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Resumo

O cancro é notoriamente dificil de tratar, sendo que as terapias oncologicas atuais sao
frequentemente associadas a efeitos secundarios indesejaveis, devido a sua
citotoxicidade e mau direcionamento para o tumor. Consequentemente, Varias
estratégias promissoras tém sido propostas recentemente para reduzir esses efeitos
adversos. Uma abordagem interessante envolve a entrega direcionada de farmacos
anticancerigenas usando nanotransportadores biocompativeis. Tendo em conta este
proposito, varios sistemas coloidais para a entrega de drogas tém sido extensivamente
investigados. No entanto, seria possivel realizar um grande avanc¢o neste tipo de terapia
se o0s transportadores de drogas tivessem um duplo acionamento eficiente,
nomeadamente tratamento e transporte/libertacdo do farmaco no local do tumor alvo.
Uma outra estratégia terapéutica promissora € baseada na indugédo da morte de células
cancerigenas atraves de atuagdo magneto-mecénica, usando nanomateriais

magnéticos adequados.

7

O trabalho desenvolvido nesta tese esta inserido neste contexto. Em particular, é
introduzida uma abordagem inovadora através do desenvolvimento de uma nova
geracdo de nanotransportadores  multimodais  direcionados.  Envolvendo
transportadores  lipidicos nanoestruturados carregados com um farmaco
anticancerigeno  (doxorrubicina) e um ndcleo magnético (nanoparticulas
superparamagnéticas de oOxido de ferro), estes nanotransportadores possuem
propriedades fisico-quimicas adequadas para aplicacbes biomédicas foram
desenvolvidos. Adicionalmente, conseguimos funcionalizar a sua superficie de modo a
aumentar o seu tempo de circulacdo sanguinea e promover uma entrega seletiva da
droga as células cancerigenas. Estes sistemas também demonstraram sensibilidade ao
pH e & temperatura, o que se traduziu num aumento da libertacdo do farmaco
anticancerigeno com o0 aumento da temperatura e diminuicdo do pH.
Consequentemente, permitiram um controlo sobre a libertacdo do farmaco
anticancerigeno quando expostos a um estimulo consistindo num campo magnético
alternado, devido a capacidade das nanoparticulas superparamagnéticas de oxido de

ferro de gerar calor.

A adequacdo destas nanoplataformas para induzir a morte de células cancerigenas in
vitro através de uma acao combinada, envolvendo hipertermia magnética e libertacéo
da droga promovida pelo aumento da temperatura, também foi avaliada. Como

resultado, foram obtidos indicios de uma dupla acdo bem-sucedida em células de cancro
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de mama, a qual envolveu hipertermia magnética juntamente com libertacdo de

doxorrubicina promovida pelo aumento de temperatura.

Por outro lado, novas nanoestruturas magnéticas com configuracbes de spin Unicas
foram otimizadas e o0 seu potencial para a indugdo magneto-mecanica da morte de
células cancerigenas foi avaliado. Particularmente, nanofios de FePt forma produzidos
por dois métodos diferentes, envolvendo eletrodeposicdo em moldes nanoporosos de
oxido de aluminio anddico. Neste contexto, verificou-se que a abordagem usando
eletrodeposicdo DC foi a mais adequada para a sua sintese, uma vez que originou
nanoestructuras com um comprimento mais uniforme com um controlo sobre a sua
composicao. Por outro lado, através do processo de evaporagao térmica em moldes de
litografia de interferéncia, nanodiscos de Au/Fe/Au foram produzidos, exibindo um
estado fundamental de vortice de spins. Uma caracterizagdo compreensiva destas
nanoestruturas e dos nanotransportadores previamente mencionados, confirmou a sua

adequabilidade para aplicagdes biomédicas.

O potencial destas nanoestruturas para induzir a morte de células cancerigenas através
de atuacdo magneto-mecéanica também foi avaliado. Ensaios de biocompatibilidade e
internalizacdo in vitro, realizados na auséncia de um campo magnético externo,
demonstraram que 0s nanofios e nanodiscos sdo/eram inGcuos para células de cancro
da mama, tendo sido, no entanto, eficientemente internalizados por essas entidades
biolégicas. De seguida, ensaios in vitro de morte celular induzida magneto-
mecanicamente, usando ambos os tipos de nanoestruturas, indicaram uma reducao da
viabilidade celular dependente da concentracdo, onde a morte celular aumentou com o

aumento da concentracdo das nanoestruturas.

A superficie dos nanodiscos foi funcionalizada com éxito para reduzir a sua
internalizacdo pelos macrofagos, levando a um prolongamento do seu tempo de
circulacdo sanguinea e, simultaneamente, direcionamento para as células
cancerigenas. Como resultado, verificou-se que a funcionalizacdo nédo afetou a
biocompatibilidade dessas nanoestruturas, enquanto a sua internalizacdo pelos
macrofagos foi significativamente reduzida. Além disso, 0os ensaios in vitro de morte
celular magneto-mecanicamente induzida, usando nanoestruturas funcionalizadas,
revelaram uma maior reducao da viabilidade das células cancerigenas em comparacao

com as nao funcionalizadas, quando considerando condi¢des idénticas.

Palavras-chave: cancro, nanomedicina, nanomagnetismo, nanotransportadores,

nanoparticulas lipidicas, nanoparticulas magnéticas, nanoestruturas magnéticas,
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nanofabricacdo assistida por moldes, simulacbes micromagnéticas, aplicacdes

biomédicas.
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Abstract

Cancer is notoriously difficult to treat, and the current oncologic therapies are commonly
associated with undesirable side effects, due to their cytotoxicity and poor tumour
targeting. Consequently, various promising treatment strategies have been recently
proposed to reduce those adverse effects. One interesting approach involves the
targeted delivery of anticancer drugs using biocompatible nanocarriers. For this purpose,
various colloidal drug delivery systems have been extensively investigated.
Nevertheless, a major advance in this type of therapy could be achieved if drug carriers
presented an efficient dual triggering, namely treatment and transport/release of the drug
at the target tumour site. Another promising therapeutic strategy is based on the
induction of the death of cancer cells through magneto-mechanical actuation, using
suitable magnetic nanomaterials that can be also used as an imaging tool for a

theragnostic approach.

The work developed in this thesis is inserted in a such context. Particularly, it introduces
an innovative approach by developing a novel generation of multimodal targeted
nanocarriers. Featuring nanostructured lipid carriers that encapsulate the
chemotherapeutic agent doxorubicin and are embedded with a magnetic core of
superparamagnetic iron oxide nanoparticles, these nanocarriers are designed with
physicochemical properties that meet the exacting standards necessary for biomedical
applications. Additionally, we were able to functionalize their surface to increase their
blood circulation time and promote a selective drug delivery to the cancer cells. These
systems also demonstrated pH and thermal sensitivity, which translated into an
increased release of the anticancer drug under greater temperatures and lower pH
conditions. Consequently, they allowed a control over the anticancer drug release when
exposed to an alternating magnetic field stimulus, due to the superparamagnetic iron

oxide nanoparticles heat-generating capacity.

The suitability of these nanoplatforms for inducing the death of cancer cells in vitro
through a combined action, involving magnetic hyperthermia and drug release promoted
by the temperature increase, was evaluated as well. As a result, it was obtained evidence
of a successful dual action on breast cancer cells, involving magnetic hyperthermia

together with doxorubicin release promoted by the temperature increase.

Also, novel magnetic nanostructures with unigue spin configurations were optimized and

their potential for magneto-mechanical induction of cancer cells death was assessed.

viii
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Particularly, FePt nanowires were produced through two different methods, involving
electrodeposition into nanoporous anodic aluminium oxide templates. In this context, it
was verified that a pulsed DC electrodeposition approach was the most suitable for their
synthesis, as it resulted in nanostructures presenting a more uniform length with a
controlled composition. On the other hand, through the process of thermal evaporation
into interference lithography templates, Au/Fe/Au nanodiscs were engineered, exhibiting
a spin-vortex ground state. Comprehensive characterization of these nanostructures,
alongside the nanocarriers mentioned earlier, confirmed their suitability for biomedical

applications.

The potential of these nanoarchitectures for inducing the death of cancer cells through
magneto-mechanical actuation was also evaluated. In vitro biocompatibility and uptake
assays, conducted without an external magnetic field, demonstrated that the nanowires
and nanodiscs were innocuous to breast cancer cells, yet were efficiently internalized by
those biological entities. Then, in vitro magneto-mechanically induced cell death assays,
using both types of nanoarchitectures, indicated a concentration-dependent decrease of

cell viability, where cell death increased with increasing concentration of nanostructures.

The surface of the nanodiscs was successfully functionalized to reduce their uptake by
macrophages, leading to an increase of their blood circulation time, and, simultaneously,
targeting of cancer cells. As a result, it was verified that the functionalization did not
impact the biocompatibility of those nanostructures, while their uptake by macrophages
was significantly reduced. Moreover, the in vitro magneto-mechanically induced cell
death assays, using the functionalized nanoarchitectures, revealed a greater reduction
of the viability of cancer cells in comparison to the non-functionalized ones, under

identical conditions.

Keywords: cancer, nanomedicine, nanomagnetism, nanocarriers, lipid nanoparticles,
magnetic nanoparticles, magnetic nanostructures, template-assisted nanofabrication,

micromagnetic simulations, biomedical applications.
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Figure 4.17 - Drug release % of GEL-based and PAL-based NLCppox-srions)at pH 5 and
at pH 7.4, triggered by water bath at 35, 40, 45, and 50 °C. Asterisks in bars indicate the
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Figure 5.1 - (a) Scanning electron microscopy (SEM) cross-sectional image of a AAO
membrane after the second anodization and (b) corresponding variation of the current

with time during its formation. Inset: magnified view of the initial behaviour of the curve.
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during the exponential decrease of the anodization potential (from 40 V down to 7 V).
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Figure 5.12 - Composition of the NWs fabricated through (a) continuous and (b) pulsed
DC electrodeposition as a function on the applied Vgep ([H2PtCls:6H-O] = 1 gl/L;
[FESO4-7H20] = 20 g/L; ton =4 MS; tof = 40 MS). wevvviiiiiieeiiieiiiiiee e e eeeeeaeens 273
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Figure 5.14 - Composition of the NWs fabricated through pulsed DC electrodeposition
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Figure 5.24 - (a, b) SEM images of dispersed FePt NWs; (c) morphological and (d)
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Figure 7.1 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with
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Mg/mL). Asterisks in short bars indicate statistical significance in relation to control and
asterisks in long bars indicate statistical between the tested conditions (*P < 0.05; **P <
0.01; P < 0.001; P S 0.0007)..cceeeiiiiiieieiee e e e e et e e e e s e e e e e e e reae s 307
Figure 7.2 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with
various concentrations of an NLCpox-spions) O NLCpox-spions-pec) formulation ([NLCs] =
45 mg/mL, [DOX] = 400 pg/mL; [SPIONs] = 12000 pg/mL). Asterisks in short bars
indicate statistical significance in relation to control and asterisks in long bars indicate
statistical between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
081000 1 PRSPPI 308
Figure 7.3 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with
various concentrations of (a) NLC; (b) NLCpox); (€) NLC(spions); (d) NLCpox-spions) ([DOX]
= 280 pg/mL; [SPIONs] = 1000 ug/mL). Asterisks in short bars indicate statistical
significance in relation to control and asterisks in long bars indicate statistical between
the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)................ 308
Figure 7.4 - Images of optical microscopy of MCF-7 cells after a 19-h incubation with

different concentrations of (a, d) Free DOX; (b, €) NLCpox); and (c, f) NLCpox-spions-pEG-

Figure 7.5 - Viability of MCF-7 cells incubated with various types of SPIONs-loaded NLCs
at a concentration of (a, b) 3.571 pg/mL or (c, d) 7.142 ug/mL, (a, ¢c) 24 h or (b, d) 48 h
after being placed, for 30 min, under similar conditions that differed in regard to the
absence (non-exposed) or presence (exposed) of an AMF with a frequency of 556 kHz
and a peak intensity equal to 10 mT. Asterisks in short bars indicate statistical
significance in relation to the respective control, i.e. exposed or non-exposed, and
asterisks in long bars indicate the statistical significance between the tested conditions
for each formulation (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). ................ 311
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the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)................ 314
Figure 7.8 - Viability of MCF-7 cells after being placed, for 1 h, under similar conditions,
which differ in regard to the (a) absence or (b) presence of a 10 mT magnetic with a

frequency of 1 Hz. Asterisks in short bars indicate statistical significance in relation to
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control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P
< 0.01; **P < 0.001; ****P < 0.0007)...cccuitiiiieieeee et e e e e e e e e e eaa s 315
Figure 7.9 - Viability of MCF-7 cells, previously incubated with FePt NWs, after being
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indicate statistical significance in relation to control and asterisks in long bars indicate
statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).315
Figure 7.10 - Raman spectra of the two types of PEG-SH considered (PEG2000 and
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Figure 7.12 - Cell viability as a function of the number of non-functionalized (NDs) and
functionalized NDs (NDs + PEG2o00; NDs + PEGeooo) per cell (n=3). Asterisks in short
bars indicate statistical significance in relation to control and asterisks in long bars
indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
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Figure 7.13 - SSC-H as a function of the number of non-functionalized (NDs) and
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Figure 7.14 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with
various concentrations of (NDs) and functionalized NDs (NDs + PEG2o00; NDs + PEGeooo;
NDs + PEG-FA) per cell (n=3). Asterisks in short bars indicate statistical significance in
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Figure 7.16 - Viability of MCF-7 cells incubated with different concentrations of non-
functionalized Au/Fe/Au NDs, after being placed, for 1 h, under similar conditions that
differed in regard to the (a) absence or (b) presence of a 10 mT magnetic field with a
frequency of 1 Hz. Asterisks in short bars indicate statistical significance in relation to
control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P
<0.01; **P < 0.001; ****P < 0.0007)...ccuuiiiieieeee e e e e e e e e e e e e e aaa e 325
Figure 7.17 - Viability of MCF-7 cells incubated with different concentrations of non-
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differed in regard to the (a) absence or (b) presence of a 10 mT magnetic field with a
frequency of 0.1 Hz. Asterisks in short bars indicate statistical significance in relation to
control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P
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Figure 7.19 - Viability of MCF-7 cells incubated with different concentrations of (a, b)
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similar conditions that differed in regard to the (a, c) absence or (b, d) presence of a 20
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List of Abbreviations and Symbols

