmaceutics replication Treatment of ulcerative colitis Treatment
of acne

Anesthesiology

Dentistry

Diagnostics

Drug delivery

3.3.2.1 Antimicrobial Application

Among the multiple application of AgNPs, impressive attention is directed

toward their bactericidal effect which makes them suitable for unconventional



antimicrobial application in wound dressing, tissue scaffold and biomaterials
coating. AgNPs have been broadly used as antibacterial and anticancer agents
thanks to their intrinsic cytotoxicity given by their high degree of toxicity against
cells. Essential aspect has to be maintained in order to exploit their cytotoxic ability
which include maintaining the correct size of AgNPs, improving their stability and
their dispersion by avoiding aggregation'!!. In fact, the degree of toxicity against
cell is given by the surface area (thus the size and the dispersion) of nanoparticles.
In many studies is shown how the positive surface charge of NPs makes them more
appropriate to remain for longer time on the tissue surface or on the blood vessel
side, this represent the best route for administrating anticancer agent'!'>. AgNPs

113-115 and it has been demonstrated

have been applied to different cancer cell lines
that the smallest sized NPs were more efficient in ROS production than the biggest
NPs!!®. Moreover, AgNPs shown also the anti-angiogenic and anti-proliferative
activity on cells by damaging DNA and producing genomic instability which
induces apoptosis, cells disfunction and causes cytoskeletal injury'!”. This promote
the anti-proliferative activity of cancer cells by blocking the cell cycle and division.

Currently, much attention is devoted to use AgNPs in design and develop
wound and burn dressing, thanks to the intrinsic anti-inflammatory and antibacterial
effect of metallic NPs. Other application in which the cytotoxic effect of AgNPs
has been extensively used are textile, pharmaceutics industry and medical device
coating''®. In fact, the specific toxicity against bacteria, has led to the incorporation
of AgNPs in a wide variety of products such as antifouling surface coatings, various
pharmaceutical formulations as burn ointments, wound dressings and bandages.
AgNP-coated bandage is one of the most innovative application in which silver can
kill harmful microbes while contemporaneously allowing better healing at the
injured tissue. In addition, AgNPs have also been utilized as antimicrobial agent in
dental resin'' and in food packaging so that foods can last for longer without

contamination.

3.3.2.2 Other Applications

Thanks to the attractive physico-chemical properties, AgNPs are also
plasmonic structure which are able to absorb light and scatter to a specific

wavelength, this makes them a suitable approach for cancer theranosctic'?’. In fact,



they can be selective attached to a specific cancerous cell and, after being irradiated,
the scattered light can be used for imaging purpose or for selective hyperthermia'?!,
Moreover, the broad spectrum bioactivity of this NPs, makes them promising agent
in critical tumours and multi-drug resistance approaches. AgNPs can also be
utilized as highly sensitive probes for imaging and targeting small molecules,
proteins, cells tissue, DNA and tumor!?*!%3,

Another potential application of AgNPs is for cardiovascular disease. Many
researchers are studying the effect of AgNPs on different types of cell present in
the complex vascular system, and the data shown potential benefit of metal
nanoparticles in phatological and physiological stages of the cardiovascular system.
This can be useful for the development of novel specific molecular therapy'?*. For
example, the first cardiovascular medical device coated with silver was a prosthetic
silicone heart valve, developed to reduce the inflammation response and to avoid
the bacterial infection'?,

Another emerging application of AgNPs is related to human eye infectious.
Nanosilver-based materials shown promising potential toward the development of
therapy of eye-related infectious conditions: AgNPs coated with calcium indicators
result to be less harmful than retinal cells'?®!?’. As the human eye is a complex
organ that can be easily exposed to microbial!?»!?° the use of silver-containing
nanomaterials could be a promising technique for their treatment and more in-depth
studies are needed to evaluate the use of AgNPs as a bactericidal agent in ocular

applications.
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Chapter 4

Biodistribution, Biodegradation

and Toxicity

Given the great improvements of nanotechnology in medical field, in the
pharmacological sector, for therapy, diagnosis and for their use as biocompatible
materials for prosthesis and implant, also human exposure to nanostructured
particulate matter is subject of increasing attention. Many studies have revealed that
the unique innovative properties that make nanostructures so interesting for
industry and biomedicine, such as their small size, large surface area, chemical
composition, solubility and geometry, can contribute to their potential toxicological
profile towards biological systems, the human body and the environment'.
Therefore, while on the one hand nanotechnologies are developing extraordinarily
in the perspective of expected benefits, on the other the problem of their safety
arises with greater insistence.

The nanotoxicology is defined as the safety assessment of nanostructured
materials and nanodevices. It has been found that nanoparticles are biologically

active, this means that, in terms of toxicity, these biological activities can lead to
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potential inflammation and pro-oxidant activities, but also to antioxidant activities?.
The basic parameters of conventional toxicology are concentration and time, these
factors can be easily measured for each chemical products and, after establishing
the nature of the dose response of a certain substance, threshold levels can be
determined, according to which, a chemical compound can be considered "safe" or

"3 The realization of materials of ever-smaller dimensions leads to

" dangerous
variations in the surface chemistry of these structures, increasing their reactivity.
For this reason, a lot of research*® has started aimed at studying the toxicological
potential of nanomaterials and the effect of the increase of their reactive surfaces
due to the increase of the surface-volume ratio.

In addition to the atomic composition, it is very important to evaluate whether
the nanoparticles are located inside or on the surface of a solid material or if they
are inside a volume of a liquid or a gas, free and able to move in the environment

and inside the body. The latter are the particles to be paid more attention to. Thus,

in order to evaluate the NPs toxicity is necessary to consider different factors:

e Size, shape and surface charge of nanoparticles: It is only through
knowledge of the nanoparticle’s properties that their toxicological
evaluation 1s possible. This is important for both industrial and
environmental particles and for nanoparticles used in nanomedicine.

e Maximum dose of NPs: It is important to draw meaningful conclusions from
in vitro and in vivo experiments in order to calculate the realistic dose for
assessing public health risk. This means that it is necessary to test the
toxicity of the nanoparticles on real doses rather than high and unrealistic
doses, in order to obtain a real biological response. When dealing with high
doses it is easier to detect the danger limit and to implement precautions and
protections’. However, the main public health problems are due to chronic
low-dose exposures over time, which can lead to an increase in degenerative
diseases®.

e NPs surface: Smaller is the diameter of a spherical particle, more the
surface-volume ratio increases, an increase in the surface implies an
increase in chemical reactivity’. Therefore, special attention must be paid to
the nanoparticle’s surface material. Several studies have shown that it is not

the nanomaterial itself, but its surface layer that mainly defines the



properties of the compound!®. This feature can be used to design particles
with specific surface properties in order to establish some paths within
biological systems. However, this result to be very complicated because, in
a biological context, the NPs come into contact with heterogeneous, liquid
or gaseous environments, and smaller structures such as atoms, clusters of
atoms or macromolecules can attach to them. So it is important to
understand not only the type of nanomaterial, but also the environment in
which the nanoparticles move.

o The environment: several times it has been said that the
nanoparticles released into the environment interact with water, air etc. This
involves a variation in surface charge or other surface properties. It is
therefore necessary to observe also the behavior of the nanoparticles with

the surrounding environment!!.

4.1 Nanoparticles-cells interaction

The interaction mechanisms between NPs and cells are not yet fully
understood. The problem comes from the ability of the particles to bind and interact
with biological matter and to change their surface characteristics, depending on the
environment in which they operate. Scientific knowledge on nanoparticle-cell
interaction mechanisms indicates that cells absorb nanoparticles through active or
passive mechanisms. Even particles of the same material can exhibit completely
different behavior due to small differences in surface coating, charge or size. This
makes the categorization of the nanoparticles behavior very difficult when in
contact with biological systems. When dealing with nanoparticles smaller than
50nm, the spreading mechanisms are the same used by viruses'>!3. Therefore, in all
nanotoxicology studies, the particle dose should be carefully considered and high
attention should be paid not only to the initial concentration with which the cells
are exposed to the nanoparticles, but also to the actual quantity of nanoparticles
taken by a single cell. The mechanisms that occur on the nanoparticle/cell interface

can be both of chemical or physical nature’.
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Chemical mechanisms include'*'8:

-Production of ROS (reactive oxygen species) (which is one of the main factors
involved in inflammatory processes and can involve secondary processes that can
cause cell damage and also cell death);

-Release of toxic ions;

-Disorders of electron/ion transport activity of the cell membrane;

-Lipid peroxidation.

-Oxidative damage through catalysis;

The physical mechanisms at the interface are primarily the result of the NPs
size and surface properties which leads to the interruption of membrane activity,
transport processes, conformation and aggregation of proteins'®2!.

Both chemical and physical interactions lead to a series of processes in the cell
that define the biological response. The cell membrane divides the cell from its
external environment and permits the selective transport of molecules, ions and
nanoparticles. NPs can influence the membrane stability, possibly causing cell
death, both directly through physical damage and indirectly through, for example
oxidation. The interactions of NPs with membranes mostly depend on their surface

properties, this is the reason why surface modifications are essential to design drug

delivery systems able to improve the NPs uptake in cells®?.
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Figure 4. 1 interaction of nanoparticles with cells®

In figure 4.1 are shown nanotoxicological mechanisms of the interaction of
nanoparticles with cells. Some research confirm how different material can damage
cells by different process, compromising the stability and the integrity of cell
membrane’***, Is shown how both the nanomaterial itself and the concentration
used, are responsible in membrane damage, as well as physical-chemical properties
of NPs can make changes in stability and morphology of membrane. Moreover,
other studies have shown how specific NPs can influence the mitochondrial
function by bringing cell to apoptosis, or how many particles end up inside the
lysosomes, the place where the cell tries to digest or expel them?®2’. In addition, the
smaller NPs can also spread within the pores of the nuclear membrane, thus
managing to enter the nucleus. In this case, also the DNA damage have to be
considered, this can occur both from chemical or physical interaction with NPs (if
they are internalized in the nucleus) or through ROS reaction of NPs (if they have

not reached the nucleus) which can induce genotoxicity?®2°. Obviously the size and
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shape of the NPs influence their ability to enter or accumulate within the cell or in

the intra-nuclear area.

4.2 In vivo nanotoxicology

In order to assess the NPs toxicity, in vitro models are not sufficient to predict
possible risks for humans, in vivo studies are therefore needed to clarify the
mechanisms and pathways of nanoparticles into a complex multicellular
organism®’. This is especially necessary for nanomaterials used in nanomedicine
which are voluntarily administrate inside the body. Iron oxide and gold NPs, are the
most used for nanotherapeutic applications thanks to their exceptional bio-
conjugation properties, research shows that their coating and surface are of
fundamental importance for predicting toxicological effects. However, it is still
unclear until what point the body is able to expel them and if the residual NPs tend
to accumulate in particular organs, eventually blocking and compromising the
body's excretion systems*!32. In addition, it is necessary to consider that while at
first the NPs biodistribution is regulated by parameters aimed at eluding, as far as
possible, the clearance mechanisms and increasing their targeting effectiveness,
later, once NPs performed their function, other factors come into play, such as the
mechanisms of metabolic regulation. In fact, as soon as the nanoparticles are
introduced into the body, the immune system performs a series of physiological
mechanisms aimed at recognizing these foreign substances, directing them towards
the main excretion pathways®®. Therefore, a sort of "competition" is established
between the desired distribution of nanoparticles in specific organs or tissues and
their recognition and elimination rate. It is, therefore, extremely important to know
the parameters governing these two aspects, in order to improve the NPs expected
functionality, increase their therapeutic efficacy and biosafety, while minimizing
their toxic effects.

Depending on the application they are intended for, NPs can be administered
in different ways, but intravenous injection represents the most commonly used
approach. Regardless of the administration method, the human body responds
quickly to their presence, trying to eliminate them through two different

mechanisms of clearance: the reticuloendothelial system (RES) and renal



clearance®***. It should be underlined that surface modifications aimed at ensuring
greater effectiveness of intracellular administration or a better evasion of the RES
clearance mechanisms, usually tend to increase their potential toxicity.

Several studies aimed at evaluating the toxicity of magnetic NPs, have observed
that after the NPs intracellular degradation processes, there is an excess of iron in
the organs that must be regulated, since the accumulation of free iron can increase
oxidative stress and cause toxicity’>=®. As already mentioned, the way in which the
body metabolizes the NPs, depends on their chemical composition and especially
on the type of coating or ligands present on their surface, but the iron oxide core
usually enters the normal body iron reserve and follow the same excretion paths of
the endogenous compounds.

Therefore, on the one hand, nanotechnology aims to reap the benefits of
nanomaterials with extraordinary performance and on the other, its development
must address the problem of their safety, connected to the potential dangers and
risks for human beings. It is therefore necessary that the advantages brought by the
use of nanotechnology are greater than the potential risks. In recent years, the use
of nanoparticles for medical purposes has increased significantly. As regards the
nanoparticles for theranostics (in particular SPIONs), many researches have been
started on their toxic effects, since they are particularly versatile in in-vivo
applications, hence it is necessary to seriously consider their long-term toxicity, and
carry out more studies on nanotoxicology in order to make these nanomaterials

more and more safe and usable in many field of nanomedicine.
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Chapter 5

Materials and methods

The aim of this work project was to develop novel nanoplatforms which can
exert different therapeutic and diagnostic properties to meet the needs of
nanomedicine in order to overcome the limitations of the traditional treatments, as
widely described in previous chapters. This chapter is focused on materials and
methods used to synthetize the nanoplatforms and on their characterization.
Moreover, the innovative use of Tannic Acid as reducing and stabilizing agent is
presented as a new eco-friendly material able to synthetize the nanoparticles
through a green synthesis method.