2D Two dimensional

3D Three dimensional

°C Degree Celsius

<Ha> Mean anisotropy field

A Ampere

AAO Anodic aluminium oxide

AC Alternating current

AFD Anisotropy field distribution
AMF Alternating magnetic field
AMR Anisotropic magnetoresistance
ANOVA One-way analysis of variance
APTES (3-aminopropyl) triethoxysilane
ARC Anti-reflective coating

at.% Atomic percentage

BBB Blood—brain barrier

bcc Body-centred cubic

BSA Bovine serum albumen

Bo External magnetic field

CARS Coherent anti-Stokes Raman scattering
CEMUP Centro de Microscopia Eletrénica da Universidade do Porto
CD44 Cluster of differentiation 44

cm Centimetre

cm? Square centimetres

CPU Central processing unit



Da

DC
DDPH
DLS
DMEM
Dop-PEG
DOX
DTPA
EDL
EDS
EE
EGF
ELS
emu
EPR
eV
EXAFS
FA
FACS
FBS
FC
FCUP
FDA
FFUP

FSC
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Diameter

Dalton

Direct current
2,2-Diphenyl-1-picrylhydrazyl

Dynamic light scattering

Dulbecco’s Modified Eagle’s Medium
Dopamide-Polyethylene glycol
Doxorubicin

Pentetic acid

Electric double layer

Energy-dispersive X-ray spectroscopy
Encapsulation efficiency

Epidermal growth factor

Electrophoretic light scattering
Electromagnetic unit

Enhanced permeability and retention
Electronvolt

Extended X-ray absorption fine structure
Folic acid

Fluorescence-activated cell sorting

Fetal Bovine Serum

Field cooled

Faculty of Sciences of the University of Porto
Food and drug administration

Faculty of Pharmacy of the University of Porto

Forward scattered light
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GEL Gelucire 43/01

GPU Graphics processing unit

GRAS Generally recognized as safe

H Magnetic field strength

h Hours

Ha Annihilation field

Hc Coercivity

HCL Hydrochloric acid

hcp Hexagonal close-packed

HCT 116 Colon carcinoma epithelial cells

Hela Human cell line derived from cervical cancer cells

HL60 Leukemic cells

Hn Nucleation field

H, Remanent magnetization

Hs Switching field

HSAB Hard-soft acid-base

H-isae Perpendicular saturation field

Hz Hertz

ICPOES Inductively coupled plasma-optical emission spectroscopy

ICso Half maximal inhibitory concentration

IFIMUP Institute of Physics for Advanced Materials, Nanotechnology and
Photonics

IgG Immunoglobulin G

ILP Intrinsic loss power

ISOM Institute for Optoelectronic Systems and Microtechnology

J Joule
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j® Current density curve

keV Kiloelectronvolt

kOe Kilooersted

kv Kilovolt

L Litre

LAQV Associated Laboratory for Green Chemistry
LC Loading Capacity

LDNLC Nanostructured lipid carrier loaded with B-lapachone and doxorubicin
LLG Landau-Lifshitz-Gilbert

m Metre

mA Milliamperes

MACS Magnetic-activated cell sorting
mbar Millibar

MBE Molecular beam epitaxy

MFM Magnetic force microscopy

mg Milligram

MHT Magnetic hyperthermia

MHz Megahertz

min Minute

mL Millilitre

mM Millimolar

mm Millimetre

mmol Millimole

MOKE Magneto-optical Kerr effect
MPS Mononuclear phagocyte system

MR Magnetic resonance



FCUP [ xxxvi
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

MRI Magnetic resonance imaging
ms Milliseconds

Msat Saturation magnetization
mTorr Millitorr

mV Millivolts

MW Molecular weight

Myy Transverse magnetization

M. Longitudinal magnetization
NDs Nanodiscs

NIR Near-infrared
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Thesis Outline

This thesis unfolds over nine meticulously structured chapters, delineating a
comprehensive journey from theoretical foundations to groundbreaking applications in
the field of magnetic nanomaterials for cancer treatment. It meticulously charts the path
from initial concepts to the development and characterization of innovative
nanomaterials, culminating in their potential biomedical applications, with chapter 1
covering the theoretical background; chapter 2 comprising the goals of this work; chapter
3 detailing the experimental techniques; chapters 4, 5, 6, and 7 providing the obtained
results and their discussion; and chapter 8 presenting the conclusions together with the

future perspectives..

Chapter 1 — Introduction: In this chapter, it is provided a theoretical background
regarding magnetic nanomaterials, encompassing their fabrication processes and
various biomedical applications. A particular focus is given to the specific types of
nanomaterials used throughout this work, including superparamagnetic iron oxide
nanoparticles, nanostructured lipid carriers, nanowires, and nanodiscs with a spin-vortex

ground state.

Chapter 2 — Goal: The major goal of the work carried out is presented in this chapter,
which is centred around the development of innovative approaches for cancer treatment
based on functionalized magnetic-lipid nanoparticles and high aspect-ratio magnetic
nanostructures, with unique spin configurations, that can act as versatile hanocarriers
for triggering the death of cancer cells and, simultaneously, deliver multiple drug agents

to the target site, thereby enhancing the treatment efficiency

Chapter 3 — Experimental Techniques: This chapter addresses the nanofabrication and
characterization methods used in this thesis. Additionally, the methodologies used for

performing micromagnetic simulations and in vitro cellular studies are presented.

Chapter 4 — Nanostructured Lipid Carriers: In this chapter, it is presented the complete
characterization of the fabricated superparamagnetic iron oxide nanoparticles and
various nanostructured lipid carriers formulations. Moreover, the thermal stability and
pH-sensitivity of the produced formulations are also addressed as well as their response

to external stimuli..

Chapter 5 — FePt Nanowires: A detailed characterization of the nanowires composed of
FePt, obtained though electrodeposition into nanoporous anodic aluminium oxide, is

presented in this chapter. The influence of different parameters associated with the

1
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nanofabrication process is analysed in depth, so as to optimize their synthesis
conditions. Moreover, micromagnetic simulations of these nanoarchitectures are
presented, to gain a better understanding of the magnetization behaviour in those

nanoarchitectures.

Chapter 6 — Au/Fe/Au Nanodiscs: This chapter addresses the characterization of
Au/Fe/Au nanodiscs with a spin-vortex ground state, produced via thermal evaporation
into interference lithography templates. Micromagnetic simulations of these
nanostructures are also included, so as to get a better comprehension of the

magnetization behaviour and support the experimental results.

Chapter 7 — Biomedical Applications: In this chapter, the suitability of the fabricated
nanomaterials for different biomedical applications is assessed. Particularly, it is
analysed the potential of the produced formulations of nanostructured lipid carriers
loaded with superparamagnetic iron oxide nanoparticles for a dual cancer treatment
approach, based on delivering anticancer drugs in combination with magnetic
hyperthermia. Conversely, the suitability of the synthesized nanowires and nanodiscs for
another oncological therapeutic strategy, namely magneto-mechanical induction of
cancer cell death, is evaluated, considering both functionalized and non-functionalized

nanostructures.

Chapter 8 — Final Remarks and Future Work: The conclusions of the work presented
throughout this thesis are covered in this final chapter, together with the future

perspectives

Through this structured exposition, the thesis here presented represents another step
towards bridging the gap between nanomaterials’ science and therapeutic innovation,

offering novel strategies for cancer treatment.
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1. Introduction

This first chapter addresses the physical properties and fabrication techniques of
superparamagnetic and high aspect-ratio magnetic nanomaterials. Following this
foundational overview, will go into the evaluation of the suitability of these nanomaterials
for a variety of biomedical applications. This segment meticulously integrates the current
state of art, providing a detailed account that highlights the significance and future

prospects of these nanomaterials in the biomedical field.

1.1. Magnetic Nanomaterials

Nanotechnology is considered one of the most important emerging fields of science in
the 21st century, being defined as the comprehension and control of matter at the
nanoscale, typically in the range between ~ 1 and 100 nm. However, the precise
boundaries of the nanoscale remain a topic of debate, with some definitions extending it
to materials ranging from 1 up to 1000 nm in size."? Nevertheless, at such scale, unique
phenomena that are not observed in a materials’ bulk form, such as quantum
confinement and high surface area effects, occur, which enable the development of new
applications.™® Among the various materials studied in this field, those with
ferromagnetic properties, known as magnetic nanomaterials, have been gaining
considerable attention for applications where remote control and manipulation through
the application of external magnetic fields are essential, such as biomedical devices and
high-density magnetic data storage, as they can be remotely controlled by external
magnetic fields.#° An aspect that characterizes this type of nanomaterials is that they
have strong and permanent magnetic moments that tend to align themselves in the same
direction, even in the absence of an external magnetic field.” In this context,
nanomagnetism appears, which is the field that explores the magnetic properties of these

nanomaterials.®
1.1.1. Nanomagnetism

When a material’'s dimensions are reduced down to the nanoscale, they become
comparable to the critical length scales of physical phenomena, i.e. specific size ranges
below which the physical properties of the material are modified.®'® In nanomagnetism,
there are two main critical length scales, namely the exchange length and the domain
wall width, due to their key roles in controlling the magnetic behaviour of magnetic
nanomaterials.”~"® The exchange length is described as the length below which atomic

exchange interactions dominate over the magnetostatic fields and, consequently, the
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formation of multiple magnetic domains becomes energetically unfavourable, since the

alignment of magnetic moments is preferred.'®*='® This length scale is defined as:

2A

Ly = |——
o p‘OMgat

(1.1)
where A is an exchange stiffness constant, which provides a measure of the exchange
interaction between neighboring spins, , is the vacuum magnetic permeability (41 *
1077 H/m), and M2, is the saturation magnetization of the material.'®>'®'” For most

ferromagnetic materials, such length ranges between 2 and 5 nm.'®

On the other hand, the domain wall width represents the distance over which the
magnetic polarization changes from one magnetic domain to the adjacent one, i.e. the
transition region.'® Consequently, when a ferromagnetic nanomaterial is smaller than the

domain wall width, it tends to behave as a single magnetic domain.?°

Consequently, when the dimensions of a magnetic body are reduced to match or fall
below the critical length scales, only single-domain magnets can be obtained. This
suggests that the size and shape of the magnetic element or particle can be used to tune
their magnetic properties and behaviour.'*?" In the following sections the most relevant

magnetic nanomaterials for the development of this work will be addressed.
1.1.1.1. Magnetic Anisotropy

Magnetic anisotropy can be described as the directional dependence of a material’s
magnetic properties, as opposed to magnetic isotropy.?? Particularly, in the absence of
an external magnetic field, the magnetic moment of a magnetically isotropic material is
not aligned along a preferential direction, whilst the magnetic moment of a magnetically
anisotropic material is preferably oriented along an easy magnetization axis. This axis is
an energetically favourable direction of spontaneous magnetization, being determined
by various aspects, namely grain shape, crystal structure, and stress.?*?* Furthermore,
when the magnetization of a magnetically anisotropic material is aligned along its easy
axis, it can point towards either of two opposite directions, since they typically are

energetically equivalent.?*

Alternatively, this axis can be considered as the crystallographic direction along which
the lowest applied magnetic field is enough to achieve the saturation magnetization. On
the other hand, the crystallographic direction along which the applied magnetic field
required to reach the saturation magnetization is the largest is known as the hard

magnetization axis (figure 1.1).2526
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Figure 1.1 - Schematic hysteresis loops representing the application of an external magnetic field along the (a) easy and
(b) hard magnetization axes. Adapted from [27]. Copyright 2019 Author licensed under a Creative Commons Attribution
(CC BY-NC-ND 4.0 DEED) license.

The two major sources of magnetic anisotropy in a material are the magnetic dipole-
dipole interaction and the spin—orbit coupling, which are associated with shape and
magnetocrystalline anisotropy.?®?° Regarding the magnetic dipole-dipole interactions,
they result from the mutual attraction or repulsion between magnetic moments. These
interactions have a long-range character, and they lead to the formation of a
demagnetizing (or stray) field within the specimen, which is induced by the spatial
arrangement of the magnetic moments inside it. Therefore, the shape of the material
plays a key role in how these interactions manifest, leading to a contribution to the

anisotropy that depends on the specimen’s shape, known as shape anisotropy.2®-3"

On the other hand, the spin-orbit coupling results from the interaction between the spin
angular momentum of an elementary particle (such as an electron) and its orbital angular
momentum as it moves through an electromagnetic field, typically generated by an
atomic nucleus.®?33 This orbital angular momentum is influenced by the crystal field of
the lattice, leading to a transfer of the lattice anisotropy to the elementary particle’s spin.
This phenomenon, known as magnetocrystalline anisotropy, plays a crucial role in
determining the preferred orientation of magnetic moments within a crystalline
material.?®** Dipole-dipole interactions also contribute to this type of anisotropy, although
at a lower degree.?®% Furthermore, when a material experiences stress, the spin-orbit
coupling is altered by the strain, leading to an effect known as magnetoelastic

anisotropy.?®
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1.1.1.1.1. Superparamagnetic Nanoparticles

Superparamagnetism is a type of magnetism observed in small ferromagnetic or
ferrimagnetic nanoparticles (NPs).*® This form of magnetism is characterized by three
features, namely absence of hysteresis, meaning that remanence and coercivity are
zero, a high magnetic moment that follows the Langevin curve, and an overlapping of
the magnetization curves measured under different temperatures, when magnetization

is plotted as a function of the magnetic field strength (H) and temperature.®”

A particularly interesting type of NPs where this magnetic behaviour is observed are
superparamagnetic iron oxide NPs (SPIONs), due to their excellent superparamagnetic
properties, controllable size, high surface area-to-volume ratio, as well as
biocompatibility, typically presenting a diameter up to 30 nm.%¥* These NPs are single
domain nanostructures where the thermal energy overcomes the anisotropy energy
barrier.*>4' This happens when the sample volume is reduced below a critical value, or
superparamagnetic limit, in which more energy is required to create a domain wall than

to support the external magnetostatic energy of the single domain state (figure 1.2).4243

CoFe, 0,
Fe,O,
Fe,O,
FeCo
FePt
CoPt

Ni
Co
Fe

0 20 40 60 80 100 120
Nanoparticle Diameter (nm)

Figure 1.2 — Superparamagnetic limit (dsp) and maximum monodomain size (d) for spherical NPs with different
compositions. From [44]. Reproduced with permission from Springer Nature.