In detail, in paragraph 5.1.1, 5.1.2 and 5.1.3 the synthesis procedures adopted
to obtain the magneto-plasmonic nanoplatforms are described, followed by the
description concerning the compositional, morphological and structural
characterization techniques together with the magnetic and the optical properties of
NPs (paragraph 5.2), then the paragraph 5.3 is dedicated to the in vitro cytotoxicity
and biological tests carried out through the collaboration with different research

groups.
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Part of the work described in this chapter has been published during the PhD

period in different journal articles and thesis' ™.

5.1 Synthesis routes

In order to create magneto-plasmonic nanoparticles with specific properties,
different synthesis routes were tried and optimized to generate two kinds of
nanoplatforms: superparamagnetic iron oxide nanoparticles decorated with gold
nanoparticles (MPNPs-Au) and superparamagnetic iron oxide nanoparticles
decorated with silver nanoparticles (MPNPs-Ag). One of the main challenge is to
prepare MPNPs-Au/Ag through a facile synthesis in which metal NPs are reduced
directly on the surface of SPIONs through the innovative use of tannic acid as a
reducing agent. Tannic acid was selected since it is an ecofriendly agent with
reducing ability and for its natural antioxidant, antimicrobial and antitumoural
properties, as described in next section.

Hence, a green synthesis strategy was performed by using TA as both reducing
and stabilizing agent without using any other chemicals, minimizing the number of
reagents used and consequently reducing production costs. This represent one of
the major challenge because, to the author best knowledge, during the last years
many studies were devoted to the use of TA as reducing agent with presence of
additional stabilizers® or as reducing and stabilizing agent®’, but this is the first
study focused on the ability of TA to act within few minutes as reducing agent for
Au or Ag NP and simultaneously stabilize the MPNPs-Au and MPNPs-Ag
nanoplatforms dispersion without using any additional reagents.

In particular, in order to produce MPNPs-Au and MPNPs-Ag, two different
methods have been adopted in which stabilization and functionalization of NPs
were changed and optimized to obtain a NPs dispersion with better physio-chemical
and magneto-optical properties. Finally, the best nanoplatform generated, was then
optimized by adding the Toluidine Blue to enhance the photo-thermal effect. In

figure 5.1 are schematically represented the synthesis routes process.
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Figure 5. 1 Flow chart of the synthesis routes

For the synthesis, the reagents were all purchased from Sigma-Aldrich, unless

otherwise specified in the text.

5.1.1 First route

Synthesis of SPIONs
Superparamagnetic Iron Oxide nanoparticles (Fe3O4) were synthesized by the co-

precipitation in aqueous medium of Fe?* and Fe** salts in alkaline environment for
ammonium hydroxide NH4OH (Merck, 25% aqueous solution). According to the
literature, solutions of ferrous chloride FeClz-4 H>O (0.1 M) and ferric chloride
FeCl3-6H>O (0.1 M) were used. In order to obtain 0.1 M solutions, 1.02 g of
FeCl>-4H>0 and 1.3 g of FeCl3-6H>O have been dissolved in 50 ml of bi-distilled
water each and the two suspension have been magnetically stirred in separate
beakers to reach the complete dissolution of the salts. When the salts were
completely dissolved, 37.5 ml of the 0.1 M FeCl,- 4H,O were mixed in 50 ml of
0.1 M FeCls-6H>0 reaching a pH value around 1.9. In order to induce the magnetite
formation, NH4OH was added drop by drop to the obtained solution, under
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continuous mechanical stirring, until the pH reached the range of 9.5-10: the
reaction mixture turned black, indicating the formation of a suspension of iron oxide
NPs (SPIONs). The resulted suspension was then sonicated for 20 minutes in
ultrasonic bath (SONICA® Ultrasonic Cleaner) and washed several times with a
solution of bi-distilled water. Sedimentation of NPs was magnetically induced and
three washing steps have been performed in order to remove all the unreacted
compounds and the residual ammonia. The as obtained SPIONs have been finally

re-suspended in 100 ml of distilled water with a final pH = 8.5.

Stabilization of the SPIONs suspensions with Citric Acid

The stability of SPIONs in water is quite low, due to anisotropic dipolar attraction®.
This could limit the nucleation of the Au or Ag nanoparticles on their surface’. In
order to improve the suspension stability, achieving higher repulsive interactions
between magnetite nanoparticles and prevent as much as possible both their
aggregation and the formation of clusters of uncontrolled dimensions, Citric Acid
(CA) was added as stabilizing agent. CA is a well- known surfactant, as reported in

10712 composed by three carboxyl and one hydroxyl

literature by several authors
group (figure 5.2). CA was chosen for its well-known ability to stabilize colloids

by using a one-step, short and simple route'?.

O OH
O O

HO OH
OH

Figure 5. 2 Citric Acid Structure

In this synthesis, 50 ml of SPIONs dispersion was separated by sedimentation from
the water using a magnet, then 60 ml of 0.05 M CA solution were added (the

concentration of the diluted CA solution was chosen according to literature!+!® i

n
order to reach an optimal stability with the minimal amount of CA. Then the pH

was adjusted to 5.2 with concentrated NH4OH drop by drop, at this pH the



deprotonation of two carboxyl group of CA take place. The suspension was then
heated to 80 °C and stirred (150 rpm) for 90 minutes in order to promote the CA
adsorption on SPIONs, made possible thanks to the interaction between the
hydroxyl groups of the magnetite surface and one or two of the carboxylate
functionalities, forming a carboxylate with iron ions at that specific pH!®!! while
minimizing the magnetite decomposition to maghemite. Subsequently, the
stabilized NPs have been washed in 4 steps with 50 ml of bidistilled water by means
of an ultrafiltration device (Solvent Resistant Stirred Cells - Merck Millipore) and
finally suspended in 60 ml of bidistilled water.

The pH of the final suspension was adjusted to 10.2 with ammonia inducing the de-
protonation of the last -COOH terminal groups of the CA and providing a high,
negative surface charge on the nanoparticles, thus preventing any strong

agglomeration.

Functionalization with amino group by APTES

As it is known in literature!®!7 to introduce terminal amino (-NH;) groups on the
particles surface, a functionalization with (3-aminopropyl) triethoxysilane

(APTES) is widely used.

~_-O- SI/\/\NHZ
/=% o\

Figure 5. 3 (3-Aminopropyl) triethoxysilane (APTES) Structure

In this synthesis, to enhance the interaction between metal NPs and SPIONSs,
terminal -NH> groups were introduced on the SPIONs surface by the
functionalization with APTES (> 98%, Merck). For the functionalization with
APTES of CA-coated Fe3O4 nanoparticles, 30 ml of SPIONs suspension (at pH =
10.2) were diluted in 450 ml of absolute ethanol (anhydrous, > 99.9%, Carlo Erba
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Reagents) and sonicated for 3 minutes. Then, 255 pul of APTES were added to the
colloidal suspension and heated at 80 °C under mechanical stirring for three hours
at 150 rpm. Subsequently, the mixtures were cooled at room temperature, the
nanoparticles were magnetically separated and centrifuged three times at 7500 rpm
for 20 minutes to remove all the remnant ethanol and finally resuspended in 30 ml
of bi-distilled water. To induce positive charge at the surface of the APTES-coated
nanoparticles, a dilute HNO3 solution (0.05 ml of 6 M HNO3 with 20 ml of ethanol)

was added drop by drop until reaching a pH value = 5-6.

In situ synthesis of metal nanoparticles

In both routes of this project, the SPIONs decoration with gold and silver
nanoparticles was obtained by reduction through a simple aqueous method with the
innovative use of a green and organic chemical: Tannic Acid (TA). This
polyphenolic compound has the great advantage of being useful both as a reducing
and a stabilizing agent!®; moreover, it exhibits excellent antioxidant properties'®
TA 1is one of organic compounds characterized by both hydroxyl and phenolic
groups, which grant it aggressive reducing power and take part in redox reactions

by forming quinones and donating electrons (figure 5.4).

Phenolic form Quinone form
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HO ] 0
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o}
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HO OH

Tannic acid

Figure 5. 4 reaction mechanism of tannic acid-based reduction of metal salts. the electrons released
from the phenolic groups reduce the metal ions'®.



Noticeable, finally, are TA’s antioxidant, antimutagenic antibacterial, antiviral,
anti-inflammatory, and anticarcinogenic properties'® 2. Therefore, in this work TA
has been chosen as reducing agent.

A schematic representation of the first synthesis route is reported in figure 5.5.
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Figure 5. 5 Schematic representation of first synthesis route

MPNPs-Au (first route)
With the aim of testing the best way to reduce Au nanoparticles onto the SPIONs
surface and improving the synthesis yield, 3 different methods have been used
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(table 5.1): methods A, B and C, which differ one from the other for the sequence
adopted to add the reagents to the SPIONs dispersion.

Table 5. 1 Methods adopted to synthetize MPNPs-Au (first route)
CA/APTES-
SPIONs 70 °C; 5 min; 70 °C; 5 min;
A + 150rpm +HAudl, 150rpm
Tannic Acid
5 HArC"‘ 70 °C; 5 min; | + CA/APTES- | 70 °C; 5 min;
Tannic Acid 150rpm SPIONs 150rpm
CA/APTES-
SPIONs 70 °C; 5 min; . . 70 °C; 5 min;
C + 150rpm + Tannic Acid 150r i
HAuCl,

Briefly, TA and HAuCl4 were added to the MNPs dispersion to create the MPNPs-
Au. This step was performed by adding, in the order explained through the table
5.1, 1.70 mg of HAuCls and 15 mg of TA respectively dissolved in 6.7 ml and 10
ml of bi-distilled water to 10 ml of CA/APTES- SPIONs. By adding the gold salt
into a basic environment, HAuCl4 hydrolysis take place and form gold hydroxide
(Au(OH)3) suspension. Thus, to reduce the as obtained Au(OH)3 ions on the iron
oxide nanoparticles surface, the TA was dissolved in bi-distilled water and buffered
with NH4OH until reaching the pH=8. After each step, the suspension was heated
up to 70 °C for 5 minutes in orbital shaker at 150 rpm. Finally, the MPNPs-Au
complexes were magnetically separated, thus only Au NPs attached to the
CA/APTES-functionalized SPIONs have been collected and all the unreacted

elements have been eliminated, and resuspended in 10 ml of bi-distilled water.

MPNPs-Ag (first route)

As reported for MPNPs-Au (first route), also for the Ag grafting the same method
described for MPNPs-Ag was adopted, in order to evaluate the best way to reduce
silver seeds on SPIONs surface. The table 5.2 report the three methods A, B and C.



Table 5. 2 Methods adopted to synthetize MPNPs-Ag (first route)

CA/APTES-
SPIONSs 37 °C; 15 min; 37 °C; 15 min;
A + 150rpm + AgNO, 150rpm
Tannic Acid
5 Ag':'°3 37°C; 15 min; | + CAJAPTES- | 37 °C; 15 min;
Tannic Acid 150rpm SPIONs 150rpm
CA/APTES- + Tannic
C SPIONSs 37 °C; 15 min; Acid 37 °C; 15 min;
+ 150rpm 150rpm
AgNO,;

In this case, the precipitation of silver nanoparticles was accomplished in the same
way of the Au nanoparticles, but with some variations. 5 mg of AgNO3 were
dissolved in 10 ml of water and 2.5 mg of TA were dispersed in 20 ml of bi-distilled
water adjusting the pH at 8 in order to increase the reducing power of the acid!®;
then the reagents were added to 10 ml of APTES-coated magnetite nanoparticles
following the order shown in table 5.2 for methods A, B and C. In this synthesis,
after each step, the dispersion was stirred at 150 rpm for 15 minutes at 37°C by
using orbital shaker. Finally, the aqueous suspension was then washed three times

with an ultrafiltration device and redispersed in 40 ml of bi-distilled water.

5.1.1 Second route

Synthesis of SPIONs
In the second route, Fe3O4 nanoparticles were synthesized by the co-precipitation

method in the same way explained for first route in paragraph 5.1.1. Briefly, 1.02 g
of FeCl>-4H0 and 1.3 g of FeClz-6H>0O have been dissolved in 50 ml of bi-distilled

water each and the two suspension have been magnetically stirred until the salt were
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completely dissolved. Then, 37.5 ml of the 0.1 M FeCl,- 4H>O were mixed in 50
ml of 0.1 M FeCls;-6H>0 and the pH was adjusted to 9.5-10 with NH4OH, indicating
the formation of a suspension of SPIONs. The resulted suspension was then
sonicated for 20 minutes, then washed and finally re-suspended in 100 ml of

distilled water.

In situ synthesis of metal nanoparticles and stabilization of NPs

To reduce the process step and simplify the synthesis, in the second route TA
were used as stabilizing, capping and reducing agent®!, for this reason all the
syntheses were carried out rapidly, in order to avoid the aggregation of SPIONs.
As anticipated in the “first route” description, TA were used to allow silver and
gold nanoparticles nucleate on SPIONs surface thanks to its high reducing power.
In this route, a green synthesis strategy was performed in which TA was utilized as
both a reducing and stabilizing agent without using any other chemicals. In fact, the
use of TA alone allows to minimize the number of reagents used and consequently
to reduce production costs.

The big advantage to use TA is that under mild acidic/ basic conditions, it can
be partially hydrolyze into glucose and gallic acid as shown in figure 5.6. As it is

known from the literature?>??

, gallic acid has already been used as an excellent
stabilizing and reducing agent also thanks to its antimicrobial, antioxidant and
anticancer activities. Nevertheless, at alkaline pH, gallic acid induce formation of
metal nanoparticles rapidly at room temperature, but its poor stabilization potential
leads to aggregation of the particles in solution. But working under mild acidic/
basic conditions, thanks to the partial hydrolization of the TA, the presence of the

glucose guarantee the property of being a good stabilizing agent at alkaline pH.



OH

HG

OH

Tannic acid

Figure 5. 6 Tannic acid structure®!

For this reason, in the following synthesis TA is used on bare SPIONs to reduce
metal NPs and act as stabilizing agent among nanoparticles.

In the following image (figure 5.7) is reported a schematic representation of second

synthesis route.
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Figure 5. 7 Schematic representation of second synthesis route

MPNPs-Au (second route)

The second route was performed again by using the 3 methods in order to evaluate

the best way to reduce Au nanoparticles onto the SPIONSs surface (table 5.3)

Table 5. 3 Methods adopted to synthetize MPNPs-Au (second route)

METHOD STEP1

STEP 2

SPIONS 70 cc; 5 mln; 70 oc; 5 mln;
A + 150rom +HAucl, 150rpm
Tannic Acid - P
HAuCl, 70 °C; 5 min; 70 °C; 5 min;
B + L50rom +SPIONs 150rom
Tannic Acid P i
SPIONs 70 °C: 5 min; ) . 70 °C; 5 min;
C + S + Tannic Acid 150rpm
HAuCl, - i




At the beginning, 60 mg of HAuCl4 and 2.55 mg of TA were dissolved respectively
in 12 ml and 1.2 ml of water. TA solution was buffered at pH=8 with NH4OH to
improve its reduction power. Then, the solutions were added in the specific order
described from table 5.3, to 3.9 ml of the SPIONSs dispersion. After each step the
dispersion was left in orbital shaker for 5 minutes (70 °C, 150 rpm) in order to
promote the Au reduction on SPIONs surface. Finally, the dispersion was washed
3 times through magnetic separation and redispersed in 20 ml of water. To
determinate the optimal reaction condition, the pH of HAuCls was varied by adding
NH4OH drop by drop to increase the pH from 2 to 8 as will be discussed in results

section.

MPNPs-Ag (second route)
The synthesis of MPNPs-Ag was performed again by using the 3 methods (table
5.4) in order to determine the optimal procedure to reduce AgNOs and stabilize the

suspension.

Table 5. 4 Methods adopted to synthetize MPNPs-Ag (second route)

SPIONs 40 °C; 15 min; 40 °C; 15 min;
A + e + AgNO; us
Tannic Acid
AgNO; 40 °C; 15 min; | +SPIONs |40 °C; 15 min;
B + us us
Tannic Acid
SPIONs | 5ec. 15 min; | T T2MIC | 46°C; 15 min;
C + G Acid Us
AgNO,

In this synthesis, 0.6 g of AgNOs salt were added to 12.5 ml of SPIONs dispersion
and sonicated for 15 minutes at 37 °C to prevent aggregation. Then, 0.3 g of TA
were dissolved in 10 ml of bi-distilled water and buffered at pH=8 with NH4sOH.
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The dispersion was kept in ultrasound device for 15 minutes at 40 °C and then
washed with magnetic separation. Finally, the nanoparticles were dissolved in 20

ml of water.

5.1.3 Optimization with Toluidine Blue

Among the big family of dyes, Toluidine Blue (TB) is the most often used as
biological stains (figure 5.8); in fact, it is found that TB interact strongly with the
gold nanoparticles enhancing the absorption peak on the UV-vis spectra at a longer

wavelength, while no interaction is shown with silver nanoparticles?*. At present, it

is not clear how the interaction between Au NPs and the dyes occurs®*?°, one

hypothesis is that the dyes interact with the surface of the NPs via the amino group

26,27

which is weakly aurophilic”™“’, another hypothesis is that TB interact or bind to Au

NPs through the sulfur atoms which are known to be extremely aurophilic?®%,

HoN S = hld’CHS

CHa

Figure 5. 8 Structure of Toluidine Blue

In this synthesis TB has been used on mangetoplasmonic NPs and the dispersion of
MPNPs-Au (second route) was dissolved in 8 ml of bidistilled water in order to
obtain a NPs dispersion 5 mM and mixed with 10 pl of a 5 mM dispersion of TB.
To assess the effect of TB, a washing step was performed in order to remove all the

unreacted compounds, finally, the NPs were redispersed in 8 ml of bidistilled water.

5.2 Nanoparticles Characterization

The analysis of the MPNPs developed through the different synthesis routes

was performed in order to study the structural features, the morphology, the



composition and the magneto-optical properties of the as-synthesized samples. The
data described in the following sections obtained through the characterization
techniques, allowed to attest the sample features and to select the best performing

procedures.

5.2.1 Field Emission Scanning Electron Microscopy (FE-SEM) and
High-Resolution Transmission Electron Microscopy (TEM)

FE-SEM. In order to investigate the size, the shape and morphological features
of nanoparticles, the Field Emission Scanning Electron Microscopy was adopted.
This technique is a non-destructive characterization analysis, which consists in an
electron gun able to generate a high energy electron beam that passes through a
magnetic lens, which deflects and focuses the beam on the specimen surface (Figure
5.9a). The interaction between the electron beam and the sample surface leads to
the generation of different signals, which include secondary -electrons,
backscattered electrons, visible light (cathodoluminescence), photons

(characteristic X-rays), diffracted backscattered electrons, and heat (Figure 5.9b).

(b) Incident Beam

Backscattered
Electrons
Secondary
Electrons

Figure 5. 9: FE-SEM functioning (a) and interaction between the electron beam and the sample (b)3°
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In order to obtain morphological and topographical information, secondary
electron and backscattered electrons are exploited among the signal. In particular,
the first are low energy electron (energy < 50 eV) generated by inelastic scattering
which provide a superficial topographical image; while the second are signals with
higher energy (> 50 eV) that comes from deeper region of the sample and provide
information closely linked to its chemical composition.

Samples preparation method. for the FE-SEM analysis, 5 puL of the diluted

sample dispersion was placed on a Cu grid (300-mesh, S147-3, Agar Scientific,
UK) coated with ultrathin amorphous carbon film, then the grid (once dried at room
temperature) was located on the appropriate support and analyzed by Zeiss supra

40 GEMINI field emission scanning electron microscope.

TEM is a very preforming technique used to analyze the properties of materials
at nanoscale level (i.e. morphological, compositional and crystallographic
properties). This tool uses the interaction between energetic electrons, which is the
source, and the sample; in particular, the working principle consists in an electron
beam emitted from a tungsten filament which reaches the sample by passing
through a condenser and objective lenses system. Thus, the electron that are
transmitted and scattered from the sample, are utilized to create an interference
image. The TEM provides information on crystal and internal structures.

Samples preparation method: all the sample analyzed with TEM were detected

by means of a holey carbon coated TEM grid (300-mesh, S147-3, Agar Scientific,
UK). In particular, after sonication, 5 uL. of NPs diluted suspension was dropped
on the carbon grid and analyzed once dried.

TEM imaging and related local EDS were performed in part at Italian Institute of
Technology, Genova (Italy) by using FEI Tecnai F20 TWIN transmission electron
microscope with a Schottky emitter operated at 200 KV; and in part were performed
at the JoZef Stefan Institute, Ljublijana (Slovenia) by using a Jeol JEM-2100 TEM,
operating at 200 kV and equipped with EDXS (Energy-dispersive X-ray
spectroscopy) and SAED (selected area diffraction), performed to analyze the

structural characteristics of pure magnetite and MPNPs-Au/Ag.



5.2.2 Energy Dispersive Spectroscopy (EDS)

EDS. The Energy Dispersive Spectroscopy (EDS) allows to detect the elemental
composition of the samples through the detection of X —ray spectrum coming from
the exposure of the sample to a high-energy electron beam. This X-rays energy
depends on the atomic number of the element and is used to obtain information
about chemical composition. In detail, when the X-rays reach the detector, cause
the ionization and consequently, the generation of an electrical charge which allows
to obtain a spectrum reporting the number of counts per channel as a function of the
energy of the detected X-rays (keV). The EDS investigation was carried out on all
the MPNPs dispersions with the aim to study the chemical composition and correct
formation and reduction of metal NPs on SPIONs surface.

Samples preparation method: The EDS investigation was carried out preparing

the sample by dropping 5 pL of the NPs dispersion on a Cu grid, then located on
the appropriate support for the analysis. The analysis was performed by a Zeiss

supra 40 GEMINI x-ray spectroscope equipped with EDS.

5.2.3 Fourier transform infrared spectroscopy (FT-IR)

FT-IR. The structural and elemental analyses on NPs samples were performed by
means of Fourier transform infrared spectroscopy in order to provide information
on the functional groups present in the molecules. The study of this chemical bonds
comes through the formation of signals that can be linked to the presence of specific
groups with characteristic frequencies. In particular, the light source of the
spectrometer emits IR radiation which can be absorbed by the sample causing the
molecules transition from a fundamental state to an excited vibrational state. Each
chemical bonds vibrate at a characteristic frequency, depending from their own
structure, bond length and angle. So, individual molecules are able to interact with
the radiation absorbing it at a specific wavelength. The signal generated from this
interaction, is converted by means of Fourier transform, in a traditional IR spectrum
(typically between 400 and 4000 cm™); this spectrum can be associated to an

individual chemical bond which identify specific compound in a complex system.
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Samples preparation _method: To perform FT-IR analyses 1 ml of NPs

dispersions were dried at room temperature for 24 h and the as obtained powder
was analyzed through a JASCO 4000 Fourier transform infrared spectroscope (FT-

IR), which acquired spectra from 4000 to 450 cm™".

5.2.4 Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis. UV-Visible Spectroscopy (UV-vis) can be employed to identify the
wavelength of compound and their maximum absorbance.

This technique is based on chromophores absorption of monochromatic
electromagnetic radiations in the UV (200-350 nm) and visible (350-700 nm)
spectral region. In detail, in UV-vis spectrometer is composed by a source
(composed by a combination of tungsten/halogen and deuterium lamps), a

monochromator, a holder for the sample and a detector (figure 5.10).

Sample

Monochromator

Detector

Exit slit

Dispersion
device

Source Entrance

@ slit

Figure 5. 10 Schematic structure of UV-Vis spectroscopy’!.

Briefly, the light is emitted from source and reaches the monochromator which
splits the different wavelengths of light and works as filter so that only light of a
single wavelength passes through the sample and reaches the detector. The detector
converts the intensity of the light in electric signal which undergoes to amplification

and returns a diagram showing the absorbance as a function of the wavelength. In



NPs characterization the UV-Vis analysis is useful to understand at which
wavelength a specific compound is able to absorb the maximum light as well as to
provide information on the NPs size and aggregation®?>*,

Samples preparation _method: In order to analyze sample with UV-Vis

spectroscopy and verify the formation of metallic NPs, the baseline was first
recorded with bi-distilled water as reference solution (Ip), then the NPs dispersions
(I) were diluted in bi-distilled water (1 ml of NPs and 3 ml of bi-distilled water) and
placed within a cuvette for the analysis. If I < Iy, then the sample absorbed part of

the emitted light, this absorbance (A) is correlated to I and Io by the equation

Iy
A =logqo T

The absorbance spectra of the samples were recorded with the UV-Vis (UV-2600
SHIMADZU) instrument.

5.2.5 Dynamic Light Scattering (DLS) and { potential

DLS. Dynamic Light Scattering (DLS) was used for the determination of particle
hydrodynamic radius and particle size distribution. DLS techniques is based on the
scattering of light by the particles dispersed in a liquid; these particles, free to move,
undergo Brownian motion so they change their position to each other and change
the rate at which the intensity of the scattered light fluctuates. On the basis of this
fluctuations, is possible to measure the diffusion coefficient. The smaller the
particles are, the faster is the Brownian motion and vice versa, larger particles move
more slowly. The hydrodynamic radius (particles considered as spheres) can be
derived by using the Stokes-Einstein equation.

Samples preparation method: In order to analyze the hydrodynamic radius of

NPs, ten measurements of 300 seconds for each sample were processed setting the
parameters according to the properties of the solvents and material to be measured.
The sample was prepared by diluting SPIONs suspension with bi-distilled water

and analyzed by Litesizer™ 500 instrument.
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C POTENTIAL. In order to investigate the stability of the colloidal suspensions, {

potential measurements was used. In fact, zeta potential is a key indicator of the
stability of colloidal dispersions: in particular, the lower the magnitude of the (
potential is, the less stable is the colloid and vice versa, a higher magnitude indicates
a more stable colloid. The colloids' behavior is related to the z-potential range:

e Rapid coagulation =0 - £5
e Incipient instability =£10 - 30
e Moderate stability = +30 - +40
e Good stability = +40 - £60
e Excellent stability = > +£60
Thus, knowledge of { potential is important for optimizing processes and for quality

control.

Samples preparation method: The sample for { potential was prepared by
diluting SPIONs suspension with bi-distilled water and the pH ranging from 1 to

12 was analyzed by Litesizer™ 500 instrument, same used for DLS measurement.

5.2.6 Vibrating Samples Magnetometer (VSM)

VMS. The superparamagnetic behaviour and the magnetic saturation of the NPs
were evaluated with a Vibrating Samples Magnetometer. VMS is a non-destructive
technique useful determine the magnetic properties of a material, as functions of
magnetic field, time and temperature. In detail, the sample is placed in a constant
magnetic field which magnetize the sample (if the sample is magnetic) by aligning
its magnetic domains with the field. Then the magnetic dipole moment of the
sample generates a magnetic stray field which change with the sample movement
as a function of time. This alternating magnetic field around the sample induces an
electric field in the coils that is proportional to the samples ‘magnetization. Using
specific software, the system provides information on how much the sample is
magnetized and how the magnetic field affects its magnetization.

Samples preparation method: To perform this analysis, the NPs suspensions

were dried at 37°C to obtain NPs in powder form, then magnetic properties were
investigated by means of a DC magnetometer (Lake- Shore 7225) equipped with a
cryogen-free magnet system at room temperature in quasi-static condition. Finally

obtained magnetization signal was normalized by the mass of the sample.