Particularly, the magnetic anisotropy energy in a single-domain magnetic NP (E), i.e. the
energy required to change the magnetization direction from a low energy direction, or
easy magnetization axis, to a high energy direction, or hard magnetization axis, is

defined as:
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E(G) = KeffVSln(e)z (1 2)

where K¢ is the anisotropy constant, V corresponds to the volume of the NP, and 6 is
the angle between the easy axis and the magnetization direction.*>¢ From this equation,
it is possible to verify that K.V represents the energy barrier between the two opposing
directions along the easy magnetization axis, which are energetically equivalent (figure
1.3). Furthermore, with decreasing NP size such energy barrier decreases and, for a
sufficiently small V, it may become so small that thermal excitations, even at room
temperature, are sufficient to overcome it. As a result, fluctuations of the overall magnetic
moment can occur within the particle, even when no external magnetic field is applied.
Hence, the NP presents a behaviour that resembles a single paramagnetic spin, albeit
with a magnetic moment that not only is several orders of magnitude larger, but also can

thermally fluctuate over time.#"~*°

KT % “ 0

Energy

Figure 1.3 - Dependence of the anisotropy energy profile on the angle between the easy axis and the magnetization
direction, considering a single domain NP with a purely uniaxial symmetry. Adapted from [51]. Reproduced with permission
from Springer Nature.

In this situation, the magnetization of a NP fluctuates between its two equilibrium
positions, i.e. the two orientations along the easy magnetization axis, and the average
time it takes for the net magnetic moment to switch its orientation, due to thermal

excitations, is known as the Néel relaxation time (ty), which is given by:52-5

Keffv) (1.3)

N = Toexp< kg T

where 1, is the attempt time or attempt period, which is a characteristic length of time of
the material (for magnetite/maghemite it is in the order of 107° s), kg is the Boltzmann

constant, and T is the absolute temperature.5®

Consequently, in the absence of an external magnetic field and if the duration over which

the magnetic properties of the material are observed, or measured, i.e. the measurement
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time (ty), is much longer than the Néel relaxation time (1), then the resulting net
magnetic moment is zero, due to the random fluctuations in the magnetization, and the
system is said to be in a superparamagnetic state [figure 1.4(b)]. On the other hand, if
the measurement time is much shorter than the Néel relaxation time, the system is said
to be in a blocked state where net magnetic moment does not change throughout the
measurement, since its direction does not flip [figure 1.4(a)]. In this case, the
nanomaterial exhibits a typical paramagnet behaviour, albeit with a significantly larger

(a).’ (b) \
O
S

B €< T P>

Figure 1.4 - Superparamagnetic NPs in a (a) quasi-stable blocked state and (b) freely rotating. Used with permission of
IOP Publishing, Ltd, from [57]; permission conveyed through Copyright Clearance Center, Inc.

1.1.1.1.2. Nanodiscs with a Spin-Vortex Ground State

Magnetic nanostructures or nanoarchitectures, namely magnetic nanomaterials with a
non-spherical shape, such as nanowires (NWs), nanorods (NRs), nanotubes (NTs), and
nanodiscs (NDs), often appear as alternatives to magnetic NPs, as their geometry
translates into intrinsic anisotropy properties that cause them to behave differently,
depending on the direction of the applied magnetic field. Moreover, they have an
increased surface area-to-volume ratio and higher magnetic moments, resulting from a

prevalent shape anisotropy.%8°°

In this context, due to the interplay between various energy terms, such as the dipolar,
the exchange, and the anisotropy energy contributions, new exotic magnetic
configurations have been observed. One example is the magnetic spin-vortex
configuration, which appears as the ground state in ferromagnetic dots possessing
various geometries (circular, elliptical, or triangular). In micro/nanodiscs, energy
minimization leads the spins to form a curling state, where their orientation turns
gradually. At the disc’s edge, these spins are parallel to its surface, cancelling the total
dipole energy while minimizing the loss of exchange energy. However, as they become

closer to the centre of the disc, the angles among neighbouring spins increase until they
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reach a point where confinement within the plane becomes untenable, leading to the
formation of a vortex core where the magnetization is oriented perpendicular to the
nanostructure’s plane (figure 1.5).%° Spin-vortices can be described by two parameters,
namely the chirality, which describes the direction of rotation of the in-plane rotating
magnetization (counterclockwise or clockwise), and the direction of the spin-vortex core’s

magnetization, also known as polarity (up or down).%’
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Figure 1.5 - Scheme of a spin-vortex ground state in a micro/nanodisc. Reprinted from [62], with the permission of AIP
Publishing.

Such remanent magnetization distribution is energetically favourable for discs with low
magnetocrystalline anisotropy and it can be deduced from the hysteresis loop’s shape,
or by direct observation through magnetic imaging techniques, such as magnetic force
microscopy (MFM).%3-%% However, when conducting MFM experiments on soft magnetic
materials, the results must be cautiously interpreted, since there are unavoidable tip-

induced perturbations, which have to be considered.®®

The magnetization in a disc with a spin-vortex ground state as a function of the applied
magnetic field is represented in figure 1.6. Such hysteresis loop was measured for a
permalloy (Py - FesoNi2) microdiscs array, which possessed a thickness of 60 nm and
diameter of 0.2 um.®® As can be observed, when the disc is in a state of magnetic
saturation and then the applied magnetic field is reduced (in module), there is the
nucleation of the spin-vortex, which is accompanied by a sudden magnetization
reduction. The magnetic field at which this phenomenon occurs is referred to as the
nucleation field, H.. Subsequently, there is a region where magnetization exhibits a linear
response to the applied magnetic field, which is associated with the reversible motion of
the spin-vortex core and encompasses the remanent state of the disc, characterized by
virtually no magnetization [figure 1.6(a)]l. Subsequentially, with increasing reverse-

applied magnetic field, the individual magnetic moments increasingly tilt towards the field
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direction, which causes the spin-vortex core to move perpendicularly to the direction of
the applied magnetic field [figure 1.6(b, c)]. A further increase of such field leads to the
expulsion of the spin-vortex from the disc. The magnetic field at which this phenomenon
occurs is known as the vortex annihilation field, Ha, which is followed by the stabilization

of the disc in a single-domain state.537-69
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Figure 1.6 - Hysteresis loop of a Py microdiscs array illustrating a spin-vortex ground state: (a) remanent state; (b, c)
movement of the vortex core with increasing magnetic field. Reprinted from [63], with the permission of AIP Publishing.

To better understand the magnetic behaviour of this type of nanostructures, it is crucial
to analyse the parameters that influence the formation of a spin vortex ground state.
Through theoretical and experimental studies, it has been demonstrated that such
magnetization distribution depends on the material, geometry, but mainly on the

nanostructure’s aspect ratio, which can be considered as: %"

Long axis

Aspectratio = (1.4)

Short axis

In figure 1.7, an universal magnetic phase diagram, as a function of the thickness (t) and
radius (R) of circular Py dots and in the absence of an external magnetic field, is

represented, which was obtained from calculations of energies associated with the
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single-domain and spin-vortex state.”>"®> As can be observed, the aspect ratio of the
nanostructures plays a key role in the determination of their remanent spin

configuration.”
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Figure 1.7 - Magnetic ground state phase diagram for Py dots, plotted as a function of their t and r. The dashed lines
delineate the boundaries between areas characterized by distinct magnetic configurations, which are indicated by arrows
within the cylinders. Used with permission of Royal Society of Chemistry, from [73]; permission conveyed through
Copyright Clearance Center, Inc.

Consequently, to better understand the range of dimensions that lead to formation of a
spin-vortex ground state, the magnetic behaviour of arrays of discs possessing various
diameters (d’s) and thicknesses (t's) has been extensively investigated by several
authors. For example, Cowburn et al.®* produced several arrays of supermalloy
(NizsFe20Mos) NDs, possessing d’s between 55 and 500 nm as well as t’s ranging from 6
up to 15 nm, through the combination of electron beam lithography with electron beam
evaporation. The obtained results are represented in figure 1.8(a), where it is possible to
observe that the hysteresis loops vary with the nanostructures’ dimensions. Additionally,
some loops do not demonstrate the existence of a spin-vortex behaviour, having allowed
the authors to empirically establish a phase diagram for the transition from vortex to

single-domain behaviour [figure 1.8(b)].
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Figure 1.8 - (a) Hysteresis loops measured for discs with different d’s and t's; (b) experimentally obtained phase diagram.
«: spin-vortex state, o: single-domain state. The black line represents the lowest limit of the theoretical phase transition
between the vortex state (above the line) and the single-domain state (below the line). Adapted from [64].
http://dx.doi.org/10.1103/PhysRevLett.83.1042. Copyright 1999 by the American Physical Society.

Later, Schneider et al.%° performed an investigation into the magnetic properties of Py
discs. These circular nanostructures presented a d varying between 180 and 950 nm, as
well as a uniform t of 15 nm. This study revealed a significant dependence of Ha on the
disc diameter, which was attributed to the growing influence of the magnetostatic self-
energy as the nanostructure’s d decreased. In contrast, H, remained nearly constant, as

depicted in figure 1.9.
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Figure 1.9 - Annihilation (Ha) and nucleation (Hy) fields as a function of Py discs’ d. Reprinted from [69], with the permission
of AIP Publishing.



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

In a subsequent work, Schneider et al.®® carried out a similar analysis, but considering
Py cylinders with varying t's (3, 5.5, 8.3, 15, as well as 20 nm) and d’s ranging from 150
to 1000 nm. The primary focus of this study was to investigate the relationship between
the characteristic vortex fields and the aspect ratio (represented as r = d/t) of these
cylinders. As a result, the authors discovered that both Ha and H, decreased r increased.
Such behaviour indicated that single-domain and intermediary magnetic states, which
precede the formation of a vortex configuration, became more stable at higher r.
Furthermore, it was verified that, in the thinnest discs (t = 5.5 nm), the core of the vortex
was not perfectly centred, resulting in a nonzero remanent magnetization. The authors
proposed that such behaviour could be attributed to the possibility that the vortex can
become pinned at positions where there is a local energy minimum, due to surface

roughness effects.

Another study, by Fernandez et al.”®, addressed the magnetization reversal process in
Co elliptical dots with t's ranging from 18 to 30 nm, through the use of MFM. Here, the
authors emphasized the importance of the shape anisotropy term in determining the
domain configuration in the dots, when they do not have a circular shape. Specifically,
when the dots were saturated along their long axis, a uniformly magnetized state was
observed at remanence. However, when they were saturated along their short axis, it
was verified that they relax into a single-vortex state. The researchers suggested that
this behaviour might be attributed to the array’s microstructure, which led to the

dominance of shape anisotropy over the magnetocrystalline anisotropy contribution.

In summary, experimental findings have confirmed that the values of the spin-vortex
characteristic fields, i.e. Ha and H,, and the slope of the linear section of the hysteresis
loop exhibit significant dependencies on both the material properties and the

nanostructures’ size.63.67.68

Regarding the spin-vortex core, the magnetization direction at the disc’s centre can
randomly point up or down. This occurs because the up- and down-magnetizations are
energetically equivalent when no external field is applied and, also, they are independent
of the sense of the in-plane flux closure (clockwise or counterclockwise).%"
Nevertheless, Waeyenberge et al.”” demonstrated that it was possible to switch the out-

of-plane core polarization by applying brief pulses of a sinusoidal excitation field.

For the same reason, the sense of the in-plane flux closure is also random, in the
absence of an external magnetic field.”® However, some authors have demonstrated that

it could be switched by applying a current pulse with appropriate amplitude, polarity, and
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duration, or through the application of magnetic field pulses, with a controlled amplitude

and duration.”®.8

Up until this point, the magnetic behaviour of isolated dots with a spin-vortex ground
state has been addressed. However, when arrays of nanoelements are considered, such
as NDs fabricated through a template-assisted method, different behaviours have been
observed, owing to the magnetostatic interactions between the nanostructures. As such,
given the likely need for multiple identical nanostructures in an ordered arrangement in
various applications, it becomes crucial to investigate the impact of the interdot distance.
Therefore, a concise overview of some of the most noteworthy examples illustrating

these effects is provided next.

In this context, Novosad et al.%” presented experimental data and calculations that
demonstrated a significant influence of interdot spacing on the vortex characteristic
fields. This relationship is visually represented in figure 1.10, where two hysteresis loops
corresponding to arrays of discs with varying interdot distances are depicted. As can be
observed, although these loops maintain the expected spin-vortex-like shape, they
exhibit distinct H, and Ha values. Notably, these values, as well as the slope of the linear
portion of the hysteresis loop, appear to be contingent not only on the dot’s d and t but
also on the interdot distance. Additionally, it is worth highlighting that H, and Ha. exhibit a
decreasing trend as the interdot distance decreases. Conversely, there’s an observable
increase in the initial susceptibility of the vortex as such distance diminishes. This larger
initial susceptibility implies that dot arrays characterized by robust interdot magnetostatic
coupling (i.e. interdot distance < d/2) display greater mobility of the vortex core compared
to an isolated dot of the same dimensions. Moreover, the decrease in characteristic field
values can be attributed to the higher effective field experienced by each individual disc,
resulting from the contributions from neighbouring discs combined with the applied

external magnetic field.
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Figure 1.10 - (a) Hysteresis loops of two Py discs arrays (d = 0.8 pm, t = 80 nm) with interdot distances of 30 and 800 nm;
(b) experimental H, and H, (represented as Ha,) values in rectangular arrays of Py dots as a function of the dot diameter
and interdot distance (represented as d). Adapted from [67]. https://doi.org/10.1103/PhysRevB.65.060402. Copyright
2002 by the American Physical Society.

Another study, by Mejia-Lopez et al.?', analysed the magnetic interactions among Fe
NDs (d = 65 nm; t = 20 nm), as a function of the centre-to-centre dot distance through
micromagnetic simulations, as well as experimentally. Considering the normalized
distance as centre-to-centre dot distance/d, figure 1.11 illustrates how the characteristic
vortex fields vary according to that parameter. As can be observed, these authors verified
that as the dots become close to each other the absolute value of the vortex nucleation
field increases. This behaviour was attributed to the magnetostatic interactions, which
tend to favour a configuration where the dots are primarily magnetized along one
direction. Consequently, an additional energy barrier for the transition from a single
domain to the spin-vortex state is introduced, resulting in an increase in the H, values.
The Ha, is also influenced by interdot interactions, albeit to a lesser extent, since the
dipolar interactions between dots in the vortex state are weaker. Based on these results,
the authors postulated that when the centre-to-centre dot distance exceeds
approximately 3 times the dot’s d (centre-to-centre dot distance = 3d), both a dots array
and an individual dot exhibit identical hysteresis loops. Additionally, for 2d < centre-to-
centre dot distance < 3d, it was verified that the hysteresis loop shape closely resembles
that of non-interacting dots. Consequently, it was concluded that the magnetic properties
of two interacting dots can be effectively described by the behaviour of non-interacting
dots, when the centre-to-centre dot distance is greater or equal to 2d. Conversely, when
the centre-to-centre dot distance is smaller than 2d, the interaction between two
magnetic dots assumes a pronounced role and can considerably modify the

magnetization reversal process.
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Figure 1.11 - H, and H, computed as a function of the normalized distance [centre-to-centre dot distance (represented as
d)/diameter (represented as D)]. Reprinted from [81], with the permission of AIP Publishing.