5.2.7 Laser Irradiation

Laser Irradiation. This kind of analysis has been performed in order to detect ability

of MPNPs to increase their temperature exploiting the SPR effect (figure 5.11),
useful to evaluate their ability to be used for photothermal treatment in cancer cells.
In particular, as described in detail in chapter 3, paragraph 3.2.2, the laser source
produces a light with a specific wavelength which hit the sample and allows MPNPs
to transform the received radiation into thermal energy by producing heat. Is
important to measure the heat produced in order to evaluate the time exposure for

each sample and avoid excessive temperature rise.

Laser Irradiation

SPR Electror? Cloud
-
Effect P

— 2 E - L
//, T \
A | " éyé'

Metal NPs \

Figure 5. 11 Schematic representation of SPR effect in metal NPs

Samples preparation method: MPNPs dispersion with total volume of 1 mL

were irradiated using NIR laser with a wavelength of 808 nm (CNI, model MDL-
IT1-808). Spot size of the laser beam was 1 cm in order to irradiate the entire volume
of the vial. Power of the laser was set at 1 W and temperature of the samples was
monitored and detected every minutes in real time using a J-type Teflon

thermocouple.
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5.2.8 Induction heating system

Induction Heating. The induction heating system was used with the aim of

evaluating the ability of synthetized NPs to work as therapy system in magnetic
hyperthermia application. The analysis consists in the application of an alternated
magnetic field with specific power and frequency to the solution samples. In
particular, as shown in figure 5.12, the sample is placed in the specific holder inside
a coil, then the current produced at the output, flowing inside the coil, generates a
magnetic field that interacts with the nanoparticles. This interaction makes NPs
generate heating that is dissipated in the surrounding fluid in which they are
dispersed. The ability of the nanoparticles to function as magnetic hyperthermia
therapy system is assessed by measuring the temperature they produce in a specific

period of time.
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Figure 5. 112: Schematic representation of induction heating system for magnetic hyperthermia therapy
applications



Samples preparation _method: The samples for the induction heating

measurement were prepared by diluting SPIONs suspension with bi-distilled water
in order to obtain 1 mg/ml concentration each, then 3 ml of solution has been used
for the analysis. The working condition of power and frequency were settled
respectively at 3 kW and 220 kHz. Each solution undergoes to magnetic field for
20 minutes and the temperature were detected every 2 minutes with a thermocouple
insert inside the NPs dispersion. The induction heating system (FELMI- EGMA 6-
10-15 REV.01) was used for this analysis.

5.3 In Vitro Cytotoxicity

Cytotoxicity tests are essential to preliminary asses the biocompatibility of the
NPs and to establish the MPNPs concentration that would not damage the healthy
cells. For this purpose, in paragraph 5.3.1 and 5.3.2, the biocompatibility tests of
MPNPs in contact with different cell lines are described.

Part of the work described in this section has been published during the PhD

period in different journal articles and thesis® ™.

5.3.1 Hemotoxicological Analysis

Hemotoxicological Analysis. The hemotoxicological properties were detected in

order to evaluate the toxicological effect of the nanocomposites in contact with red
blood cells (RBCs). In particular, with this analysis in possible to evaluate the
hemoglobin absorbance using a spectrophotometer which is useful to detect the
RBCs hemolysis before and after incubation with nanoparticles.

Samples preparation method: RBCs cells isolated from the fresh whole sheep

blood (supplied by Veterinary Faculty- University of Ljubljana, Slovenia) were

119



washed before use with physiological 0.9% NaCl solution, centrifuged (at 600 rpm
for 15 minutes) to remove the supernatant and then resuspended in sterile HBS
buffer with 0.9 wt% NaCl to obtain 5 vol.% cell density. 100 uL of RBCs were
seeded in each vial and then 100 pL of MPNPs dispersion was added in order to
test two different MPNPs concentration: 35 and 100 pg/mL (all the samples were
measured in triplicate). The NPs concentration was calculated by drying the NPs
dispersion in order to know how many grams of NPs are present in 1 ml of solution,
then a specific dilution with water was required to obtain the desired concentrations.
The cells exposed to MPNPs were incubated at 37° C for 24 h., then the samples
were centrifuged and the number of lysed cells were calculated by measuring the
hemoglobin absorbance of the supernatant at 541 nm using a spectrophotometer
(BioTek Synergy H4 Hybrid microplate reader). This analysis was completely

performed at University of Ljubljana, Slovenia.

5.3.2 Cytocompatibility on healthy and cancer cells

Cytocompatibility: In order to perform this analysis, two different cell lines
were used to assess cytotoxicity to simulate skin healthy and tumor conditions.
Human primary fibroblast (HGF) were selected as representative for healthy tissue
while Human metastatic melanoma cells (A2058) were representative for
pathogenic cells.

Samples preparation method:

HGF growth condition
Primary human fibroblasts (HGF) were isolated from normal human gingiva
harvested from healthy patient, after informed consent. To isolate cells, the
following procedures were used: mucosal epithelia layers were enzymatically
divided by dispase that is effective dividing fibronectin and collagen type IV; tissue
was submerged into the dispase solution at 4 °C overnight and then digested 30
minutes with a solution of collagenase (1 mg/ml), dispase (0.3 mg/ml) and trypsin
(0.25% in phosphate buffer saline -PBS-). Harvested single cells were cultivated in
alpha-modified eagle medium (a-MEM, Sigma, Saint Louis, Missouri, U.S.)
supplemented with 10% of heat inactivated fetal bovine serum (FBS) and 1% of



antibiotics and antifungal (penicillin, streptomycin and amphotericin) at 37 °C in
humidified incubator, 5% COs.
A2058 growth condition
A2058 cells were purchased from American Type Culture Collection (ATCC).
They were cultivated in RPMI 1640 (Sigma, saint Louis, Missouri, U.S.)
supplemented with 10% of heat inactivated fetal bovine serum (FBS) and 1% of
antibiotics and antifungal (penicillin, streptomycin and amphotericin) at 37 °C in
humidified incubator, 5% CO..

Nanoparticles were dispersed using Ultrasonic Bath (30 seconds, room
temperature) and then diluted in serum-free media until final concentrations of 25,
50 and 100 pg/ml. To test NPs cytotoxicity, 2x10* cells were seeded onto each well
of a 24 multiwell-plate and submerged with 1 ml of fresh medium. Plate was
incubated at 37 °C 24 hours to allow complete cell adhesion and spread. Then,
Nanoparticles, previously diluted in serum-free media, were dispersed in each well
and put in direct contact for 6 and 24 hours. At each time-point, cell viability was
evaluated by the Alamar blue assay, a colorimetric metabolic dye based on the use
resazurin sodium salt. In presence of metabolic activity, resazurin (a non-
fluorescent blue molecule) is metabolized in resafurin (a fluorescent red molecule).
Briefly, the ready-to-use alamar solution was added to each well containing cells
(200 pl/well) and incubated 3 hours in the dark. Then, 50 ul were collected from
each well, transferred to a new black-bottom 96 well plate and the fluorescence
evaluated by spectrophotometer (Spark, from Tecan, CH) using a 570 nm
wavelength. Cells cultivated with fresh medium were used as control and
considered as 100%; test values were normalized towards them and expressed as %
over control. Finally, NPs internalization was visually evaluated by optical

microscope (EvosFloid, Leica, CH).

5.4 Laser induced phototherapy

This paragraph is dedicated at the cytotoxicity tests performed on healthy and

cancer cell lines exposed to different NPs concentrations, in which the laser
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irradiation is applied. This will be useful to understand if the NPs are able to be
used as tool for photothermal therapy by converting the received light into thermal
energy and to establish the MPNPs concentration that would not damage the healthy
cells, but could destroy the cancers cells when irradiated. In particular, the cells
used to perform the tests were:

» Healthy cell line: human gingivalis fibroblast (HGF), obtained from DS Pharma
Biomedical.

* Cancer cell line: squamous carcinoma, buccal mucosa (HO-1-N-1), obtained from
JCRB.

Both cells were grown in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10% of FBS (fetal bovine serum) and seeded in different well
plates (MatTek Corporation).

A schematic representation of the procedure adopted for the cytotoxicity test is
shown in figure 5.13.

The work described in this paragraph has been performed at Kyoto Institute of
Technology (Kyoto, Japan) and has been published during the PhD period?.



Tumour and Healthy cells
incubation for 48 hours

" T

— gy

HO-1-N1 cells HGF cells

MPNPs-Au exposition
(NPs concentration: 5, 25 and 50 pg/ml)

4 hours incubation

Laser irradiation
for 5 minutes

v

SPR effect

Temperature
reached between

\ }:/ R\ 43°Cand 44°C
- Heat
Fluorescence Raman
WST-A
Microscope Spectroscopy

Figure 5. 12 Schematic representation of the procedure adopted for the cytotoxicity test.

5.4.1 Fluorescence microscope (FM)

This biological test is achieved by using the fluorescence microscope in which
the resulting images give information about the cellular status. In fact, thanks to the
different staining used, it is possible to understand whether cells are damaged or
not. To perform FM, HGF and HO-1-N1 cells were seeded in 96 well plates at a

density of 2 x 10* cells in 200 pl of cells medium. After 48 hours MPNPs were
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dispersed in cell culture medium to obtain a final concentration of 5, 25 and 50
ug/ml and were added to the cell cultures in a final volume of 200 pl for each well.
4 hours later the photothermal treatment was performed, applying the irradiation
for 5 minutes with a 530 nm continuous wave laser (output: +12 V, 3A; irradiance
of 60mWcm—2) until the temperature reached was between 43 °C and 44 °C. Then
FM was used to detect the effect of laser irradiation on cell exposed to NPs. The
analysis was performed with FM JuLI Stage, AR Brown Co. Cells were stained
with: Hoechst 33342® (nuclei, in blue); Annexin (early apoptosis without breaking

membrane, in green); PI (cell death with breaking membrane, in red).

5.4.2 WST Assay

WST assay is an analysis which indicates the number of viable cells that can be
quantified by measuring the absorbance given from their metabolic activity. HGF
and HO-1-N-1 cells were seeded in six well plates at a density of 5 x 10* cells/well.
After 48 hours MPNPs were dispersed in cell culture medium to obtain a final
concentration of 5 and 50 pg/ml and were added to the cell cultures in a final volume
of 2 ml for each well. 4 hours later some wells were exposed to a laser irradiation
for 5 minutes with a 530 nm continuous wave laser (output: +12 V, 3A; irradiance
of 60mWcm—2) until the temperature reached was between 43 °C and 44 °C. The
viability of all cell cultures was determined after 4 hours from laser exposure using
a standard WST-8 assay (WST-assay-Kit is Dojindo, Cytotoxicity LDH Assay Kit-
WST, Lot.KP 870).

5.4.3 Raman spectroscopy

The Raman spectroscopy was performed in order to evaluate the molecules present
in the cells, which can be indicators of cellular vitality or cellular stress. In fact, in
a Raman shift, when the laser beam hits a cell, chemicals within the cell can absorb
and reflect or scatter the light waves. This scattering generates a marker at various

wavelengths that can be used to identify specific molecules, which depends on the



molecule type and the chemical bonds present within its structure®>. Raman
spectroscopy was performed on both HGF and HO-1-N1. The cells were seeded in
six well plates at a density of 5 x 10 cells in 2 ml of cells medium. After 48 hours
MPNPs were dispersed in cell culture medium to obtain a final concentration of 50
ugml ™! and were added to the cell cultures. 4 hours later the photothermal treatment
was performed, applying 530 nm of laser irradiation for 5 minutes until the
temperature between 43 °C — 44 °C was reached. Then the Raman spectra were
detected 4 hours later with ARAMIS, LabRAM HR800 (Horiba/Jobin Ibon, Kyoto,
Japan).

* Laser option: 532 nm, green laser;

* Acquisition time: 10 s;

* Acquisition number: 4;

* Number of spectra acquired: 5 spectra for each sample.
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Chapter 6

Results and discussion

With the final aim to produce new hybrid nanoplatforms (MPNPs) to be used
as multifunctional platform in cancer theranostic, several nanoparticles composed
of'a magnetic core and an external Au NPs or Ag NPs decoration were obtained by
different synthesis approaches. One of the major object was to create a facile and
reproducible synthesis method able to maintain the peculiar properties of both
nanomaterials and to combine the effect of SPIONs and Au/Ag NPs by means of
the innovative use of tannic acid.

In particular, to obtain scalable nanostructures and enhance the synthesis yield,
several synthesis methods were conducted, and the results related to the structural,
morphological and chemical characterization of the obtained systems are presented.
With the aim of achieving the best synthesis by exploiting the peculiar
characteristics of tannic acid, efforts have been devoted to optimizing a “green”
procedure capable of synthesizing the nanocomposites.

Besides the morphological, compositional and structural data, the chapter
reports magnetic and optical characterization as well as the results coming from
induction heating and laser irradiation, which give information on the NPs ability

to produce heat.



Moreover, in paragraph 6.4 the in vitro cytotoxicity evaluation of the as-
produced MPNPs-Au/Ag nanoparticles is discussed, while in paragraph 6.5 the
results concerning the laser induced phototherapy are presented.

Part of the data and images presented in this chapter, with the incorporation of
more results and some modification, were already published during the PhD period
in different journal articles and thesis'™.

It is also important to underline that part of the results presented in this chapter
derive from both European and non-European collaborations. In particular, all the
results referred to the chemical, morphological, magnetic and optical
characterization together with the induction heating and laser irradiation tests were
carried out by the author at DISAT (polytechnic of Turin) with the exception of the
TEM characterization which was carried out by researchers from the Italian
Institute of Technology in Genoa.

The in vitro cytotoxicity tests were carried out in part at the St Joseph Institute
of Ljubljana which made the red blood cells available for the NPs haemotoxicity
evaluation, and in part at the University of Novara where healthy and cancer cells
were compared to evaluate the NPs cytocompatibility.

Finally, all the tests concerning the laser induced phototherapy were carried out
by the author during a secondment period at the Kyoto Institute of Technology
(Japan).

6.1 First route synthesis characterization

In this paragraph, the morphological, compositional and chemical
characterization concerning the first route adopted to synthetize MPNPs-Au and
MPNPs-Ag are described. In particular, the paragraph 6.1.1 is dedicated to the
characterization of SPIONSs stabilized with CA and functionalized with APTES, in
order to define if the nanoparticles are suitable to promote the metal NPs reduction
on its surface. For this reason, a detailed characterization is performed. Then, in
paragraph 6.1.2 and 6.1.3 the preliminary characterization of the different methods
used to synthetize MPNPs-Au and MPNPs-Ag are presented in order to select best

approaches to generate the NPs suspensions. Therefore, at the end of each
131



paragraph the best synthesis method is selected for more in-depth characterization
that will be presented in paragraph 6.3, together with the best results coming from

the second route.

6.1.1 SPIONS stabilized with CA and functionalized with APTES

TEM analysis

Magnetic nanoparticles were firstly characterized by means of TEM analysis in
order to assess their size and morphology. In figure 6.1 TEM image of bare iron
oxide nanoparticles is shown, in which it is possible to observe the approximately

spherical shape of SPIONSs, and their dimensional range between 5-20 nm.

Figure 6. 1: TEM image of Iron Oxide NPs. Scale bar: figure A 10nm, figure B 20nm

The morphology and the size of the sample were not affected by both the
addition of CA and APTES as shown in figure 6.2 and figure 6.3 respectively. In

fact, it is possible to observe pseudo-spherical well-dispersed nanoparticles with a



size range between 5 and 20 nm in both cases as shown in the graph size distribution

(figure 6.2C and 6.3C).
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Figure 6. 2: TEM images of SPIONs stabilized with CA and graph size distribution.
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Figure 6. 3: TEM images of SPIONs stabilized with CA and functionalized with APTES and graph size
distribution.

FT-IR spectra
To compare the surface properties of SPIONs, CA capped SPIONs and APTES

functionalized SPIONS, the FTIR spectra were recorded on each kind of batch. The
results are shown in figure 6.4, 6.5 and 6.6 and the main peaks attribution are
summarized in table 6.1. In all patterns it is evident the strong vibrational modes of
Fe-O bonds of magnetite that are located at 585 cm™! 3¢,

The patterns differ one from each other for the presence, in the case of CA-
capped SPIONSs, of the main signals of CA. In detail, for the CA-capped SPIONs
(figure 6.5), at 1400 cm ™! the peak related to the asymmetric stretching of the COO—
group of COOH of CA, and around 1600 cm™! the peak ascribable to the vibration
of the C-O of the COOH group of CA, can be seen, as a confirmation of a CA

radical bound to the magnetite surface. The intense band at about 1600 cm™! in the

CA-capped SPIONs spectrum, evidences the binding of a CA radical to the surface



of Fe;Os4 nanoparticles by chemisorption of carboxylate (citrate) ions’®. This
confirms the formation of SPIONs and the effective stabilization with CA, which
avoids NPs aggregation.

Regarding the APTES functionalized SPIONSs in figure 6.6 the peaks at around
1000 cm™!, which is a characteristic band for the Si-O-Si vibrations in the silane
layer, and the Si-OH stretch of APTES at 800 cm™ are evident; this attest the correct
functionalization of SPIONs, which can be used for the metal NPs decoration.
Thanks to this analysis it is possible to confirm the successful stabilization of

SPIONs with CA and functionalization with APTES.
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Figure 6. 4: FTIR spectra of SPIONs
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Figure 6. 7: comparison of FTIR spectra with corresponding peaks.

Table 6. 1 FT-IR main peaks assignment

Wavenumber e

585 strong vibrational modes of Fe-O bonds of magnetite

800 Si-OH stretch of APTES

1000 Si-0-Si vibrations in the silane layer

1600 vibration of the C—-0 of the COOH group of CA

1400 asymmetric stretching of the COO- group of COOH of CA
DLS and Z-potential

The hydrodynamic diameter of NPs was determined by DLS. This analysis
shows two important parameters defining the physico-chemical behaviour of NPs
in solutions: The Z-average size (hydrodynamic diameter) and the Polydispersity
Index (PDI). An average hydrodynamic diameter for Fe3O4 NPs of 104.76 nm has
been detected, while the PDI, which indicates the breadth of the size distribution,
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was 0.21%. This means that the sample is monodisperse and a single particle
"species" is present with a hydrodynamic diameter mean of 104,76 nm.

In order to calculate the isoelectric point (IEP) of NPs, the { potential
measurement has been performed. This is useful to evaluate if the CA adsorption
on SPIONSs is able to improve the electrostatic repulsion at physiological pH, by
inducing a surface charge modification®!°. The experimental value of SPIONs IEP
is 6.8 as it can be observed in the { potential graph in figure 6.8. The CA-capped
SPIONs curve shows that the isoelectric point is shifted towards lower pH values
and results to be about 2; this confirms the correct absorption of CA on SPIONs

surface and its ability to modify the surface charge.

—=— SPIONs
—vy=— CA-capped SPION

¢ potential (mV)
(=]
_/‘

Figure 6. 8: { potential measurement of SPIONs and CA-capped SPIONs

6.1.2 MPNPs-Au (first route)

Once defined the correct CA stabilization and APTES functionalization of
SPIONSs, the analyses on MPNPs-Au have been performed. The three synthesis
methods used to create the nanocomposites have been studied by using STEM and
UV-Vis analyses; then the synthesis showing the best results has been used as
model synthesis for further investigation.

The SEM images reporting the morphological aspect of nanocomposites
coming from the method A (figure 6.9) have been acquire in dark field mode, in

which high mass materials (such as gold) appear bright'!. In this method, the tannic



acid was firstly added to CA/APTES-functionalized SPIONs and subsequently the
HAuCl4 has been added to allow the Au nucleation directly on SPIONs surface.
Analyzing the SEM images, only few bright spots ascribable to Au NPs are visible
on SPIONSs surface, this indicate that the HAuCls reduction did not completely take
place or that the Au NPs did not anchor in optimal way on the SPIONSs surface. In
fact, also from UV-Vis analysis, reported in figure 6.10, any signal is highlighted
in the window between 500 nm and 600 nm, band at which the Au NPs should show

an absorption peak.

Figure 6. 9: SEM images of MPNPs-Au (first route), method A.
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Figure 6. 10: UV-Vis of MPNPs-Au (first route), method A.

In method B, the HAuCls were firstly dispersed with tannic acid, in order to
reduce the gold salts and generate the Au NPs, and subsequently added to the
CA/APTES-functionalized SPIONs solution. Following this method, the Au NPs
should attach on SPIONs surface after being reduced by the tannic acid separately.
In SEM images reported in figure 6.11, only few spots of Au NPs are still shown,
this indicates that the nanoparticles do not stick to the SPIONs surface after being
reduced separately from the tannic acid. This is confirmed by the UV-Vis graph in
figure 6.12, in which the typical peak of Au NPs is not visible.



STEM Seg. Mode = DF

Figure 6. 11: SEM images of MPNPs-Au (first route), method B.
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Figure 6. 12: UV-Vis of MPNPs-Au (first route), method B.
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In method C, HAuCls and CA/APTES-functionalized SPIONs solution were
firstly mixed together in order to promote the gold salts adhesion on SPIONs
surface and then the tannic acid was added to allow the HAuCls reduction. Using
this method, the gold nanoparticles are generated only after the SPIONs surface
grafting. Analyzing the SEM images (figure 6.13) much more Au NPs are visible
if compared with SEM images of methods A (figure 6.9) and B (figure 6.11); this
indicates that a lot of Au NPs are attached on the SPIONs surface also after the

washing step performed during the synthesis.

STEM Seg. Mgde = DF

Figure 6. 13: SEM images of MPNPs-Au (first route), method C.

Observing the UV-Vis graph reported in figure 6.14, it is not possible to notice

the typical absorbance band of Au NPs, but is only visible a slight curvature



between 500 nm and 600 nm. This may confirm the correct Au NPs grafting on
SPIONSs surface, but, as suggested from literature!>!3, the Au concentration is

probably too low to emit a more intense signal.
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Figure 6. 14: UV-Vis of MPNPs-Au (first route), method C.

Given the poor absorbing peak generated by the MPNPs-Au synthetized with
method C, some improvements have been made in order to improve the amount of
Au NPs attached to the SPIONs surface. In particular, basing on the fact that
HAuCl, forms several complexes depending on the pH!'*!>, which are characterized
by different surface charge, the same method has been repeated by changing the
HAuCl4 pH before mixing it with the SPIONSs solution. Four different pH have been
tested, always maintaining the same quantities of reagents: pH= 2; 4; 7; 8. TEM
images showing the morphological aspect of gold nanoparticles produced with
method C, changing the HAuCl4 pH, are displayed below.

In figure 6.15, the bright field TEM images reporting the MPNPs-Au with
HAuCly initial pH=2 are visible; it is possible to observe some dark spot ascribable
to Au NPs due to their higher mass, which results to have a round shape and a good
distribution in the sample, but they are still in poor quantities to show a good

absorbing peak.
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Figure 6. 15: TEM images of MPNPs-Au with HAuCly initial pH=2

In the images showed below (figure 6.16) the bright field TEM images coming
from the MPNPs-Au with HAuCly initial pH=4 are displayed. Here it is noticeable
a high degree of aggregation of Au NPs that are attached together in a few areas

with a bad distribution in the entire sample.

Figure 6. 16: TEM images of MPNPs-Au with HAuCly initial pH=4

The syntheses with more basic pH (7/8) were subsequently prepared and the
bright field TEM images are shown in the figure 6.17 and in figure 6.18. In both
cases it is possible to appreciate well dispersed Au NPs on SPIONs surface with a

size range between 10 and 20 nm; moreover, they do not show high levels of



aggregation if compared with the figure 6.15 and figure 6.16 in which the synthesis

was performed at a more acidic pH.

Figure 6. 17: TEM images of MPNPs-Au with HAuClyinitial pH=7

Figure 6. 18: TEM images of MPNPs-Au with HAuCly initial pH=8

As shown, the influence of gold solution pH is high; at basic values (7/8) the
best results are obtained in terms of NPs dimensions and distributions. Thus, to
improve the concentration of Au NPs on the SPIONs surface, a pH=8 has been

used.
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The UV-Vis analysis was then repeated to verify if there were any
improvements in the absorbance curve of the new solution MPNPs-Au that shows
a slight increase of the gold peak around 560 nm (figure 6.19).

Therefore, given the improvement in size and dispersion as well as in the
presence of the absorption peak, the MPNPs-Au (first route) synthetized following
the method C, using an initial HAuCls pH=8 has been used as model synthesis for

further studies presented in paragraph 6.3.
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Figure 6. 19: UV-Vis of MPNPs-Au (first route), method C with initial pH=38.

6.1.3 MPNPs-Ag (first route)

In this paragraph the MPNPs-Ag nanocomposites coming from the first route
synthesis are studied. As already done for MPNPs-Au, the three synthesis methods
have been analyzed by using SEM and UV-Vis techniques; then the synthesis
showing the best results has been selected as model synthesis for further
investigation.

In the method A, the tannic acid and CA/APTES-functionalized SPIONs were
firstly mixed together and subsequently the AgNOs; has been added to allow the Ag
NPs nucleation directly on SPIONs surface. The SEM images, reporting the
morphological aspect of nanocomposites coming from this method, are showed in

figure 6.20. Analyzing the images, it is possible to appreciate a large number of Ag



NPs on the SPIONs surface with a very good distribution in dispersion and size
(which results to be around 20 nm). The high concentration of Ag NPs remained
anchored to SPIONs surface is also confirmed by the UV-Vis analysis showed in
figure 6.21. In the graph it is possible to observe a high signal in the Ag NPs
absorbing window, with an absorbing peak at 460 nm; the peak at 290 nm instead,

is the one related to the tannic acid.

Figure 6. 20: SEM images of MPNPs-Ag (first route), method A.
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Figure 6. 21: UV-Vis of MPNPs-Ag (first route), method A.

In method B, the AgNO3 was firstly dispersed with tannic acid, in order to
reduce the silver salts and generate the Ag NPs, and subsequently added to the
CA/APTES-functionalized SPIONs solution. Following this method, the Ag NPs
should attach on SPIONs surface after being reduced by the tannic acid separately.
In SEM images reported in figure 6.22, only few spots of Ag NPs are visible, this
indicates that the nanoparticles do not adhere optimally to the SPIONs surface after
being reduced separately from the tannic acid; moreover, some Ag NPs
nanoparticles with much larger dimensions than the others, of about 50 nm, are
evident. This is confirmed by the UV-Vis graph in figure 6.23, in which the curve
does not present a sharp peak, but a wider curve probably given by the heterogeneity

of the Ag NPs dimension in the sample.



Figure 6. 22: SEM images of MPNPs-Ag (first route), method B.
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Figure 6. 23: UV-Vis of MPNPs-Ag (first route), method B.

149



In method C, AgNO3 and CA/APTES-functionalized SPIONs solution were
firstly mixed together in order to promote the silver salts adhesion on SPIONs
surface and then the tannic acid was added to allow the AgNOs reduction. With this
method, the Ag nanoparticles should generate only after the SPIONs surface
grafting. Analyzing the SEM images (figure 6.24) it is possible to notice only a few
bright spots ascribable to Ag NPs with very heterogeneous dimensions; in fact, as
in method B, in the UV-Vis graph (figure 6.25) it is not possible to observe a well-

defined peak but a wider curve.