Furthermore, as represented in figure 1.12, the authors observed deviations between
simulated and experimental data, which was ascribed to two main factors: the variation
in dot sizes and the imperfections in dot shape within the experimental setup.
Additionally, the neglected interdot interactions, when the centre-to-centre dot distance
is greater or equal to 2d, while not altering the fundamental shape of the hysteresis loop,

might introduce minor quantitative adjustments.®"
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Figure 1.12 - Experimental and simulated hysteresis loops for a dots array possessing a centre-to-centre dot distance =
20 nm, t = 65 nm, and d = 110 nm. Reprinted from [81], with the permission of AIP Publishing.

From these two studies, there are two apparently contradictory results regarding the
variation of Hn with the interdot distance, i.e. Novosad et al.®” indicated that it decreases
as the dots become closer while Mejia-Lépez et al.®" concluded that H, increased for
lower interdot distances. However, these are "two sides of the same coin”, since the
hysteresis loop in figure 1.12 is significantly wider than the one represented in figure

1.10(a). Therefore, the variation of H, as a function of the interdot distance can be
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interpreted in regard to the reverse-applied field, meaning that as the dots become
closer, the reverse-applied field must be higher for the transition from a single domain to
the spin-vortex state to occur, i.e. H, increases with the decrease of the interdot distance,

due to higher magnetostatic interactions.®” 8

Guslienko et al.?? also highlighted the significance of magnetostatic interactions in the
magnetization reversal process of disc arrays, for interdot distances smaller than the
radius of the discs. These authors developed an analytical model to describe the
magnetization reversal process of a chain of interacting circular dots (interdot distance
equal to 0.1 - 0.6 um; t = 10 - 60 nm), as depicted in figure 1.13. Particularly, when the
applied magnetic field was reduced, it was observed the initiation of the vortex nucleation
in the two dots located at the ends of the chain, since they do not have neighbouring
dots on one side and, therefore, experience a smaller effective magnetic field when
compared to the dots located more centrally in the chain. Then, once a spin-vortex state
is nucleated in those discs, the neighbouring discs are subsequently exposed to a
reduced effective magnetic field and, consequently, a spin-vortex is more easily

nucleated in those dots.
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Figure 1.13 - (a) Simulated hysteresis loop for a chain of seven dots presenting an interdot distance equal to 0.4 um, t =
60 nm, and d = 50 nm; (b) evolution of the spin structure in the simulated dots chain at various magnetic field, indicated
by the open circles in figure (a). Adapted from [82]. http://dx.doi.org/10.1103/PhysRevB.65.024414. Copyright 2001 by
the American Physical Society.

A similar observation was made by Zhu et al.®®, through the use of MFM. These authors
found that the spin-vortex nucleation starts at the chain’s edge, where the dots have less
neighbouring dots, while the spin-vortex annihilation process is initiated at the centre of
the chain, since these central discs experience the largest effective magnetic field,

resulting from the contributions by their neighbours.

In the existing literature, more intricate phenomena have been documented. For

example, Heyderman et al.®. verified that the distance between individual dots within an
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array and their specific arrangement can result in the collective rotation of the magnetic
spins (figure 1.14). In this work, the authors proposed that instead of a spin-vortex
forming in each individual dot, a flux closure could occur through a series of dots, so as

to minimize the magnetostatic energy.
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Figure 1.14 - Visual representation of a micromagnetic simulation demonstrating a flux closure through a Ni dot array,
where the interdot distance is equal to 50 nm, t = 16 nm, and d = 20 nm. The inset represents the vortex state formed in
an isolated dot. Reprinted from [83], with the permission of AIP Publishing.

Furthermore, Neal et al.®* addressed the magnetization reversal of epitaxial Fe (1 0 0)
discs with d = 2 ym, utilizing scanning Hall probe microscopy and supporting their
findings through micromagnetic simulations. As a result, the simulations predicted the
occurrence of a double vortex magnetization reversal process. Moreover, by comparing
magnetic images with local induction loops at strategically chosen points on the disc, it

was observed an agreement with this double vortex magnetization reversal mechanism.
1.1.1.1.3. One-Dimensional Nanostructures

Magnetic nanostructures with higher aspect ratios known as one-dimensional
nanostructures, e.g. NWs, NTs, and NRs, are often considered as alternatives to the
typical spherical magnetic NPs, because their elongated geometry results in intrinsic
anisotropic properties that lead to distinct magnetic interactions.® These structures
possess a larger surface area-to-volume ratio and exhibit higher magnetic moments,
resulting from a prevalent shape anisotropy. Magnetic NWs, in particular, have been a
subject of extensive research.®5%” Segmented NWs have also gained significant
attention due to their promising properties and potential applications.?°" In this context,
numerous researchers have explored the interactions between different layers within the
same NW,92-%4

Regarding the magnetic properties of individual NWs, it has been theorized that for

infinitely long cylinders, magnetization reversal primarily occurs in three distinct ways:
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coherent rotation, magnetization curling, or magnetization buckling. In this context, it was
discovered that the critical size required for a single-domain behaviour, i.e. the maximum
size at which magnetization reversal occurs through coherent rotation, is practically
independent of both magnetocrystalline anisotropy, as well as length. Instead, it depends
solely on the exchange constant and the saturation magnetization and, as a result, is
proportional to the characteristic length of the material. Consequently, the specific
reversal mechanism adopted by the NW depends on the ratio between its R and the

characteristic length of the material (figure 1.15).%

Coherent Rotation

Magnetization -
Buckling

Magnetization
Curling

0.05 -

0.02 -

o.i [ 1 1 I L
02 0.5 ! 2 5 10 20 50

R/R, —

Figure 1.15 - Theoretical plot representing the nucleation field (h,) of an infinite cylinder as a function of its R. Ro = A%/l
is the characteristic length of the material (A is the exchange constant and Isis the saturation magnetization). Adapted
from [86]. http://dx.doi.org/10.1103/PhysRev.106.446. Copyright 1957 by the American Physical Society.

Experimentally, Wernsdorfer et al.® demonstrated that in Ni NWs, with d’s ranging from
40 to 100 nm, the magnetization reversal process is driven by the nucleation and
propagation of a single magnetic domain along the nanostructure. Building upon this
insight, Ferre et al.%® proposed that in real systems, even when assuming a weak crystal
anisotropy, the reversal behaviour should be described in terms of nucleation-
propagation mechanisms. In this study, the authors analysed magnetic properties of
electrodeposited Ni and Co NWs with d’s ranging from 35 to 500 nm. Consequently, it
was found that the intrinsic differences among the magnetization reversal mechanisms
result from the interplay between magnetocrystalline and shape anisotropies.
Specifically, it was observed that the Ni NWs’ weak crystal anisotropy is overshadowed
by their shape anisotropy, resulting in an easy magnetization axis aligned along the wire’s
longitudinal axis. In contrast, the Co NWs exhibit a more complex behaviour due to the
significant crystal anisotropy originating from the hexagonal close-packed (hcp) growth

of Co, having been verified that the easy magnetization axis of such nanostructures
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strongly depends on the orientation of the hcp c-axis. Particularly, in the case of small-
diameter Co NWs (d < 50 nm), the hcp c-axis is parallel to their longitudinal axis and,
consequently, their behaviour closely resembles that of a single magnetic domain with
an easy axis aligned along such direction. On the other hand, for NWs with larger d’s,
the authors concluded that the c-axis of the hcp structure tends to grow perpendicular to
the nanostructure’s longitudinal axis, due to the competition between the shape and
crystal anisotropies. This leads to the formation of a multidomain magnetization
configuration, where each individual magnetic domain is partially oriented along the
direction normal to the wire’s axis, which explains the decrease in coercivity observed in
their measurements. Furthermore, such conclusion is in agreement with the findings

reported by Proenca et al.”

Furthermore, Ferre et al.% also demonstrated, using micromagnetic simulations, that the
magnetization reversal process in small-diameter Ni wires (d < 50 nm) starts with the
nucleation of a reversed magnetic domain at one end of the nanostructure. Moreover, it
was verified that this reversed domain has a size smaller than three times the exchange
length of Ni. When considering greater d’s, the authors described a different mechanism,
involving the existence of two critical fields, namely the nucleation field (H.), which
represents the point at which the magnetization of the system deviates from saturation
and the magnetic domains start to reorient, as well as the switching field (Hs), which is
the threshold at which an irreversible magnetization jump occurs, signifying a full reversal
of the magnetic state. Particularly, it was concluded that the deviation from saturation
occurs at both ends of the NW, leading to the formation of one magnetization vortex at
each extremity, which then propagates along the nanostructure’s longitudinal axis. The
results of these simulations align with the work conducted by Hertel®®, who also
conducted micromagnetic simulations of arrays of closely-packed Ni NWs (d = 40 nm, t
= 1 um, and period = 100 nm). Subsequently, Hertel and Kirschner®® conducted
additional research on the magnetization reversal dynamics of Ni NWs, through the use
of micromagnetic simulations. In this study, the authors addressed the basic reversal
modes, namely transverse wall and vortex wall, having verified that the first occurred for
smaller d’s (40 nm), while the latter took place when larger d’s (60 nm) were considered.
Additionally, simulations involving a cone-shaped Ni NW were performed so as to
observe the transition between these two reversal modes and, consequently, analyse

the diameter-dependent transition among them.

In another work, Strijkers et al.'® investigated the magnetization behaviour in Co NWs

with two different d’s, i.e. 20 nm and 100 nm, through the use of nuclear magnetic
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resonance (NMR). As a result, it was verified that when the nanostructure’s length was
reduced from 40 ym to 0.5 um, its easy magnetization axis direction changed.
Particularly, the longer NWs exhibited an easy axis perpendicular to the nanostructure’s
longitudinal axis, while for the shorter NWs the direction of such magnetization axis
shifted, being parallel to their longitudinal axis. Additionally, the researchers observed
that for Co NWs with d = 100 nm, the easy magnetization axis was perpendicular to the
nanoarchitecture’s longitudinal axis, in contrast to the behaviour of the NWs with d = 20
nm, which displayed a more isotropic behaviour, albeit with a slight tendency for the
magnetization to align parallel to the NWs longitudinal axis. Similar results were obtained

by Metzger et al.’®

Regarding Co NWs as well, Pal et al.'® conducted an analysis on the evolution of the
easy axis orientation in those nanostructures as a function of their aspect ratio, i.e.
length/d. This study involved both experimental data and micromagnetic simulations,
having been verified that for larger aspect ratios (> 10), shape anisotropy represented
the main contribution to the magnetic anisotropy, resulting in an easy magnetization axis
aligned along the NW’s longitudinal axis. Conversely, for aspect ratios below 3, they
reported that magnetocrystalline anisotropy dominates, causing the easy magnetization
axis to be oriented in a direction perpendicular to the NW’s longitudinal axis. In the cases
where the NW’s aspect ratio fell in between these two values, the contributions from two
anisotropies were found to be comparable, leading to subtle distinctions between the
hysteresis loops along the long and short axes of the NW that are difficult to discern.
Moreover, numerous researchers have explored various methods to influence the
direction of the easy magnetization axis, not solely by altering the NW’s dimensions but
also by modifying its composition and investigating how it is influenced by the

magnetoelastic anisotropy.'03-10°

A different study, conducted by Pignard et al.'%, analysed the magnetization reversal in
Ni NWs with a 22 ym in length and d’s of either 35 nm or 75 nm, through anisotropic
magnetoresistance (AMR) measurements. This phenomenon leads to changes in the
electrical resistivity of the NW as the angle between the directions of the electric current
and magnetization is altered and, therefore, can be used as a probe of the orientation of

the magnetization relative to the current.

In another work, Nielsch et al.’®” analysed the magnetic properties of periodic arrays of
Ni NWs with d’s of 30, 40, and 55 nm and a length equal to 1 ym, presenting a constant
period of 100 nm. These authors suggested that the magnetic anisotropy of these arrays

is a result of the interplay of various effective magnetic fields. Specifically, in cases where
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the Ni NWs are compatible with a single domain structure, which is expected for d’s lower
than 55 nm, three contributions have to be taken into account, namely the macroscopic
demagnetization field, which results from the average magnetic charges of the NWs in
the array at its surface, the form effect of the individual NW, if magnetized along the pore
axis, and the magnetocrystalline anisotropy energy. For such nanostructures, the authors
observed an easy magnetization axis aligned with the NW'’s longitudinal axis.
Additionally, it was verified that reducing the NWs’ d from 55 to 30 nm resulted in
improved hardness and higher coercivity, which was attributed to the reduction of
macroscopic interactions between the NWs. Moreover, the domain structure, as
represented in figure 1.16, was explained as resulting from an antiferromagnetic
alignment. In this alignment, when considering only the nearest neighbour interaction,
two out of the six nearest neighbouring NWs exhibit a parallel magnetization, while the

remaining four display an antiparallel magnetization.

Figure 1.16 - MFM image of a periodic array of Ni NWs, with d = 40 nm, in the demagnetized state. Light regions:
magnetization pointing upward; dark region: magnetization pointing downward. Reprinted from [107], with the permission
of AIP Publishing.

Carignan et al.'® also investigated the magnetic properties of Ni NWs arrays, composed
of nanostructures with d’s of 20, 40, and 170 nm. The hysteresis loops of these three
types of arrays revealed an easy magnetization axis parallel to the NW longitudinal axis,
along with a decreasing coercivity and remanence as d increased. This finding aligned
with the observations made by Nielsch et al.’%’. Moreover, the authors observed
differences in the hysteresis loops of the various arrays, which were attributed to the
occurrence of different the magnetization reversal processes (figure 1.17). Particularly,
for the NWs with a d of 20 nm, it was stated that magnetization reversal proceeds by
coherent rotation, whereas in the d = 170 nm NWs such process occurs through a curling
mode. The d = 40 nm NWs, on the other hand, have a magnetization reversal process

that is at the transition between these two modes.
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Figure 1.17 - Measured hysteresis loops of Ni NWs arrays involving nanostructures with a d of (a) 20 nm and (b) 170 nm,
considering the external magnetic field parallel (0°) and perpendicular (90°) to the NWs’ longitudinal axis. From [103]. ©
2009 IEEE.