Figure 6. 24: SEM images of MPNPs-Ag (first route), method C.
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Figure 6. 25: UV-Vis of MPNPs-Ag (first route), method C.

Comparing the SEM images and UV-Vis analyses coming from the 3 presented
methods, the synthesis coming from method A was selected as the best synthesis
because it shows presents homogeneous and well-dispersed Ag NPs with a size of
about 20 nm and a sharp absorption peak at 460 nm. For this reason, MPNPs-Ag
(first route) synthetized following the method A has been used as model synthesis

for further studies which will be presented in paragraph 6.3.

6.2 Second route synthesis characterization

In this paragraph the morphological, compositional and chemical
characterization concerning the second route adopted to synthetize MPNPs-Au and
MPNPs-Ag are described. In particular, in paragraph 6.2.1 the analyses confirming
the correct binding of tannic acid on SPIONSs surface, in the paragraphs 6.2.2 and
6.2.3 the preliminary characterization of the different methods used to synthetize
MPNPs-Au and MPNPs-Ag are presented, in order to select best approaches to
generate the NPs suspensions by using the tannic acid as reducing and stabilizing
agent. Therefore, at the end of each paragraph the best synthesis method is selected
for more in-depth characterization that will be presented in paragraph 6.3 together

with the best results coming from the first route.
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6.2.1 Tannic acid bond on SPIONs

In second route magnetic nanoparticles have been used without any prior
functionalization or stabilization, in fact in these syntheses, it is tannic acid that acts
as a reducing and stabilizing agent. In order to confirm the presence of the tannic
acid on SPIONSs surface, the FT-IR and UV-Vis analysis were performed as shown
in figure 6.26 and 6.27 respectively.
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Figure 6. 26 FTIR spectra of SPIONs and SPIONs with tannic acid functionalization

From the FT-IR spectra are visible the main characteristic peaks of TA, in
particular, the C=0 stretching vibration at 1730-1705 cm™! and C-O at 1100-1300
cm™! 16 around 1452 cm! the stretching vibrations of -C-Caromatic groups appear,
while at 923 cm™! the peak indicate out of plane OH bending of acid groups, and the
758 cm! peak is referred to CH out of plane bending of phenyl groups. In the same
spectra is still visible around 3400 cm! the broad peak of SPIONs which represents
hydroxyl groups and surface-adsorbed water molecules and the vibrational modes

of Fe-O bonds of magnetite, as confirmation of correct binding of tannic acid on

SPIONSs surface.
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Figure 6. 27 UV-Vis spectra of SPIONs functionalized with TA

From UV-Vis analysis performed is visible the peak associated to the tannic
acid around 300 nm. This corroborate the results from FT-IR which confirms the

correct binding of tannic acid on SPIONs surface.

6.2.2 MPNPs-Au (second route)

In this paragraph the MPNPs-Au nanocomposites coming from the second
route synthesis are studied in which tannic acid works as reducing and stabilizing
agent.

Starting from method A, the tannic acid and bare SPIONs were firstly mixed
together in order to avoid aggregation in SPIONs solution and subsequently the
HAuCls has been added to allow the Au nucleation directly on SPIONs surface.
The SEM images reporting the morphological aspect of nanocomposites coming

from this method is showed in figure 6.28. Analyzing the images, it is possible to
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appreciate a large number of Au NPs on the SPIONs surface with a very good
distribution in dispersion and size (the smallest particles result to be around 20 nm).
The high concentration of Au NPs remained anchored to SPIONs surface is also
confirmed by the UV-Vis analysis showed in figure 6.29. In the graph it is possible
to observe a high signal in the Au NPs absorbing window with an absorbing peak

at 620 nm.

Figure 6. 28: SEM images of MPNPs-Au (second route), method A.
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Figure 6. 29: UV-Vis of MPNPs-Au (second route), method A.

In method B, the HAuCls was firstly dispersed with tannic acid, in order to
reduce the gold salts and generate the Au NPs, and subsequently added to the
SPIONSs solution. The Au NPs should attach on SPIONSs surface after being reduced
by the tannic acid separately. In dark field and bright field SEM images reported in
figure 6.30, some well-dispersed bright and dark spots ascribable to Au NPs with a
size range around 20 nm are visible; this indicates that the nanoparticles stick to the
SPIONS surface after being reduced separately from the tannic acid. But looking at
UV-Vis graph (figure 6.31), the curve does not present a sharp absorption peak of
Au NPs; this probably indicates that the number of Au NPs is not sufficient to

produce a more intense signal in the Au absorption region.
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Figure 6. 30: SEM images of MPNPs-Au (second route), method B.
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Figure 6. 31: UV-Vis of MPNPs-Au (second route), method B.

In method C, HAuCl4 and bare-SPIONs were firstly mixed together in order to

promote the gold salts adhesion on SPIONs surface and then the tannic acid was



added to allow the HAuCl4 reduction and SPIONSs stabilization. Analyzing the SEM
images (figure 6.32) it is possible to notice only few spots of Au NPs with very
heterogeneous dimensions; this is also confirmed by the UV-Vis graph (figure 6.33)
which shown a wide absorbing curve instead of a peak, this is probably due to the

heterogeneous dimension of NPs.

Figure 6. 32: SEM images of MPNPs-Au (second route), method C.
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Figure 6. 33: UV-Vis of MPNPs-Au (second route), method C.

Analyzing the SEM images and UV-Vis graph of methods A, B and C, the
synthesis selected as model for further studies is the MPNPs-Au (second route)
synthetized following the method A. This because the SEM image shows a good
distribution of Au NP with a dimensional homogeneity around 20 nm and UV-Vis
analysis evidences a strong absorption peak at 620 nm if compared with UV-Vis
analysis of method B and C.

Moreover, in order to identify functional groups present in the TA which are
responsible for the stabilization and reduction, FT-IR measurement of MPNPs-Au
were carried out as shown in figure 6.34. In the image is possible to observe an
altered intensity and position of the peaks with respect to the FT-IR of SPIONs-TA
(figure 6.26) as indication of the correct reduction of AuNPs. In particular, the shift
of the broad peak from 3400 cm™ to lower wavenumber suggest the involvement
of OH functional groups as well as the altered intensity of CO groups and C-C
aromatic rings which indicate the involvement of TA-SPIONSs in immobilization of
AuNPs'”. On this data basis, it could be inferred that the TA remains bound to the
MPNPs-Au surface and that the TA phenolic hydroxyls, as suggested from
literature'®, may be responsible for the reduction of metal ions. In fact, at mild
acidic/ basic conditions, the hydrolysis take place and the dissociation of the
binding occur leading to the COO- groups exposure. These gropus, together with
the rest of the polymer, can works as surfactant on the MPNPs-Au surface

stabilizing them through electrosteric stabilization'®.
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Figure 6. 34: FT-IR spectra of MPNPs-Au (second route)

6.2.3 MPNPs-Ag (second route)

In this paragraph the MPNPs-Ag nanocomposites coming from the second
route synthesis are studied. As already performed for previous syntheses, the three
methods have been analyzed by using SEM and UV-Vis techniques.

In the method A, the tannic acid and bare-magnetic NPs were firstly mixed
together and subsequently the AgNO3 was added to allow the Ag nucleation directly
on SPIONSs surface. Analyzing the SEM images (figure 6.35), it is possible to
appreciate a large number of Ag NPs on the SPIONs surface with a good
distribution and with a wide size range (between 20 and 100 nm). The high
concentration of Ag NPs remained anchored to SPIONSs surface is also confirmed
by the UV-Vis analysis showed in figure 6.36. In the graph it is possible to observe
anoticeable signal in the Ag NPs absorbing window with an absorbing peak around

430 nm.

159



Figure 6. 35: SEM images of MPNPs-Ag (second route), method A. Scale bar: 100nm.
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Figure 6. 36: UV-Vis of MPNPs-Ag (second route), method A.



Following the method B, the AgNO3 and tannic acid were firstly mixed
together, in order to promote the reduce the silver salts reduction, and subsequently
added to the SPIONSs solution. The SEM images reporting the morphological aspect
of nanocomposites coming from this method is showed in figure 6.37: here a very
large spots of Ag NPs with dimensions ranging from 50 nm to over 100 nm are
visible. This is also evident from UV-Vis graph (figure 6.38) in which the curve is

very wide and does not present a sharp absorption peak.

Figure 6. 37: SEM images of MPNPs-Ag (second route), method B.
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Figure 6. 38: UV-Vis of MPNPs-Ag (second route), method B.

In method C, AgNOs3 and bare-SPIONs were firstly mixed together in order to
promote the gold salts adhesion on SPIONs surface and then the tannic acid was
added to allow the AgNOs3 reduction and SPIONS stabilization. With this method,
the Ag NPs are generated after the SPIONs surface grafting. Analyzing the SEM
images (figure 6.39) numerous Ag NPs with a size range between 10 nm and 100
nm are visible. These heterogeneous dimensions are also confirmed by the UV-Vis
graph (figure 6.40) which shows a wide absorbing peak if compared with absorbing
peak generated from UV-Vis of method A.



Figure 6. 39: SEM images of MPNPs-Ag (second route), method C.
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Figure 6. 40: UV-Vis of MPNPs-Ag (second route), method C.
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Therefore, based on the SEM images and on the UV-Vis graphs, MPNPs-Ag
(second route) synthetized following the method A was chosen as model synthesis
and used for further studies presented in the following paragraphs. Moreover, in
order to identify the functional groups present in the TA which are responsible for
the stabilization and reduction, FT-IR measurement of MPNPs-Ag was carried out
as shown in figure 6.41.

As already performed for MPNPs-Au (second route), also in this synthesis the
FT-IR measurement of MPNPs-Ag (second route) were carried out in order to
identify the TA functional groups responsible for the stabilization and reduction.

In the spectra is noticeable an altered position and intensity of the peaks with
respect to the SPIONs-TA spectra (figure 6.26) as indication of the correct
reduction of AgNPs. Again is possible to observe the shift of the broad peak from
3400 cm to lower wavenumber, the altered intensity of CO groups and C-C
aromatic rings which indicate the involvement of TA-SPIONSs in immobilization of
AgNPs!7 as discussed in previous paragraph. This indicates the correct role of the

TA as reducing and stabilizing agent'®,
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Figure 6. 41: FTIR spectra of MPNPs-Ag (second route)



6.3 Complete Characterization of selected synthesis

In this paragraph the model synthesis selected from first and second routes are
analyzed more in depth through further characterization studies. In particular, the
TEM images are firstly presented in order to evaluate the shape and the dimension
on MPNPs, then the superparamagnetic behaviour and the magnetic saturation of
the NPs are presented through the vibrating samples magnetometer graph.
Moreover, in order to evaluate the ability of synthetized MPNPs to work as
phototherapy system, the effect of the laser irradiation applied on the four different
synthesis and the resulting graph are presented. Finally, to evaluate their ability in
magnetic hyperthermia application, the graph related at the induction heating

system are shown.

TEM images
In figure 6.42, the TEM images related to MPNPs-Au (first route) are shown,

here it is possible to attest the Au-NPs round shape and Au-NPs size around 10 nm.
As confirmation of SEM and UV-Vis analysis, not huge quantities of Au-NPs is
present on SPIONs surface this is probably the cause of the low signal in gold

absorbing window.
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Figure 6. 42: TEM images of MPNPs-Au (first route)

The figure 6.43 shows the aspect of MPNPs-Ag (first route) in which the Ag NPs
result to be homogeneous and well-dispersed in the solution. This corroborate the
previous obtained results, in which a high concentration of Ag NPs with a
dimension between 10 nm and 20 nm was observable, and a high signal in the Ag

NPs absorbing window.



Figure 6. 43: TEM images of MPNPs-Ag (first route)

In figure 6.44 it is underlined the aspect of the MPNPs-Au (second route)
solution. The Au NPs, as seen in previous paragraph, result to have a good
distribution in the entire sample and a dimensional homogeneity around 10-20 nm,
this is probably the reason for which the UV-Vis analysis in figure 6.29 showed a

strong absorption peak at 620 nm.
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Figure 6. 44: TEM images of MPNPs-Au (second route)

In figure 6.45 it is possible to observe the MPNPs-Ag (second route) solution.
In the images it is noticeable that the dimension of Ag NPs has a wide size range

(between 20 and 100 nm) confirming the SEM images showed in previous

paragraph.



Figure 6. 45: TEM images of MPNPs-Ag (second route)

Vibrating Samples Magnetometer

In order to determine the magnetic properties of the suspensions, as functions
of magnetic field, a Vibrating Samples Magnetometer has been used. In figure 6.46
the curves concerning the superparamagnetic behaviour and the magnetic saturation
of the four selected synthesis with the addition of CA-capped magnetic NPs (CA-
SPIONSs), which are essential in order to have information on their magnetic
response, are reported. Therefore, being able to manage these nanocomposites using
a magnetic field is one of the main reasons for utilizing Fe3O4 NPs as support for
noble metal nanoparticles. Hence, it is necessary to determine the effect that Au/Ag
nanoparticles have on the magnetic properties of pure magnetite nanoparticles.

As it can be observed in the figure 6.46, all the samples exhibit the
superparamagnetic behaviour as confirmed by the magnetization versus applied
magnetic field characterizations obtained at room temperature. Moreover, looking

at the graph, it is noticeable that CA-SPIONs shows higher magnetization in
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comparison with the other samples, due to its lack of any external coating that lower
these properties; in fact, the decrease in the saturation magnetizations of MPNPs-
Ag/Au, could be linkable with the diamagnetic nature of silver and gold NPs
anchored on SPIONs surface; moreover, out of the total quantity of particles used,

the magnetite will be much lower in the samples in which gold and silver are also

present.
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Figure 6. 46: Hysteresis loop of MPNPs-Au / MPNPs-Ag (first and second route) and CA-capped
SPIONs at room temperature. The magnetic measurements show no coercivity and remanence at room
temperature, suggesting their superparamagnetic behaviour.

Analysing the first and second route, it is possible to notice a difference in
saturation magnetization between the MPNPs-Au/Ag synthetized by CA/APTES-
SPIONS (first route) and those with only tannic acid (second route): this is probably
due to the major amount of reagents that can generate a thick coating around
SPIONSs, which aggressively shields their magnetic response.

Despite this, all NPs show no hysteresis: the coercive field and remanence
magnetization are absent at room temperature, above the blocking temperature for
this material'®, this indicates that the metal NPs grafting on SPIONs does not

influence excessively the magnetic properties of the precursor. The absence of



hysteresis is characteristic of superparamagnetic behaviour and confirms the

nanometric size of SPIONS.

Laser irradiation

This analysis has been performed in order to detect ability of MPNPs to
increase their temperature exploiting the SPR effect and to evaluate their ability to
be used for photothermal treatment in cancer cells.

The results, expressed in matter of temperature difference, are shown in figure
6.47. The four different syntheses are compared both with CA-capped SPIONSs than
with water, in order to evaluate the difference between them in terms of ability to
generate heat. In particular, it is possible to observe that the presence of noble metal
nanoparticles, giving SPR properties to pure magnetite nanoparticles, granted
higher heating rate to the nanocomposites. It is appreciable the MPNPs-Au (second
route) sample, which is characterized by the highest heating rate among all the
solutions: this can be attributed to higher absorption spectra at the characteristic
wavelength of the irradiation showed in UV-Vis graph in figure 6.29.

In general, it is possible to notice that for all four syntheses there is an increase
in temperature equal to at least 20°C (minimum value recorded for the MPNPs-Au
- first route - curve) after 10 minutes of laser irradiation exposition.

Therefore, considering that the physiological temperature in the human body
is equal to 37 ° C, each formulation, starting from this value, would potentially be
able to cause a temperature rise between 42°C and 45°C in a few minutes and
therefore be used for photothermal treatment in cancer cells.

Noticeable is the effect of CA-SPIONs which generates heat after laser
irradiation. In fact, it has been shown that SPIONs are able to function as
photothermal agents?’, but too high irradiation dose is required for the complete
ablation of the tumor. For this reason, it is not one of the best candidates as a
photothermal agent.

To be noted that in the results shown by laser irradiation test, no standard
deviation values are reported, this limits the possibility to perform statistical

analysis evidencing possible difference between the sample under investigation.
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Figure 6. 47: Time-AT curve generated by laser irradiation

Induction heating system

Once attested the superparamagnetic behavior, the induction heating system
has been used with the aim to evaluate the ability of synthetized NPs to work as
therapy system in magnetic hyperthermia application. In particular, the ability of
the nanoparticles to function as magnetic hyperthermia therapy system is assessed
by measuring the temperature they produce in a period of time of 20 minutes. The
results concerning the heat generation measured in the water in which the NPs are
dispersed, are presented in figure 6.48, in which it is reported the time versus

AT(C®).
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Figure 6. 48: Time-AT curve generated by induction heating system

In particular, it is possible to notice that bare-SPIONs (followed by CA-capped
SPIONSs) produce a significantly higher heating than all other formulations that
have undergone stabilization, functionalization and decoration with silver or gold,
which present a lower but very similar increase in temperature. The big difference
lies in the fact that the concentration used is the same for all the samples, this means
that out of the total quantity, the magnetite will be much lower in the samples in
which gold and silver are also present. In fact, the concentration of NPs used for
this analysis (1 mg/ml) was obtained from the whole sample (SPIONs + metal NPs)
and therefore the exact amount of magnetite is not known. Furthermore, the
functionalization carried out to obtain the MPNPs-Ag/Au involve the formation of
superficial layers that surround the magnetite unit, worsening its ability to generate
heat. In fact, is visible from the graph that the CA-APTES-SPIONs (blue curve)
shows a very low heating with respect to the bare-SPIONs or CA-SPIONS, this
means the presence of APTES strongly influence the heating rate of SPIONSs.
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Despite this, it is important to note that for hyperthermia treatments it is
necessary to reach around 42°C - 45°C, this means that starting from a body
temperature of about 37°C, at least 5°C more are required in order to observe some
results. From the resulting graph it is noticeable that in 20 minutes, the samples
prepared through the first route (with CA stabilization and APTES
functionalization) barely reach the desired temperature (probably due to the major
amount of reagents present on SPIONs surface), while the samples prepared

through the second routes reach 10°C more in 20 minutes.

Observing the complete characterization of four produced syntheses, it is
possible to analyze which one gives the best results in terms of SPR effect, size and
dimension and ability to produce heat. In particular, in figure 6.49 the main

characteristics of the syntheses are summarized.
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Figure 6. 49: main properties of the four selected syntheses. Scale bar for all figure is 20 nm.

Comparing the MPNPs-Au from first and second route, is noticeable that Au
nanoparticles are correctly located on SPIONs surface and are characterized by
uniform growth of metal nanoparticles in both syntheses with a range of dimension

approximately between 20-40 nm. However, it is evident from TEM image -first
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route-, that much lower amount of Au NPs are anchored on SPIONs with respect to
the Au NPs from TEM image -second route-, this is also confirmed by the UV-Vis
graph which shows a very high gold absorbing peak in case of MPNPs-Au
synthetized from second route, while is quite low in the other one. Moreover,
looking at hysteresis loop (figure 6.46), even if both NPs show no hysteresis, the
MPNPs-Au from first route reduce the saturation magnetizations decreasing the
nanocomposites magnetic response. This could be due to the presence of CA and
APTES that influence the magnetic properties of the SPIONS, in fact, this influence
is also confirmed by the heating curves generated by induction heating system: is
evidenced a lower heating in the case of synthesis produced by the first way, while
it turns out to be greater in the case of synthesis with only tannic acid (second route).

Another important difference between the two syntheses is evident in time-AT
curve generated by the laser irradiation: the heating rate of the MPNPs-Au produced
through second route is much higher than the ones generated through the first route;
this is a very important parameter for applying the photothermal therapy.

By observing the MPNPs-Ag instead, it is evident for both syntheses, that a
large number of Ag NPs are anchored on the SPIONs surface with a good
distribution; the NPs size exceeds 20 nm, even reaching 100 nm in the second
synthesis route. The high concentration of Ag NPs is also confirmed by the optical
characterization, which show a high absorbing peak in both UV-Vis analyses.
Furthermore, as already mentioned for MPNPs-Au, also the MPNPs-Ag show a
lower magnetic response when CA-APTES functionalization is used. Regarding the
time-AT curve generated by the laser irradiation instead, there are no obvious
difference between the curves generated by the MPNPs-Ag of the first or second
route which result to be very similar.

In general, it is possible to affirm that among the four syntheses used, the one
that shows the best results in terms of physical, magnetic and optical
characterization, is the MPNPs-Au synthesized using tannic acid as a reducing and
stabilizing agent.

These results confirm that the synthesis optimization using tannic acid as a
reducing and stabilizing agent has been successful: MPNPs-Au/Ag have been
prepared by means of an innovative synthesis process using an ecofriendly agent
with reducing and stabilizing ability?' and with natural antioxidant, antimicrobial

19,22,23

and antitumoral properties . For this reason, further optimization with



Toluidine Blue (introduced in chapter 5.1.3) was applied to the synthesis MPNPs-
Au synthetized by second route in order to enhance the gold absorbing peak. In fact,
to increase the chances of success of the photothermal therapy, in addition to
irradiating in the near infrared to ensure that the radiation penetrates deeply, it is
preferable that the incident wave frequency is superimposed as the much as possible
to the nanoparticles spectrum, so that the light absorption by the plasmonic unit is
greater.

In figure 6.50 the normalized UV-Vis analyses of the diluted-MPNPs-Au
before the TB addition, after the addition and after the washing step performed to
remove all the unreacted compounds are presented.
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Figure 6. 50: UV-Vis analyses of the diluted-MPNPs-Au before the TB addition, after the addition and
after the washing step

From the image, it is noticeable that the absorption peak shifts from a starting
value of about 620 nm to 660 nm in the case of the solution in which the
nanoparticles are at contact with toluidine blue. The final spectrum obtained after
the washing step instead shows a peak at about 640 nm.

Therefore, the change persists even after the washing step. As suggested in the
literature®*, the displacement of the peak could be due to the aggregation of the gold

nanoparticles following the addition of the dye.
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6.4 In vitro cytotoxicity evaluation

6.4.1 Hemotoxicological Analysis

The hemotoxicological properties were detected in order to evaluate the
toxicological effect of the nanocomposites in contact with red blood cells (RBCs).
The results concerning the RBCs hemolysis after incubation with 35 and 100 pg/mL
concentration of MPNPs-Au/Ag synthetized by first and second routes, are shown

in table 6.2.

Table 6. 2 Hemotoxicity Results

SAMPLE HEMOLYSIS (%)
MPNPs-Au (35 pg/mL) 1.9
% MPNPs-Au (100 pg/mL) 2.1
= MPNPs-Ag (35 pg/mL) 23
= MPNPs-Ag (100 pg/mL) 5.4
2 MPNPs-Au (35 pg/mL) 5.5
5 MPNPs-Au (100 pg/mL) 3.7
E MPNPs-Ag (35 pg/mL) 3.9
2 MPNPs-Ag (100 pg/mL) 2.6
Negative Control 2.8
HBS Buffer 0
Positive Control 100

From hemotoxicity results, it is possible to notice that after one day of
incubation, the nanoparticles showed minimal hemotoxicity, comparable to that of
the negative control sample. In fact, for each sample of RBC is founded that the
hemolysis is very low (lower than 5.4% for all the samples), this means that the
NPs toxicity at these concentrations is negligible and therefore they are potentially
usable for biomedical applications?*~®. In results shown by hemotoxicity test, no

standard deviation values are reported, this limits the possibility to perform



statistical analysis evidencing possible difference between the sample under

investigation.

6.4.2 Cytocompatibility on healthy and cancer cells

In order to test the cytotoxicity of NPs, human primary fibroblasts (HGF) and
human skin-derived melanoma cells (A2058, CRL-11147 from ATCC) were
selected as representative for physiological and pathogenic conditions, respectively.
To test whether the NPs hold a selective target activity, cells were seeded at a
defined number (2x10* cells/well) into multiwell plates and allowed to adhere and
spread for 24 hs in the incubator (37°C, 5% CO3). The day after, cells have been
exposed to different concentration of MPNPs for 6 and 24 hours and the results are
summarized in Figure 6.51 and Figure 6.52, respectively.

Looking at the HGF results, the toxic effect resulted as related to both the NPs
concentration and the direct-exposure time. In fact, after 6 hs direct contact (Fig
6.51, left column), cells viability resulted as >60% for all the tested composition
with the only exception of the MPNPs-Ag (first route) 100 pg/ml. After 24 hs of
direct contact, a general decrease in cells viability was observed for all the tested
NPs, thus suggesting that the contact-time can be a factor in influencing cells
behavior (Fig 6.51, right column). Likewise to the results obtained after 6 hs, a
further worsening was observed when NPs concentrations was improved: in fact,
the 100 pg/ml resulted as the most toxic condition with particular emphasis for the
MPNPs-Ag (first route) and MPNPs-Ag (second route). Images from light
microscopy (Fig. 6.53) offer a possible explanation of such time and dose-
dependent toxic effect: in fact, a massive debridement of single NPs as well as the
formation of numerous aggregates was noticed for the 100 pg/ml concentration in
comparison with the 25 and 50 pg/ml ones. Therefore, it can be speculated that the
HGF cells were sensitive to the NPs aggregates impairing nutrients uptake and
oxygen distribution thus resulting toxic for cells metabolism. Moreover, the Ag-

doped NPs reported a higher toxicity in comparison to the Au-doped ones applied
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in the same conditions and concentrations; therefore, HGF cells demonstrated to be
more prone in tolerating gold rather than silver which can be an interesting result
for the future application of the laser-induced phototherapy for biomedical
purposes.

Moving to the melanoma A2058 cells results (Fig. 6.52), it was noticed that
those kinds of cells were much more resistant to the NPs in comparison with the
HGF. In fact, none of the metabolic results were >90% in comparison with
untreated control at both the tested time-points and by applying all the
concentrations. However, light microscopy images (Fig. 6.54) showed again the
presence of dispersed particles and aggregates within the wells containing cells (a
typical phenomenon of tumor cells grown in vitro is that they do not grow as single
cells but tend to aggregate and form clusters); therefore, despite a similar trend in
NPs deposition, melanoma cells demonstrated a higher intrinsic ability to well
tolerate the presence and the effects due to the NPs in respect to the HGF ones. Of
course, these results can be ascribed to the higher ability of the tumorigenic cells to
skip toxic effects due to the lack of apoptotic check points that are still presents in
the HGF cells that are non-tumorigenic nor immortalized cells. However, the
possibility to exploit in the future the laser-induced phototherapy by the NPs
response, open for the possibility to compare such results with the effects coming

from the photo-activation.
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Figure 6. 51: Cytotoxicity test towards HGF cell. A) MPNPs-Ag (first route) B) MPNPs-Au (first route),
C) MPNPs-Au (second route); D) MPNPs-Ag (second route).