Regarding Fe NWs, Xiang et al.’® investigated their magnetization reversal
mechanisms, through micromagnetic simulations of individual Fe NWs presenting
various lengths (20 - 1000 nm) and d’s (6 - 50 nm). As can be observed in figure 1.18,
different reversal mechanisms can occur depending on the nanostructure’s diameter.
Specifically, for the two lowest d’'s [figure 1.18(a) and figure 1.18(b)], the authors
identified coherent rotation as the mechanism of magnetization reversal. For the NW with
a d of 20 nm [figure 1.18(c)], it was verified that the reversal is associated with a vortex-
like nucleation, which initiates at the two extremities of the NW. Regarding the
nanostructure with the largest diameter [figure 1.18(d)], its magnetization reversal
mechanism was found to be controlled by the buckling-like motion of larger vortices, not

only occurring at the ends of the NW but also initiating in its middle sections.
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Figure 1.18 - Vector map of the spins’ configuration at the moment the reversal is triggered in Fe NWs possessing a length
of 200 nm and a d of (a) 6 nm; (b) 10 nm; (c) 20 nm; and (d) 30 nm. From [108]. Copyright 2011 IOP Publishing Limited
(IOP) under the terms of the Creative Commons Attribution (CC BY) license.
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Experimentally, Qin et al."® studied the magnetization reversal in arrays of Fe NWs
presenting d’s of 30, 50, as well as 70 nm, and with a period of 100 nm, having obtained
results that align with the findings reported by Xiang et al.'"® These authors also
addressed the influence of the magnetic interactions in a periodic array. As a result, it
was verified that these interactions led to a reduction of the shape anisotropy effect, as
they contributed to the development of an easy magnetization axis perpendicular to the
nanostructure’s longitudinal axis, while the NW’s shape anisotropy contributed to an easy

axis parallel to the nanoarchitecture’s long axis (figure 1.19).
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Figure 1.19 - (a) Hysteresis loop of a Fe NWs array, with d = 70 nm, considering the applied external magnetic field
parallel (H//) or perpendicular (HL) to their longitudinal axis; (b) hysteresis loops for different Fe NWs arrays, possessing
various diameters, obtained by applying the applied external magnetic field parallel to their longitudinal axis. Inset:
coercivity (Hc) as a function of the NWs’ diameter. From [109]. © 2012 IEEE

In another work, Ivanov et al."'® conducted an extensive series of micromagnetic
simulations of both isolated and arrays of NWs based on Py, Ni, Fe, and Co. These
authors varied the d of the NWs within the range of 20 to 100 nm, while keeping a fixed
length of 20 um. Here, three main magnetization reversal modes were identified, namely
coherent rotation, which involves a uniform rotation of the magnetization along the NW,
transverse domain wall, which involves the nucleation and propagation of a domain wall
oriented perpendicularly to the NW’s longitudinal axis, and vortex domain wall, where a
vortex-like domain wall is formed and propagates along the NW length. Furthermore, it
was verified that, as the NW’s d increases, the transition between the transverse and
vortex domain wall modes depends solely on the material that composes the
nanostructure, mainly its exchange length. On the other hand, the simulated hysteresis
loops for individual NWs and arrays of 7 coexisting NWs revealed that, except for Co,
the orientation of the nanostructure’s easy magnetization axis did not significantly
depend on its d, remaining parallel to the long axis of the NW. Moreover, it was observed
that for all the considered NWs, the coercivity decreased as their d increased, which can

be attributed to the scaling of shape anisotropy with the aspect ratio, i.e. length/d.
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Regarding Co NWs, the orientation of the magnetocrystalline anisotropy with respect to
the NW’s longitudinal axis was found to impact their effective anisotropy. This led the
authors to suggest that the magnetic properties of these nanostructures can be adjusted
by controlling the crystal growth direction, or their composition (for NWs composed of

Co-based alloys).

1.2. Fabrication of Nanomaterials

As technology and science develop, humanity not only has been improving their life
quality, but has also been gaining a better understanding of the universe."""'? This
evolutive process has led to a growing interest on the ability to fabricate, manipulate, and
study structures at the nanoscale, since it is at that level many unique effects appear and
most biological processes occur.'3"® Such interest on the nm range, has led to the
development of multiple techniques and equipment capable of improving our ability to

comprehend, as well as employ, the distinct phenomena arising at this scale.”

The capacity to synthesize nanomaterials with an uniform and controlled shape and size,
has led to their application in various fields."® Currently, there are multiple
nanofabrication processes, which can be divided into two main categories: bottom-up
and top-down (figure 1.20)."° In the top-down approaches, the starting point is a bulk
material, whose size is then reduced down to the nanoscale, examples include
nanolithography and laser ablation.'?22 These techniques offer various advantages,
such as the fact that they can be used with a wide range of materials and also allow the
control of the building units, which permits the creation of complex shapes.'?®124
Nonetheless, this type of methodologies come with a significant drawback: they have
substantial costs, being required state-of-the-art nanofabrication facilities as well as time-

intensive procedures to produce nanostructures on a large scale.?%126
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Figure 1.20 - Top-down versus bottom-up nanofabrication approaches. From [127]. Copyright 2015 Authors licensed
under a Creative Commons Attribution (CC BY 3.0) license.
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On the other hand, the bottom-up approaches utilize individual atoms or molecules as
the foundational building blocks, resulting in a more precise and efficient synthetization
process, while allowing a reduction of the production costs.'?®-3° However, the range of
materials that can be used in these methodologies is more limited, when compared to
top-down strategies, and it is more difficult to control the assembly process through these
techniques.'®"3' Nowadays, there are various fabrication strategies classified as

bottom-up, such as co-precipitation in solution or electrochemical deposition.'32133

In this thesis, all the nanofabrication processes used are classified as bottom-up and, in

the following sections, they will be described in detail.
1.2.1. Microwave-Assisted Co-Precipitation

Microwave-assisted co-precipitation is a versatile, non-expensive, simple, and quick
nanofabrication technique employed multiple fields, which allows the synthetization of
nanomaterials with easy control over their size, morphology, and composition.'* In the
particular case of SPIONSs fabrication, iron oxides are synthesized by the co-precipitation
of Fe?* and Fe® aqueous salt solutions through the addition of a base, followed by
controlled microwave heating, where microwave irradiation is used to heat a reaction

mixture containing the iron oxides.3%13¢

Similarly to all forms of electromagnetic radiation, microwave radiation can be separated
into both an electric field component and a magnetic field component.’” When a given
sample is exposed to such radiation, its electric component leads to an accelerated
heating of the material due to a phenomenon known as dielectric heating, which involves
two main heating mechanisms, namely dipolar polarization and ionic conduction.'3813°
Regarding dipolar polarization, the dipoles present in the sample attempt to align
themselves along the direction of the electric field component associated with the
microwave radiation. However, since that electric field is continuously oscillating, those
molecular dipoles are always realigning themselves, following those oscillations. As a
result, this leads to energy loss through molecular friction and rotation, as well as by
dielectric loss, originating a heating of the sample.™%'#" Naturally, this heating effect is
negligible if the involved dipoles align too fast with the electric field, which happens when
the electromagnetic radiation has a low frequency, or if they are not capable of realigning
themselves, which is the case when the electric field frequency is too high.'*' On the
other hand, the ionic conduction heating mechanism involves the oscillation of ions in a
solution, due to the presence of an alternating electric field associated with the
microwave radiation, causing the ions to collide with their surrounding molecules or

atoms. This causes a temperature increase in the sample, due to the loss of energy as
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a result of the collisions and frictions.#%142 Between these two mechanisms, the latter

leads to a stronger heating effect in comparison to dipolar polarization.™

Compared to other fabrication methods of SPIONSs, this strategy has some advantages,
since the microwave energy is only transferred directly to the reaction components
susceptible to microwave polarization. This leads to an enhanced energy efficiency,
because only the reaction mixture is heated, eliminating the necessity to heat any
reaction vessels, as opposed to other traditional heating methods. Therefore, due to this
directed heating, the process of heating the reagents occurs significantly more rapidly
compared to conventional methods. Consequently, the time required for the reaction to
reach its activation energy is minimized, considerably shortening the overall reaction
time. Additionally, this approach offers the advantages of diminishing undesired side
reactions and by-products, as well as producing an internal homogeneous heating that
promotes the nucleation throughout the entire sample at the same time, which diminishes
the growth possibilities of the generated nuclei, resulting in the production of uniform

particles possessing lower dimensions. 138143144
1.2.2. Template-Assisted Methods

The fabrication of ordered arrays of one-dimensional nanostructures, e.g. NWs and NTs,
has been drawing notable attention, due to the fact that they can be used for relevant
applications, including catalysis, sensors, electronic devices, as well as energy
harvesting and storage.''¥® One of the simplest, and therefore most attractive
approaches for the production of these arrays are template-assisted methods, where a
material with cylindrical nanopores is used as a mask, or template, and then the desired
material is grown inside those nanoholes through techniques such as, sol—gel,
electrodeposition, or chemical vapor deposition.'¢-48 With this bottom-up approach it
becomes possible to precisely and easily control the size, as well as the shape, of the

obtained nanostructures without costly equipment or time consuming processes. 46149
1.2.2.1. Nanoporous Anodic Aluminum Oxide (AAO) Templates

When Al is exposed to air, it is quickly coated by a passivating oxide layer with 2-3 nm in
thickness, which prevents further surface oxidation. Based on this process, Buff showed,
by 1857, that the electrochemical oxidation of aluminium in an aqueous solution, i.e.
anodizing electrolyte, produced an oxide layer thicker than the natural one.'%'%2 This
process is based on maintaining a delicate equilibrium between two opposing
electrochemical reactions driven by an electrical field: oxide formation at the metal/oxide

(~60 %) and at the oxide/electrolyte interfaces, and oxide dissolution at the
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oxide/electrolyte interface. These electrochemical processes can be summarily

described as follows:153-157

e Oxide formation: 2Al(s) + 3H,0(1) - Al,05(s) + 6H*(aq) + 6e~ (1.5)
e Oxide dissolution: Al,05(s) + 6H*(aq) » 3Al; (oxide) + 3H,0(1) (1.6)

Such process became generally known as anodization, since the Al to be oxidized
composes the anode within the electrolytic cell.’? Over time, such technique has been
widely employed in industrial scale applications, including, for example, Al cookware,

vehicles, and electronic devices.?8152

This anodization process can produce two types of anodic aluminium oxide (AAO), also
known as anodic alumina, films on the material surface, principally depending on the

anodizing conditions, namely nonporous barrier-type oxide film and porous-type oxide
ﬁlm_158,159

This last type of oxide film (figure 1.21) has been attracting significant attention in the
context of nanotechnology, because it constitutes an economic approach that facilitates
the self-organized production of nanostructures, without requiring expensive

lithographical tools, like, for example, e-beam lithography.'6°
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Figure 1.21 - Schematic illustration of a hexagonally packed nanopores array, in an AAO membrane, correlated to its
cross-sectional view obtained by scanning electron microscopy (SEM). Reprinted from [88], with the permission of AIP
Publishing.

As shown in figure 1.21, the hexagonally packed, similarly sized, and high aspect ratio
nanopores, serve as a three-dimensional mask, which can be combined with various
deposition procedures, namely electrodeposition, in order to fabricate ordered arrays of
NWs or NTs.'.16" Additionally, the d and length of the produced nanoarchitectures, as
well as the distance between two neighbouring structures, can be controlled by modifying
the template dimensions, which is achieved through changes in the anodization

regime. 92162
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Such aspects, have made nanoporous AAO templates a common choice for the

fabrication of one-dimensional nanostructures. 62
1.2.2.1.1. Two-Step Anodization Process

Al anodization can be performed by either applying a constant current or a fixed potential
across the electrolytic cell, corresponding to galvanostatic or potentiostatic anodization
modes, respectively.'®® Regarding the first, its main advantage is that the electric field
does not change throughout the reaction, which results in a constant and controlled
effective reaction rate, leading to a more controllable process that provides more
reproducible templates.'®*'%6 On the other hand, under the same anodization conditions,
potentiostatic anodization leads to the formation of AAO templates with a higher
nanopore density and, furthermore, it allows an improved control over the uniformity and
aspect ratio of the nanopores, since there is a linear relation among the applied voltage
and the resulting AAO structural parameters, such as pore diameter, interpore distance,
and the barrier layer thickness.®6” Consequently, this approach was the one selected

for the experiments performed in this work.

During potentiostatic anodization of a given Al substrate, the process can be precisely
controlled in real-time by monitoring the current density curve, j(t), throughout its
duration.'®® An example of a typical j(t) curve representing a successful potentiostatic

anodization of an Al substrate is represented in figure 1.22.
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Figure 1.22 - (a) Current density, j, as a function of time for the first and second anodizations; (b) schematic representation
of the AAO structure during the first and second anodizations. The roman numerals indicate the different phases of the
anodization process identified through the current density curves. Adapted from [93]. Copyright 2018 Authors licensed
under a Creative Commons Attribution (CC BY 4.0) license.

As can be observed, the j(t) curve has a characteristic shape, which can be divided into

four stages, each representing a different phase of the Al anodization process.'® In the
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first stage, it is possible to verify a steep decrease of the current density, which
corresponds to the formation of a high resistivity (> 10° Q-cm) continuous AAO layer over
the entire Al substrate’s area.®® This occurs because, in this phase, the oxide formation
if faster than its dissolution, which can be attributed to the fact that metal surface is
unstable and the electrolyte is in direct contact with it, as a result, oxygen ions can readily

diffuse to the metal’s surface to participate in the oxidation reaction.®®

By maintaining a constant potential, the AAO thickness continues to increase and,
consequently, the resistance gets higher, causing a reduction of the current density over
time.7%'71 This leads to a lower the oxide formation rate as the time needed for the
reactant species to diffuse throughout the entire barrier length is significantly longer.'"?
Then, the decreasing trend in the current density stops and a minimum value is
observed, which corresponds to the second stage.'”® During this phase, the electric field
becomes more concentrated on imperfections that exist in the spontaneously formed
barrier oxide layer. These imperfections consist of defects, impurities, or indentations
that lead to an oxide layer with a non-uniform thickness. They can result from
irregularities on the surface of the Al substrate and/or, for electrolytes with a pH lower
than 5, from the considerable flow of AI** ions into the electrolytic bath that leads to areas
where the formation of new oxide at the oxide/electrolyte interface is unstable, originating
a thinner oxide layer in random spots.'*”'73 As a result, the electric field lines converge
at these regions where the oxide layer is thinner, which causes a localized heating due
to electrical power dissipation resulting from the current increase.® Consequently, the
oxide dissolution rate in those regions is increased, leading to the formation of numerous
hemispherical depressions that correspond to the pore nucleation sites.'®” Therefore, the
minimum observed during the second stage in the current density curve represents that

an equilibrium between the oxide formation and its dissolution was achieved.'”?

Then, the current density increases towards a local maximum, corresponding to the initial
stage of pore-nucleation and growth (third phase).'™ During this stage, the small
concavities formed in the previous phase continue to grow deeper, since the electric field
inside those formations is much larger than in the flat regions, leading to the development
of multiple pore channels, which represent ionic conduction paths. Consequently, the
system’s resistance decreases and, therefore, there is an increase of the current
density.'”® As the anodization time further increases, some pores will be deeper than
others and, as a result, will grow faster than the more shallow ones. Moreover, there is
a competition between pores for the volume available for oxidation, particularly, when

shorter pores are encircled by deeper ones, the oxide layer becomes too thick for the
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short pore to continue growing [figure 1.23(a)].'”® Simultaneously, the deeper pores will
expand horizontally, leading to the formation of water-drop-shaped pore channels, which
are characterized by small pore mouths and large pore bottoms [figure 1.23(b)].
Geometrically, the contact area between the barrier layer and the Al substrate achieves
its maximum when the pore bottom has this water-drop-shape. Therefore, the ion
current, which traverses the barrier layer, reaches a maximum value. 68175176

Volume aviable for
(a) Al203 growing the pores ( b)

l

B Aluminum
B Alumina

Figure 1.23 - (a) Natural selection mechanism, based on the available volume for growth, of the deeper pores at the
expense of the shallower ones. Used with permission of IOP Publishing, Ltd, from [176]; permission conveyed through
Copyright Clearance Center, Inc; (b) schematic representation of the water drop-shaped-pores. Used with permission of
Springer Nature BV, from [175]; permission conveyed through Copyright Clearance Center, Inc.

Subsequently, the current density decreases, reaching a lower steady value, which
corresponds to the fourth stage (figure 1.22). During this phase, the electric field lines
become more concentrated at the bottom of the water-drop-shaped pores, as the length
of their walls across the pore growth direction become greater. Consequently, the growth
process mainly occurs at the pore bottom towards Al substrate, which leads to the
development of U-shaped pores from the initial waterdrop-shaped ones. These newly
formed pores provide lower contact area between the barrier layer and the Al substrate
and, as a result, the current density is slightly reduced. Then, the structure of the pore
bottom stabilizes and, consequently, the current density reaches a constant
value.'”®177.178 This constant current density represents the existence of an equilibrium
between the oxide dissolution and its formation and, therefore, indicates that the

nanopores are growing at a constant rate.8®

Nonetheless, this doesn’t necessarily imply that the arrangement at the base of the pore
remains constant during this phase, as self-origination of pores is continuously occurring
via pore merging, division, and termination.'”” Consequently, throughout this stage an
initially disorganized porous structure gradually transforms into a more organized
arrangement by a self-ordering process that can extend over hours or even days of
anodization.'”® Therefore, the self-ordering process occurs during the growth of the

pores, once they have already been initiated.'”
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Then, after a certain period, the current density starts to decrease, which can be
attributed to a diffusion limited mechanism.'”® Particularly, the anodization current is
primarily associated with the migration of ionic species (such as O%, OH-, or Al**) through
the oxide layer at the base of the pores. This means that the flow of oxygen-containing
anionic species from the electrolyte to the oxide growth interfaces dictates the
anodization current.’® Consequently, as the oxide layer grows, the nanopores get
lengthier and, as a result, the diffusion path of those reactant species becomes
increasingly longer, which limits their diffusion to the pores’ bottom. This leads to a
gradual modification of the electrolyte composition in that region as the reactant ions are
not replenished at a sufficiently fast pace, which originates a corresponding decrease of

the current density. 181183

Furthermore, it is important to note that, throughout this process, a continuous barrier
layer always exists at the base of each pore. The thickness of this layer is primarily
determined by the applied voltage, with minor variations observed based on the specific

electrolyte and temperature conditions.8®

In 1998, Masuda et al.'® introduced an anodization technique capable of creating a self-
assembled, well-organized hexagonal AAO structure. This approach is based on
performing an initial anodization for a long time (= 16 h) in order to obtain a highly ordered
nanopore array at the metal/oxide interface.®® Then, the resulting oxide layer is removed
by wet chemical etching, which originates an Al substrate with periodic concave patterns
on its surface.'® Subsequently, a second anodization is performed under identical
conditions and, during this process, the nanoindentations present on the metal surface
act as preferential pore nucleation sites.'® As represented by the red line in figure 1.22
and in contrast to the first anodization, there is no damping in the current density curve
when the second anodization is performed. This indicates the absence of competition
among the nanopores as they grow, since a self-organized growth regime has already
been established.'®18 As a result, a highly organized nanopores array, possessing a
closely packed hexagonal configuration of straight and parallel nanopore channels, is
obtained (figure 1.24).77
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Figure 1.24 - Schematic representation of the two-step anodization process of Al. Adapted from [189]. Copyright 2020
Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

1.2.2.1.1.1. Non-Steady-State Anodization

The nanoporous templates resulting from the two-step anodization process represent a
relatively simple, easy, and affordable way of fabricating one-dimensional nanostructures
via electrodeposition. However, since AAO is electrically insulating, the barrier layer at
the bottom of the nanopores has to be removed or thinned to a point where the electrons
can tunnel through it in order to have a current flow between two current electrodes.®
Regarding the latter approach, by applying an exponentially decreasing potential, after
the second anodization, it is possible to reduce the thickness of such dielectric layer, a
method known as non-steady-state anodization.”' Such process is based on the
following linear relation between the AAQO barrier layer thickness (6,,) and the anodization

potential (V,p):'%
8p = kVyp (1.7)
where k (~ 1.3 nm/V) represents a phenomenological constant.

Specifically, this approach exploits the dependence of the pore diameter on the
anodization voltage, i.e. the pore’s diameter decreases as the anodization voltage gets
lower."®® Particularly, when the anodization voltage is reduced, the oxide formation rate
decreases, since the electric field for driving ions across the barrier layer becomes
weaker. On the other hand, the field-assisted oxide dissolution becomes the dominating
process, because the local chemical microenvironments at the bottom of the nanopores

are not altered. As a result, the barrier layer thickness is reduced and, consequently, the
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ionic current starts to increase, which leads to a higher oxide formation rate. Therefore,
an equilibrium between oxide formation and dissolution will tend to build up again. In this
context, if such balance is achieved before reducing the anodization potential one more
time, then the process is called steady-state anodization. On the other hand, if the
applied potential is lowered prior to the establishment of that equilibrium, the strategy is
defined as non-steady-state anodization. This latter approach is characterized by a

current density curve that decreases in a toothed shape as the potential is reduced, as
represented in figure 1.25.193-1%
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Figure 1.25 - (a) Time-dependent potential and (b) time-dependent current curves obtained during a non-steady-state
anodization of AAO. The inset in (b) provides a magnified perspective of a section of the current curve. Used with
permission of Royal Society of Chemistry, from [196]; permission conveyed through Copyright Clearance Center, Inc.

Due to the disparity between the formation and dissolution rates of the oxide, an excess
of negative charges originating from oxygen-containing species, such as OH" and 027,
will accumulate within the oxide layer. This buildup of negative charges occurs
continually in the context of non-steady-state anodization. Then, when these negative
charges reach a certain critical point, partial discharges may occur, giving rise to
irregular, branched current pathways within the oxide layer.’®¢'%" As a result, a

reproducible tree-like branched structure (also known as dendritic structure) is formed at
the bottom of each nanopore (figure 1.26)."%
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Figure 1.26 - lllustrative diagram depicting the manufacturing procedure of AAO templates with nanopores possessing a
dendritic structure at their bottom. Used with permission of Royal Society of Chemistry, from [196]; permission conveyed
through Copyright Clearance Center, Inc.

The porosity of the resulting template (P) can be calculated through the following

equation:'®8

Dp
21 2
pP=— (1.8)
V3 Dlnt

where D, is the pore diameter and D;,,; represents the interpore distance.

1.2.2.1.2. Hard Anodization

The main disadvantage of producing AAO templates through the previously described
anodization regime, also known as mild anodization, is the long processing times, being
required several days for fabricating that type of templates due to the low anodization
rates (2 - 2.5 uym/h) at the applied potentials.'® In order to overcome this limitation, a
synthesis process known as hard anodization was introduced by Lee et al.'® as a way
to obtain thick nanoporous AAO films with a shorter processing time. This process
involves the application of a significantly larger anodization voltage, which leads to

considerably higher anodization rates (50 - 100 p/h), as can be observed in figure
1 _27_183,200,201
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Figure 1.27 - AAO template thickness as a function of the anodization time for a hard anodization (HA) at 140 V (blue line)
and a mild anodization (MA) at 40 V, considering oxalic acid as the electrolyte. Adapted from [183]. Reproduced with
permission from Springer Nature

The resulting templates exhibit larger pore diameters and interpore distances than the
ones produced using mild anodization, when maintaining the remaining anodization
parameters unchanged, as those aspects, as well as the barrier layer thickness, have a
positive correlation with the applied voltage, whose covariance varies with the

considered pH, temperature, and electrolyte (figure 1.28).2%2
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Figure 1.28 - (a) Variation of the interpore distance (Diy) with the anodization voltage in a mild anodization (MA) regime
(sulfuric, oxalic, and phosphoric acid electrolytes) and in a hard anodization (HA) regime (sulfuric and oxalic); (b)
Dependence of Dy, pore diameter (D), and template’s porosity (P) on the hard anodization voltage, considering a 0.3 M
oxalic acid electrolyte at 1 °C. Adapted from [183]. Reproduced with permission from Springer Nature

However, if a high potential is directly applied to the Al substrate, the resulting AAO films
are typically cracked due to the high current densities and possess numerous
undesirable structural defects.?®® Consequently, in order to enhance the mechanical
stability, as well as the structural integrity of the AAO templates produced by hard
anodization, a pre-anodization under a mild regime is typically performed first so as to

create an oxide layer (t > 400 nm). This initial oxide layer on the surface of the Al
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substrate is thought to establish uniform pore nucleation sites during the first phases of
high-voltage anodization, thereby preventing localized catastrophic events such as the
localized flow of high electrical current.?°°2%% Subsequently, the anodization voltage is
gradually increased, at a constant rate (0.5 and 0.9 V/s), until a an adequate voltage (60-
150 V) for hard anodization is reached, so as to prevent burning the sample.?%32%4 After
attaining the desired potential, the anodization voltage is kept constant during the time
required for obtaining the template with the desired characteristics.?®® Finally, the
anodization potential can be reduced to the one used in the pre-anodization step, so as

to stabilize the barrier layer at the bottom of the nanopores.®
1.2.2.1.3. Electrodeposition into AAO Templates

A particularly interesting and useful approach for the fabrication of nanomaterials is a
process known as electrodeposition, or electroplating, where an electric current is used
to reduce dissolved cations of a given metal from a solution (electrolyte), in order to form

a thin coating on a conductive object.?627

Besides nanotechnology, this technique is also used in more contexts, such as
decoration, protection against corrosion, and electroforming, since it presents several
advantages when compared to other methods, including, for example, high purity and
deposition rate, industrial applicability, as well as low costs.?82%° Consequently, several
authors have been studying the electrodeposition of different materials on multiple
substrates, having shown that it is possible to obtain different coatings, with distinct
characteristics, by varying the electrodeposited material as well as the electroplating

conditions and substrate.2'%-2""

Nevertheless, in the nanotechnology context, multiple researchers have been studying
the electrodeposition of diverse nanostructures, not only for optimizing the electroplating
conditions, but also to gain a better understanding about their growth mechanism,
allowing the nanoarchitectures improvement as well as the fabrication processes
amelioration.?%®212-21¢ |n this context, the electrodeposition of one-dimensional

nanostructures into AAO templates has been gaining a significant attention.5?

A schematic diagram of a general electrodeposition setup for the synthetization of

nanomaterials inside AAO membranes is represented in figure 1.29.
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Figure 1.29 - Schematic representation of an electrolytic cell for the electrodeposition of a metal M from an aqueous
solution (electrolyte). From [217]. Reproduced with permission from the author.

As can be observed, this process involves two electrodes, namely a cathode (or working
electrode) and an anode (or counter electrode).?'® Consequently, during this process,
two different electron transfer reactions take place at each electrode-electrolyte

interface.?'® Particularly, at the cathode the overall reaction is:??°
Mg;lution + ze” - Mlattice (1-9)

where M?* are the metal ions in the electrolyte and z represents the number of electrons
provided by an external power supply. However, electrolytes with complexed ions are
frequently preferred for electrodeposition procedures, as they lead to finer-grained
deposits and have excellent throwing power, i.e. allow a uniform deposition over a
substrate, even when itis has an irregular shape. Additionally, complexed ion electrolytes
are particularly useful for the co-deposition of alloys, as the deposition potential of each
metal can be brought closer together when they are in a complexed state.??'-223 When
performing electrodeposition from complexed ions, a chemical reaction occurs before

the electrochemical one, according to:2?

[ML,] ¥ = MZ* +xL (1.10)
MZt +ze~ =M (1.11)

where L is a neutral ligand and x represents the number of ligands bound to the metal
cation. From these two equations, it is possible to conclude that the complexed ions, i.e.
[ML,] 2*, are not directly reduced by the applied potential. Instead, they undergo a
preceding chemical reaction, as described in the second equation, which transforms

them into an electroactive state, M**. The rate constants associated with this chemical
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reaction, which govern the formation and dissociation of the complex, are independent
of the electrode potential, being solely determined by the nature of the complex itself.
Subsequently, the electrochemically active species, M?*, is reduced by electron

transfer.217.224

From the equations above, it is possible to conclude that the electrodeposition of a single
metal atom requires the transfer of z electrons, which is equivalent to a charge of ze.
Therefore, for the deposition of one mole of the metal a total of Nyze = zF coulombs are
required (N, represents the Avogadro number, N, ~ 6.022 - 102 mol?, and F = Ne is

the Faraday constant, F ~ 96485 C mol™). Such equation can be written as:?25226

_ QA
m=— (1.12)

where m represents the mass of the deposited metal (in grams), Q symbolizes the net
electric charge passed through the circuit (in coulombs), and A corresponds the atomic
weight of the metal. Such equation holds significant importance and finds extensive
practical application in the determination, for example, of the quantity of metal deposited
in the electrodeposition process or the electrodeposition time required to achieve a

specific thickness.??®> Furthermore, when applied to coatings, it can be rewritten
as:225,227,228

- G

where h = % represents the deposit thickness (S is the cathode surface area, d is the

density of the deposited material), V,, =% corresponds to the molar volume of the
material, I is the applied current, and t denotes the electroplating duration. From such
equation, it is possible to verify that the current density (] = é) plays an important role in

the electrodeposition process, since it regulates its rate.??® Moreover, this parameter is
the most convenient measure of the rate associated with an electrochemical process, as
it can be easily calculated from an ammeter reading and by knowing the cathode surface

area (S).225229

Furthermore, the electrodeposition of less noble metals, such as Fe-group metals, is
accompanied by a significant hydrogen evolution at the cathode surface, since they have
reduction potentials that are generally more similar to that of hydrogen ions, leading to a
higher competition for the available electrons.?%2*' The hydrogen evolution reaction can

be described as:?%?
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2H* + 2¢e” - H, (1.14)

However, when in an aqueous solution, the protons form hydronium ions (HzO*) with the
water molecules, due to the molecular interaction of water dipoles with electrical
charges.?®® The formation of this ion occurs according to the following chemical

equation: %
2H* + H,0 - H,;0% (1.15)

This leads to a different mechanism of the cathodic evolution of hydrogen, which consists

of two steps:?%*

o First step - charge transfer:
H;0* + e(M) » MH, (1.16)
e Second step - hydrogen combination:
2MH - 2M + H, (1.17)

where M(H) represents the hydrogen adsorbed at the electrode M.