181



6h 24h

>

100 140
0 120
80
. 100
7
® ° #
z & z =
= 50 3
= =
S w0 2®
30 a0
a0 20
10
o (]
= 50 100 e 50 100
Concentration (ug/ml) Concentration (ug/ml)
|
B 140 160
120 | 140
w00 | 120
& # 100
z 8 F z
3 = 80
80 ]
B S 6
0 0
20 r 20
0 0
5 50 100 25 50 100
Concentration (ug/ml) Concentration (ug/ml)
40 - 180
20+ 120
“ 00 100
L ®
£g® £ %
2 £
k! 60 " 60
40 b -
40
0 20
0 0
5 50 100 25 50 100
Concentration {ug/ml) Concentration (ug/ml)
D 250 140
200 120
100
# #
S0 e
3 z
] L 60
5 100 ;
40
s0 b
0
L] o
5 50 100 25 50 100

Concentration (ug/ml) Concentration (ug/mi)

Figure 6. 52: Cytotoxicity test towards A2058 cell. A) MPNPs-Ag (first route) B) MPNPs-Au (first
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Figure 6. 53: NPs internalization onto HGF cell after 24 hs direct contact. A) MPNPs-Ag (first route)
B) MPNPs-Au (first route); C) MPNPs-Au (second route); D) MPNPs-Ag (second route).
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Figure 6. 54.: NPs internalization onto A2058 cell after 24 hs direct contact. 4) MPNPs-Ag (first route)
B) MPNPs-Au (first route); C) MPNPs-Au (second route); D) MPNPs-Ag (second route).

6.5 Laser induced phototherapy

In this paragraph the results concerning the laser induced phototherapy are
discussed. This will be useful to understand if the NPs are able to be used as tool
for photothermal therapy by converting the received light into thermal energy and
to establish the MPNPs’ ability to induce apoptosis in cancer cells without affecting

the viability of healthy ones when irradiated with laser source. Accordingly, a



comparison between the intrinsic toxicity of the NPs and the light-activated ones
will be useful to understand whether the photo-activation can be useful in
improving the NPs activity towards tumorigenic cells. The NPs used are MPNPs-
Au coming from the first synthesis route because before performing the synthesis
optimization using the TA as reducing and stabilizing agent, preliminary studies
were conducted in order to have information on their ability to produce heating
through laser irradiation in direct contact with cells.

The first analysis is achieved by using the fluorescence microscope in which
the resulting images give information about the cellular status. In fact, thanks to the
different staining used, it is possible to understand whether cells are damaged or
not. Three different concentrations of MPNPs-Au (5, 25 and 50 pg/ml) were tested,
both on HGF and HO-1-N-1 cells, in order to evaluate the difference between them
in terms of viability. Figure 6.55 shows the images depicting which cells are
exposed to the different MPNP concentrations and then irradiated for five minutes
with a laser light. The control, without any nanoparticle exposure, is shown as well.
It is easy to see that any important damage occurs when cells are treated with 5 and
25 pg/ml, both HGF and HO-1-N-1 cells and both when laser irradiation is applied
or not. On the contrary, when 50 pg/ml of NPs concentration is used, it is possible
to see that only HO-1-N-1 cells undergo apoptosis. This happens only when the
laser irradiation is applied; it is clear that the same MNNP-Au concentration is not

having any detrimental effect if the sample is not irradiated.
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Figure 6. 55: Fluorescence microscope images of HGF cells and HO-1-N1 exposed to different NPs
concentration. The test shows the difference between cells exposed to MPNPs and irradiated with laser light
and the cells exposed to MPNPs without irradiation. Staining used: Red: PI; Blue: Hoechst; Green: Annexin.

Scale bar: 250 um

The second analysis performed is the WST assay, which indicates the number
of viable cells that can be quantified by measuring the absorbance given from their
metabolic activity. For this test only the MPNP concentration of 5 and 50 pg/ml
were tested. In figure 6.56 B, WST assay on HO-1-N1 cells shows an important



decrease of intensity by raising the concentrations of MPNPs-Au, mostly when the
cells are exposed to five minutes of laser irradiation (in red), which means that cell
viability is negatively affected by the contact with MPNPs-Au, which is clearly
amplified by laser irradiation. On the contrary, figure 6.56 A related to HGF cells,
shows only a slight decrease in cell viability for MPNP-Au concentration of up to
50 pg/ml, both when they are irradiated or not irradiated. This result is relevant for
the hypothesis that a synergistic effect of MPNPs-Au and irradiation can be

selective on tumouriogenic cells, while preserving physiological cell viability.
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Figure 6. 56: WST assay of HGF cells (A) and HO-1-N1 (B) exposed to 0, 5 and 50 pg/ml of MPNPs.
The red columns are related to the samples irradiated with 5 minutes’ laser light. p-values (Student's t-test)
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In figure 6.57 and 6.58 the Raman spectra registered on HGF and HO-1-N-1
cell lines are reported respectively. For this test the concentration of 50 pg/ml was
used, since the WST assay and fluorescence microscope indicated that at this
concentration the best performance has been achieved. The graphs report (in green)
the spectra acquired from cells not exposed to laser irradiation, while the spectra

acquired after five minutes of continuous laser irradiation has been applied is shown



in red. In a Raman shift, when the laser beam hits a cell, chemicals within the cell
can absorb and reflect or scatter the light waves. This scattering generates a marker
at various wavelengths that can be used to identify specific molecules, which

depends on the molecule type and the chemical bonds present within its structure?’.
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Figure 6. 57: Raman spectra of HGF cells with corresponding peaks.
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Figure 6. 58: Raman spectra of HO-1-N1 cells with corresponding peaks

As regard the HGF cells (Figure 6.57), there aren’t important differences
between four spectra, it seems that NPs and laser doesn’t have any important effect
on cells. The presence of carotenoid (1525 cm™) in all spectra of healthy cells means
that inflammatory pathway is occurring. Regarding HO-1-N1 cells instead (figure
6.58), the major difference among the four spectra is that the phenylalanine level
(peak at 1002 cm '), an important indicator of cellular vitality?$, is really high in
the cells not exposed to the laser (with a slight decrease in the case of exposition to
MPNPs-Au, as already observed in the WST assay) and become lower when laser
irradiation is applied, both with and without exposition to MPNPs-Au. This test

reveals that irradiation could cause metabolic alterations to HO-1-N1 cells but the



synergistic effect of MPNPs-Au and irradiation is more difficult to show with this
test. Other information regarding the alteration of cellular condition is given from
the peaks at 1031 cm™' and 1601 cm™' (again referring to phenylalanine) which
decreases with laser irradiation.

These results are consistent with the results obtained from the fluorescence
microscope and the WST assay; in fact, both analyses confirm that when cells are
exposed to a concentration of 50 pg/ml of MPNPs-Au and irradiated with laser
light, HO-1-N1 cells undergo apoptosis and have metabolic alteration.

Thanks to the results obtained through the laser induced phototherapy analysis, is
possible to assume that the correct concentration of MPNPs-Au is significantly
important to allow the laser irradiation be effective on tumouriogenic cells, in fact
is visible that when the synergistic effect of MPNPs-Au and 5 minutes of laser
irradiation take place, the apoptosis in cancer cell is induced while no effect is
shown on healthy ones. This means that the MPNPs-Au are able to convert the
received light into thermal energy when irradiated with laser source and to start
apoptosis only in cancer cells due their higher sensitivity to heat with respect to the

healthy ones.
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Chapter 7

Conclusions and perspectives

The main objective of the activities conducted during the present PhD work,
was aimed to prepare new hybrid nanoplatforms (MPNPs) for a potential use in
photothermal therapy of cancer.

In particular, the first aim of this thesis was to produce a facile and reproducible
synthesis useful to develop the hybrid nanoplatforms composed of a magnetic core
and an external gold or silver NPs decoration, maintaining the peculiar properties
of both nanomaterials.

Another important objective was to find the best synthesis procedure in terms
of materials, properties, scalability and cost-efficiency by means of the innovative
use of tannic acid (TA). In fact, many strategies were tried in order to obtain the
best synthesis method by means of TA, which was also proposed as stabilizing and
reducing agent to create a new, simple and green synthesis method.

An additional aim of the work was to investigate the cytotoxicity of the as-
prepared MPNPs in contact with different cells in order to evaluate their potential
use for biomedical application and to study the ability of the nanoplatforms to work

as phototherapy system in contact with cancer cells.
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In detail, MPNPs-Au and MPNPs-Ag were prepared through different
synthesis methods in order to obtain nanoplatforms composed of a magnetic core
and an external AuNP or Ag NPs decoration, which maintains the peculiar
properties of both nanomaterials and characterized by homogeneous size and
distribution. An optimization process of the synthesis procedure was performed in
order to identify the best route in terms of size, morphology, structure, composition,
magnetic response and plasmonic properties for generating the hybrid
nanoplatforms.

Specifically, with the aim to reduce the gold and the silver salts directly on
SPIONs surface, the innovative use of TA was selected as reducing agent;
moreover, an optimization process was performed by using TA as reducing and
stabilizing agent, which successfully allowed to remove all other chemicals.

The synthesis selection process leds to identify the best synthesis route among
the first route in which CA was used as stabilizing, APTES as functionalizing and
TA as reducing agent; and second route in which TA was used as the sole reagent
to work as a stabilizing and reducing agent both for MPNPs-Au and MPNPs-Ag,
selecting the second synthesis route as the most promising ones in both cases. In
fact, with second synthesis route TA was used as reducing and stabilizing agent,
this allow to synthetize the nanoplatforms with a new green synthesis method, able
to reduce the synthesis step and costs by avoiding the use of other reagents as citric
acid and APTES instead used in first synthesis route. Moreover, it shows promising
results in terms of reproducibility, structural results, dimension and dispersion of
NPs as well as magnetic response and plasmonic properties.

In fact, regarding MPNPs-Au the second route allows to generate
nanocomposites composed by a large number of Au NPs on the SPIONs surface
with a very good distribution in dispersion and size (around 20 nm); moreover,
thanks to this process synthesis, it is possible to appreciate a high concentration of
Au NPs anchored to SPIONs surface which is not visible on the images coming
from the first route. This is also confirmed by the UV-Vis analysis, which shows
an important gold absorbing peak with respect to the ones coming from the first
route. The same happens for MPNPs-Ag, which shows a very good distribution
with an Ag NPs size ranging from 20 to 100 nm, the high distribution of Ag NPs
on SPIONSs is confirmed by the absorbing peak at 420 nm. In both syntheses, the



magnetic and optical properties show better results in terms of saturation
magnetization and heat generation respectively, as discussed in chapter 6.3.

On the base of the results obtained from the physical, chemical, magnetic and
optical characterizations, it can be affirmed that the use of TA as reducing and
stabilizing agent, significantly affect the morphology and the properties of the
MPNPs-Au and MPNPs-Ag, showing better results for MPNPs-Au, which was
identified as the most promising synthesis in terms of structural results,
reproducibility and optical properties.

Based on this choice, the synthesis was further optimized with toluidine blue
and the gold absorbing peak was successfully enhanced to higher wavelength
increasing the chances of success of the photothermal therapy by shifting the peak,
which ensure deep penetration of the radiation in the tissues.

The cytotoxicity assessment was performed in all the four syntheses in order to
evaluate the difference among them. The analyses evidenced that in case of RCBs
hemolysis the NPs toxicity at 35 and 100 pg/mL concentrations, is negligible and
therefore they are potentially usable for biomedical application. Looking at the
cytocompatibility performed on healthy and cancer cells, we observed that in HGF
cells after 6 hours of exposition, the cells viability resulted as >60% but after 24
hours of direct contact, a general decrease in cells viability was observed for all the
tested concentration, while the melanoma A2058 cells results, show much more
resistance to the NPs due to their higher ability to skip toxic effects with respect to
HGEF cells. Moreover, the Ag-doped NPs reported a higher toxicity in comparison
to the Au-doped ones applied in the same conditions and concentrations; therefore,
HGF cells demonstrated to be more prone in tolerating gold rather than silver which
can be an interesting result for the future application of the laser-induced
phototherapy for biomedical purposes.

With the aim to obtain a preliminary evaluation of the photothermal power of
the as synthetized NPs, the MPNPs-Au were used to accomplish the analyses and
the tests provided information on the best MPNP concentration to bring HO-1-N-1
cells to apoptosis without having a negative effect on HGF cells, the result being
50 pg/mL. Upon laser irradiation, any detrimental effect on HGF cells were shown,
while the tumoral ones underwent apoptosis and show metabolic alteration.
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This confirmed the ability of Au NPs to be used as tool for photothermal
therapy by converting the received light into thermal energy and to induce apoptosis
in cancer cells without affecting the viability of healthy ones when irradiated with
a laser source.

In conclusion, with this work a facile and reproducible synthesis method was
designed and used to develop new hybrid nanoplatforms (MPNPs) composed of a
magnetic core and an external Au NPs or Ag NPs decoration, which maintains the
peculiar properties of both nanomaterials. The tannic acid was successfully used as
reducing and stabilizing agent able to reduce the metal NPs directly on SPIONs
surface and to stabilize the suspension, optimizing the synthesis and creating an
innovative green synthesis method, which allows to remove all other chemicals.

The synergy and the combined effect of SPIONs and Au NPs allows us to
maintain the possibility of precisely driving the MPNPs to a specific tumour site
using an external magnetic field, due to their superparamagnetic response, and to
produce heat by converting the light received from laser irradiation into thermal
energy, due to the Au NPs’ decoration.

Thus, these hybrid nanoplatforms have great potential for use in photothermal
therapy in cancer.

Moreover, the characterization results of the as obtained MPNPs colloids may
help to improve knowledge about magnetic and plasmonic nanoparticles used in
biomedical applications. Further studies will attempt to obtain nanoplatforms that
can be used in deeper areas of the body. In fact, by changing the shape of Au NPs
(ie. Au Nanorods), it is possible to shift the absorption peak in the NIR region, this
would be useful to allow a better absorption of laser irradiation even in deeper
tissues. In this way, we will be able to get multifunctional colloids with great
potential for nanoparticle based diagnostic and therapeutic applications, such as
magnetic photothermal therapy treatments, useful not only for superficial areas of

the body, but also to treat more deeply tumors.