On the other hand, at the anode an oxidation reaction occurs, which can be represented
as:209,235

2H,0 — 4H* + 0, + 4e™ (1.18)

Regarding electrodeposition into AAO templates, the mass transport within the
nanopores is limited by the diffusion of metal ions to the cathode surface and,
consequently, the process is diffusion-limited.?*®2%7 In this context, different methods
have been developed for producing uniform arrays of nanostructures inside those
membranes (figure 1.30).88 Consequently, in the following sections, the most relevant

ones will be addressed.
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Figure 1.30 - Representation of (a) a three-electrode setup for electrodeposition; and (b) three different voltage-time
curves for three distinct electrodeposition strategies (DC: direct current, AC: alternating current, PED: pulsed
electrodeposition) that can be used to grow nanostructures inside AAO nanoporous templates. Reprinted from [88], with
the permission of AIP Publishing.
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1.2.2.1.3.1. Direct Current (DC) Electrodeposition

As previously mentioned, AAO is an electrically insulating material, forming a barrier
layer at the bottom of the pores that prevents current flow between two electrodes.
Consequently, in order to fabricate nanostructures inside AAO templates by

electrodeposition such layer has to be removed or thinned. '

In the particular case of direct current (DC) electrodeposition, such barrier layer is
removed by a chemical etching process.?*® Therefore, it is necessary to initially create a
sufficiently thick AAO template on the Al substrate so that it does not break or dissolve
during the template preparation process.® Then, this membrane is released from the
metal by chemical etching so as to obtain a freestanding membrane and, subsequently,
the barrier layer at the bottom of the pores is removed.?*® Subsequently, a thin metallic
layer, e.g. Au, is deposited on one of the membrane’s surfaces, serving as an electrical

contact during the electrodeposition procedure (figure 1.31).'73
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Figure 1.31 - lllustration of the template fabrication process for the synthetization of NWs and NTs through DC
electrodeposition. Reprinted from [88], with the permission of AIP Publishing.

After this process, the electrodeposition of nanostructures can be carried out using either
a two-electrode system, for galvanostatic methods, or a three-electrode setup, for
potentiostatic approaches, in either a static or a pulsed mode.?'?24° The static approach
involves maintaining a constant current or potential during the electroplating duration,
while in the pulsed strategy a cycle composed of a potentiostatic, or galvanostatic,

deposition pulse followed by a rest pulse (0 V/0 mA/cm?) is repeated during the
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electrodeposition process.?*'?42 |n this last approach, the introduction of a rest pulse
permits a renewal of the concentration of metal ions at the deposition interface and limits
hydrogen evolution, which allows a more homogeneous growth of the
nanoarchitectures.?*®> On the other hand, such strategy requires more sophisticated
equipment, which translates into higher costs, and it typically involves a more complex
optimization process due to the various parameters involved, such as pulse frequency

and duty cycle 242:244.245

Regardless of the selected approach, the DC electrodeposition process is governed by
Faraday’s law, i.e. the amount of chemical reaction induced by the electrical current’s
flow is directly proportional to the quantity of electricity that has passed through the
electrolyte, considering the characteristics of the membrane (such as pore size, pore
density, porosity, etc.) and the filling efficiency.?824¢ Furthermore, as the nanostructures
start growing from the bottom of the template towards its top, it is possible to control their
length by simply adjusting the deposition time.?4’-24% Additionally, it is also possible to
adjust the d of the resulting nanostructures by widening the nanopores through chemical

etching.?*®

Moreover, this electrodeposition technique not only allows a considerable control over
the composition and crystallinity of the produced nanostructures, but also provides the
ability to modulate the composition along the nanoarchitectures’ length.882%" In addition
to these advantages, it is also possible to fabricate tubular nanostructures and tune their
wall dimensions through this approach, by adjusting the thickness of the deposited

metallic contact.?°2253

Nevertheless, this electroplating technique has some disadvantages, such as the facts
that it is not practical for industry, due to the labour-intensive template preparation

process, and its applicability is restricted to thick (> 20 um) membranes. %8251
1.2.2.1.3.2. Alternating Current (AC) Electrodeposition

In contrast to the previous strategy, the AC electrodeposition process does not involve
the removal of the AAO layer from the Al substrate after the anodization process (figure
1.32).2% Instead, the barrier layer at the bottom of the pores is thinned through the
reduction of the anodization potential, under either a steady-state or a non-steady-state
regime (section 1.2.2.1.1.1.).2%52% This process allows electrical conductivity to be

established as the thickness at the bottom of the membrane is reduced.?’
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Figure 1.32 - lllustration representing the AC and pulsed electrodeposition (PED) methods. Reprinted from [88], with the
permission of AIP Publishing.

Nonetheless, since it is not possible to completely remove the barrier layer, electrical
conductivity remains limited, as it acts as the dielectric of a capacitor.882°® Therefore, the
use of AC deposition with a high voltage and frequency becomes necessary to deposit

material inside the nanopores.?*°

Compared to DC electrodeposition, this approach is simpler and can be more easily
scaled for industrial applications. Furthermore, it allows to avoid concentration
polarization in reverse cycles, leads to lower the Joule heating, and it is possible to
control the deposition mechanism by different AC parameters.?5°-262 However, it is
important to note that the filling percentage of nanopores using AC deposition is typically
reduced because of the larger applied voltages in comparison to the DC approach, which

results in higher hydrogen evolution that inhibits the deposition process.?%?
1.2.2.1.3.3. Pulsed Electrodeposition (PED)

In order to address the previously mentioned limitations, Nielsch et al.?4 introduced a
new electroplating technique known as PED (figure 1.32). This approach involves using
the Al substrate as the cathode and applying a modulated signal, composed of three
successive potentiostatic and galvanostatic pulses, to plate the desired material from a
given electrolyte.?#3265 However, similarly to the previous approach, prior to the
deposition process the thickness of the alumina barrier layer present at the bottom of the
nanopores has to be reduced. In this case, such process is performed through a non-
steady-state anodization, where the anodization potential is exponentially decreased

(section 1.2.2.1.1.1.).236:266-268

PED has some advantages when compared to other electrodeposition techniques, the
main ones being the ability to control the amplitude and duration of the applied pulses,
as well as the capacity to implement a rest pulse, like in the pulsed DC approach, while
maintaining a relatively simple template synthesis process.?*32%* However, a drawback
of this fabrication method is that the resulting nanostructures have a dendritic structure

at one end, which modifies their physical properties and is undesirable for biomedical
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applications.?%¢26° Another disadvantage of this approach is that a constant current
density is typically applied to deposit the material, since the resistance of the system
varies greatly due to the presence of the oxide barrier layer. This implies that the reaction
rate stays constant and the potential (reaction driving force) changes with time,
translating into a variation of the NWs composition along their length, when
electrodepositing alloys.?’%-272 Also, the high potential needed for deposition, due to the
presence of a thin oxide layer at the pore’s bottom, can lead to a significant hydrogen

evolution at the cathode, creating defects along the wire or even inhibiting its growth.2"%-
272

1.2.2.2. Interference Lithography Templates

Laser interference lithography is an efficient technique for patterning regular arrays of
fine features, whose limits are determined by light diffraction, over a large substrate
surface area (cm?) using relatively short exposure times, without the need for complex
optical systems or photomasks.?>-2’5 This method is based on the interference of two,
or more, coherent light beams, which originates a periodic pattern of intensity, i.e. an
interference pattern, that is then recorded on a photosensitive material.?’627” A typical

interference lithography setup is represented in figure 1.33.
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Figure 1.33 - (a) lllustration representing the interference between two coherent beams and (b) scheme depicting a typical
interference lithography setup (8: half angle between the two interfering beams). Adapted from [278]. © 2005 IEEE.

As illustrated the previous figure, the light emitted by a laser illuminates both the mirror
and the substrate. As a result, the part of the beam reflected by the mirror interferes with
the part that directly illuminates the sample, originating a periodic intensity line pattern
that is transferred to a photoresist-coated substrate (figure 1.34) and whose periodicity
(p) is given by:?"®

B A
~ 2sin(0)

p (1.19)
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where A is the wavelength of the light used in the system and 6 is the half angle of the
two interfering beams. As a result, it is possible to adjust p by changing the angle
between the incident beams or, since the mirror and the sample holder are mounted on
a rotation stage, by simply rotating that stage. On the other hand, the lateral size of the

pattern can be adjusted by controlling the exposure dose.?”%2%

Figure 1.34 - The fringe pattern resulting from the interference between the directly incident beam and the beam reflected
by the mirror. Adapted from [279]. Copyright 2018 Authors licensed under a Creative Commons Attribution (CC BY 4.0)
license.

Furthermore, it is possible to combine various interference patterns in a single substrate

to obtain more complex designs (figure 1.35).

e
— =
——

Figure 1.35 - Pattern on a photoresist resulting from the sum of two interference patterns offset by 90°. Adapted from
[281]. Copyright 2016 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

Following the exposure, the photoresist is developed. This reveals the periodic pattern
on top of the substrate, which can be used as a mask for subsequent deposition
processes, such as, for example, thermal and electron beam evaporation or ion beam
deposition.?79282.283 As g result, it is possible to obtain an array of nanostructures over a
given substrate by combining various interference patterns (e.g. figure 1.35) and, then,

depositing the desired materials over the revealed pattern.?’®

1.3. Biomedical Applications of Magnetic Nanomaterials

Nanomedicine is regarded as one of the most significant and emerging areas of modern
science, ranging from the application of nanomaterials and biological devices in
biomedicine to biosensors.?428° Among all the nanomaterials types employed in this
field, magnetic nano-objects are among the most promising, since they can exhibit low
toxicity, biocompatibility, and inducible magnetic moments, which allow their remote

control by the application of an external magnetic field.?¢528” Consequently, there are
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various biomedical contexts where these nanomaterials can be employed, such as
cellular therapy involving cell labelling and targeting, separation and purification of cell
populations, regenerative medicine, targeted drug delivery, contrast agents in magnetic
resonance imaging (MRI), magnetic hyperthermia (MHT), or magneto-mechanically
induced cell death.?8828% Furthermore, it is possible to combine diagnostic and treatment
capabilities in a single magnetic nano-object, which, as result, can be used as a
theragnostic agent.?®® Therefore, in the following sections, the main biomedical

applications of magnetic nanomaterials will be addressed.
1.3.1. Magnetic Hyperthermia (MHT)

MHT explores the ability of magnetic nanomaterials to generate heat when subjected to
an alternating magnetic field (AMF).2°* When the temperature in the local environment
of a tumour is raised to a certain threshold (= 42 °C), the cancer cells suffer irreversible
damage, which induces apoptosis and necrosis (figure 1.36).2°22% Particularly, higher
temperatures (> 50 °C) lead to more necrosis than apoptosis, while the opposite is
verified for lower temperatures.?®* Consequently, the principle of MHT is that the heating
generated by magnetic nanomaterials under an AMF, in the local environment of a

tumour, leads to cancer cell death.?°®
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Figure 1.36 - Mechanisms of cancer cell death caused by MHT. From [291]. Used with permission of Elsevier Science &
Technology Journals from [291]; permission conveyed through Copyright Clearance Center, Inc.

The capacity to convert magnetic energy into thermal energy has led to the possibility of
utilizing magnetic nanomaterials for MHT cancer treatment.?®! Particularly, the heat
generated by magnetic materials when subjected to AMF can result from four distinct
physical mechanisms, namely hysteresis losses, Néel/Brownian relaxation, eddy
currents, and frictional losses in viscous suspensions.?% In the specific context of MHT,

SPIONs stand out as one of the most widely studied and used nanomaterials, principally
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due to their simple and low-cost fabrication process, biocompatibility, and zero
remanence. The latter is a crucial requirement for the biomedical application of
nanomagnets, as it prevents them from agglomerating when dispersed in a solution.?®’-
300 For this particular type of NPs (typically ferrites), the eddy currents loss is typically
negligible due to their reduced conductivity and small dimensions. This last factor leads
to a weak induced voltage because of the extremely small size of potential eddy current
loops in a NP.3"302 Moreover, since SPIONs exhibit a superparamagnetic behaviour,
their hysteresis losses are negligible or even non-existent. Therefore, the heat produced
by this type of NPs is mainly attributed to relaxation losses, which are also related to
frictional losses resulting from the viscous resistance encountered by NPs as they rotate

within a given medium. 303304

The heat dissipation resulting from relaxation losses is a consequence of the energy
required to overcome the rotational energy barrier, when SPIONs are exposed to an
AMF.3% |n such context, two relaxation processes occur simultaneously, namely Néel
relaxation, which is related to internal dynamics of the NP, and Brownian relaxation,
which is associated with its external dynamics (figure 1.37).%% Particularly, the energy
loss resulting from Néel relaxation is attributed to the internal friction between the rotating
magnetic moments and the crystal lattice, when a particle’s magnetic dipole flips
between two stable orientations, overcoming an energy barrier. As a result, this
relaxation leads to the release of energy in the form of heat, without the physical rotation
of the NP [figure 1.37(a)].%°7:3% On the other hand, the Brownian relaxation occurs when
the NP undergoes a reorientation in response to an external magnetic field, aligning itself
with the changes in the direction of its internal magnetic moment. Consequently, when
in an AMF, this process leads to the physical rotation of the NP and, as it rotates, energy
is dissipated in the form of heat due to friction with its surrounding environment [figure
1.37(b)].300-311

(a) (b) ’-\)
0-¢ 0-

Figure 1.37 - (a) Néel and (b) Brownian relaxation after the application of an external magnetic field, H. Adapted from
[312]. Copyright 2022 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.
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These two relaxation processes occur simultaneously; however, one can dominate the
heating effects. Nevertheless, it is hard to determine the extent of the contribution
associated with each mechanism. Typically, Néel relaxation is dominant in NPs with d’s
smaller than 20 nm, while in NPs larger than 20 nm the Brownian relaxation, which is

also dependent on the viscosity of the surrounding medium, prevails, 304307313

The heating efficiency of magnetic NPs under an AMF is typically evaluated by a
parameter known as specific heat absorption rate (SAR), or by equivalent parameters,
such as specific loss power (SLP) or intrinsic loss power (ILP).*® Nevertheless, SAR is
the most commonly used figure of merit, being defined as the quantity of heat released
by unit mass of the magnetic material, per unit time, during the exposure to an AMF with
a defined frequency and field strength.307:314-31¢ The SAR is generally expressed in W/g

and it is calculated according to the following equation:3'7-320

Cps |dT
SAR = ———|— (1.20)
mynps | dtle=o
being related to the ILP through the following expression:
ILP = SAR 1.21
~ (f-H?) (1.21)

where Cp, s = C, qmg + C, mnpsmmnps represents the heat capacity of the sample (Cp, g:
specific heat capacity of the dispersion medium; my: mass of the dispersion medium in
the analyzed sample; C, ynps: specific heat capacity of the magnetic NPs; myyps: mass
of magnetic NPs present in the considered sample), T stands for the sample’s

temperature, t is the time, f is the frequency of the magnetic field, and H is its strength.

In order to determine the time derivative of temperature in the previous formula, the
dynamic equation that describes the evolution of temperature over time has to be known.
This equation can be determined by recording the time evolution of sample temperature.
Particularly, considering a completely adiabatic sample holder, the variation of the

sample’s temperature as a function of time is described by an equation of the form:32°

+T, (1.22)

T(t —th
© = |dtt=0

where T, is the initial temperature. Nonetheless, in most SAR measurements, non-
adiabatic sample holders are typically employed due to the complexities and challenges
associated with creating a well-isolated holder.3?' Consequently, in order to minimize the

errors that may result from heat losses, SAR is typically determined by the Box-Lucas
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method, widely recognized in the literature as one of the primary approaches for
determining such parameter.32-32® This method serves as a figure-of-merit for
quantifying and comparing the NPs’ heating efficiency, being based on data fitting and
analysis and it assumes a non-adiabatic set-up, accounting for convective heat losses.3?%
Hence, this is a suitable model for describing the sample’s temperature-time relationship
that encompasses heat exchanges between the sample and its surrounding

environment.*® The Box-Lucas equation can be formulated as:32°-329
T() = A(1—eBT)+C (1.23)

where A represents the saturation temperature [A = T(t = )], B is related to the
curvature of the heating curve, i.e. the heating rate, and t corresponds to the AMF
exposure time. The product between A and B, at t=0, is known as the initial heat rise rate
and it corresponds to the dT/dt ratio used in the SAR formula (equation 1.20), allowing

its calculation through the following approach:326:3%

dr =A-B (1.24)
dtl—o .
my
SAR = Cpra-A-B (1.25)
MpyNPs

The possibility of using SPIONs for MHT cancer treatment was first reported by Gilchrist
et al.®®*' in 1957. Subsequently, throughout the years several authors have been studying
the potential of those and other types of nanomaterials for this therapeutic approach,
which has become a new promising alternative for cancer treatment.?' In this context,
some clinical trials have already been performed for glioblastoma, colon cancer, breast
cancer, as well as prostate cancer, having been obtained encouraging results.332-335
Nevertheless, some disadvantages associated with this therapeutic approach, such as
limited heat production because of aggregation effects, uneven distribution of magnetic
NPs within tumour sites, difficulty in the precise control of heat exposure, as well as
safety concerns associated with strong AMF possessing high frequencies, have
motivated the development of research with the purpose of improving the traditional MHT

approach.336-339

A particularly promising strategy involves using the temperature increase as a means to
trigger drug release or activate therapeutic molecules at a target site, rather than
exclusively focusing on the heating capabilities of magnetic NPs for inducing cell death,
when exposed to an AMF.3*° This method involves the use of multifunctional magnetic

NPs, which not only can be used for MHT, but can also be loaded with anticancer drugs
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and functionalized with specific ligands for targeted drug delivery, among other

capabilities (figure 1.38).34'
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Figure 1.38 - Design of functionalized iron oxide-based NPs suitable for different biomedical applications. Used with
permission of Future Medicine Ltd, from [342]; permission conveyed through Copyright Clearance Center, Inc.

In this context, various works have been developed. For example, Gupta et al.3*3reported
promising results, in pre-clinical studies, regarding the use of MHT based on anticancer
drug-loaded magnetic NPs for the treatment of glioblastoma. The authors indicated that
these nanomaterials were able to cross the blood-brain barrier (BBB) when exposed to
an AMF, by temporarily reducing the permeability of such barrier. Consequently, they led
to an increase in the concentration of anticancer drug at the target tumour site, while,
simultaneously, inducing cancer cell death through MHT. Another study, by Jia et al.3*,
reported the fabrication of glioma-targeting exosomes with theragnostic capabilities.
These extracellular vesicles were produced by first loading SPIONs and curcumin into
exosomes, followed by the conjugation of the exosome membrane with neuropilin-1-
targeted peptide. As a result, the authors verified that, when administered to glioma cells
as well as orthotopic glioma models, these glioma-targeting exosomes were able to not
only cross the BBB with ease, but the SPIONs-mediated MHT and Cur-mediated therapy
also demonstrated a strong synergistic antitumoral effect, while providing good, targeted
imaging. In a different study, Ha et al.3*° fabricated multifunctional SPIONs functionalized
with a folate factor for a dual cancer treatment approach, namely MHT in combination
with anticancer drug release [doxorubicin (DOX)], at the target site. Here, the authors
verified that the heating from the magnetic NPs was sufficient for both effective MHT and
triggering drug release. Additionally, in vivo studies, considering lung cancer-bearing

mice, demonstrated that these NPs had a high efficacy for cancer treatment. More
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recently, Beola et al.3*¢ produced multifunctional lipid-based nanovectors encapsulating
SPIONs and anticancer drug, i.e. temozolomide, and tested their suitability for a dual
treatment approach of glioblastoma multiforme on an in vivo model. As a result, these
authors verified that this nanoplatform was able to accumulate at the tumour site,
allowing a significant reduction of cancer cell viability when exposed to an AMF, due to
the synergy between their MHT and chemotherapeutic capabilities. Furthermore,
numerous studies have also suggested that an increase in temperature has additive
effect on tumour cell death when certain drugs, such as DOX, cyclophosphamide,

ifosfamide, and others, are loaded in multifunctional magnetic NPs.34

Besides magnetic NPs, magnetic NWs have also demonstrated potential to act as MHT
agents.3*#3%0 |n this context, some theoretical studies have concluded that magnetic
nanomaterials possessing larger net magnetic moments, as well as higher magnetic
anisotropy, may be more suitable for this biomedical application, since higher SAR
values can be achieved at lower sizes, when compared to magnetic NPs.3*® Following
on these results, Alonso et al.>*° performed an experimental comparative study on the
suitability of FeCo NWs presenting various diameters and lengths for MHT, considering
dispersions with a concentration of 0.5 mg-FeCo/ml. From the performed analysis, it was
verified that the NWs SAR increases as they get longer (particularly over 10 pym), as
represented in figure 1.39, as well as with increasing diameter. Nevertheless, even for
the shorter NWs considered in this study, a significant SAR value was observed (up to
350 W/g, at H = 300 Oe and f = 310 kHz vs, for example, 168 W/g, at H = 590 Oe and f

= 313 kHz [351]), indicating that these nanostructures are a promising candidate for MHT

treatments.
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Figure 1.39 - Heating curves for FeCo NWs of varying lengths and diameters, measured through calorimetric methods.
Inset: variation of the SAR with the NW’s length. Reprinted from [350], with the permission of AIP Publishing.
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1.3.2. Cell Manipulation and Separation

Efficient isolation and sorting of particular cells from complex biological mixtures are
essential for clinical research, as well as for various cell-based applications in multiple
areas, such as cell and molecular biology, biochemistry, and immunology.®*2-3%3 In the
clinical practice, the detection and purification of specific cells is fundamental for
diagnosing, treating, and preventing diseases, being required, for example, in the
acquisition of a particular population for transplantation and gene therapy or to separate

stem and progenitor cells for cancer treatment.3%3:3%

Over time, multiple cell isolation and manipulation techniques based on physical
characteristics, such as density or size, and on electric, magnetic, or adhesive properties
of cells, have been developed.’” The standard processes for separating cellular
populations include steps of filtration, density gradient centrifugation, and
sedimentation.”*%° However, when different types of cells have similar sizes or densities,
techniques based on those features cannot perform an effective separation.3®®
Consequently, other methods, such as fluorescence-activated cell sorting (FACS) and
magnetic-activated cell sorting (MACS), where magnetic nanomaterials play a key role,

must be used.57-3%

A common approach involves using core-shell superparamagnetic iron oxide beads, i.e.,
a nonmagnetic matrix filled with superparamagnetic NPs, coated with antibodies that are
specific for the surface antigens of target cells.3%53%7:3% |n this methodology, the beads
attach via antibody-antigen interactions to the cells of interest, located, for example, in a
heterogeneous cell population, and, then, these biological entities are separated through
the application of an external magnetic field.*®?> However, due to the reduced net
magnetic moments of the employed NPs, this process frequently requires high external
magnetic fields to efficiently isolate the target cells.5” Therefore, such an approach could
be enhanced if the superparamagnetic iron oxide beads were replaced by a
nanoarchitecture with a larger net magnetic moment. In this context, ferromagnetic NWs
and synthetic antiferromagnetic (SAF) nanostructures have emerged as potential
candidates for the improvement of the current magnetic cell separation and manipulation

techniques.

Ferromagnetic NWs are promising nanomaterials for this biomedical application, due to
their large shape anisotropy (which leads to a single domain structure), tunable
remanence, and high saturation magnetization, i.e., the maximum possible magnetic
moment per unit volume.3%33%9360 Moreover, various studies on the separation and

manipulation of different cell lines, using ferromagnetic Ni NWs functionalized with
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antibodies, showed that such nanostructures perform better than the typical
superparamagnetic beads of comparable volume, due to their higher saturation

magnetization (figure 1.40),353.361-364
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Figure 1.40 - Percentage of the initial number of cells, loaded with magnetic beads or Ni NWs of different lengths, that
were captured (% Yield) in the magnetic separation of mouse fibroblast (3T3) populations with average diameters of 15
pm and 23 pm. From [361]. © 2004 |IEEE.

Nevertheless, it is crucial to assess the biocompatibility of these nanostructures, due to
the potential toxic effects associated with some materials (for example, Ni).3° In this
scope, Byrne et al.*® studied the cellular response of a human monocytic cell line (THP-
1) to Ni NWs, having demonstrated that there were little to no toxic effects on the cells
for short incubation periods (10 h) and at low concentrations (< 100 NWs per cell). Felix
et al.’®” also addressed this topic, but on human fibroblasts (WI-38). In their work, it was
verified that for incubation times shorter than 48 h and at low concentrations of NWs (<
11.88 pg/ml) more than 80% of the cells remained viable; however, for longer periods, a
significant decrease in their metabolic activity was observed. Furthermore, considerable
toxic effects on the cells occurred mostly after 48 h and at high concentrations of NWs

(> 22.5 pg/ml), with cell viability decreasing as incubation time increased.

Consequently, it would be of interest to fabricate and characterize magnetic NWs with
similar physical properties but constituted by more biocompatible materials. In this
context, lvanov et al.®° fabricated and analysed Fe NWs as well as hybrid
metallic/nonmetallic NWs, composed of a Fe core and a Fe oxide (magnetite/ Fe304)
shell. Their magnetic characterization showed that both kinds of nanostructures
presented a single-domain magnetic state with a longitudinal magnetic anisotropy at
remanence. Afterward, a cell viability test (figure 1.41), performed on colon carcinoma
epithelial cells (HCT 116), indicated that these nanostructures have a high level of

biocompatibility. Moreover, it was also proved that the coercive field, as well as the
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saturation and remanent magnetizations, of the core-shell NWs can be tuned by varying

the oxidation time, i.e. changing their shell thickness.
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Figure 1.41 - Percentage of viable HCT 116 cells after incubation with different concentrations of Fe and Fe-Fe;O,4 core-
shell NWs for 24, 48, and 72 h. The concentrations on the x-axis indicate the NW-to-cell ratio. From [359]. Copyright 2016
Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

Additionally, Alsharif*¢® and Alsharif et al.**® studied the toxicity of functionalized Fe NWs,
with longitudinal magnetic anisotropy, in leukemic cells (HL60). In these cases, the
considered magnetic nanostructures (average diameter of 35 nm and around 3 pm in
length) were coated with bovine serum albumen (BSA), Fe-BSA NWs. Then, the BSA-
coated NWs were functionalized with a specific antibody (anti-CD44) that targets a
surface marker (Cluster of differentiation 44; CD44) overexpressed on leukemic cells,
Fe-BSA-CD44 NWs. Subsequently, after the incubation of the one-dimensional
nanostructures with the cancer cells, a high level of in vitro biocompatibility for both BSA-

coated Fe NWs and antibody-coated NWs was observed (figure 1.42).
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Figure 1.42 - Cell viability after incubating, for 24 h, HL60 cells with Fe NWs, Fe-BSA NWs and Fe-BSA-CD44 NWs (Ab-
NWs). The positive control was composed by HL60 cells without NWs (No NWs). From [369]. © 2018 |IEEE.
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Besides NWs, SAF nanostructures have also been evaluated as possible surrogates to
superparamagnetic beads in this biomedical application. For example, by functionalizing
the surface of SAF nanoarchitectures, composed by a [Ta/Ru/CoFe/Ru/CoFe/Ru/Ta]
layered structure, with a protein (streptavidin), Fu et al.>’® demonstrated that these
nanostructures allow a better detection of biomolecules at low analyte concentrations

(10 pM), when compared to the typical superparamagnetic materials.

Furthermore, the fluorescent labelling of those nanoarchitectures allowed the authors to
see their motion in response to a small external magnetic field gradient (10 T-m™).
Additionally, by adjusting the thickness of the SAFs magnetic layers, they also observed
a dramatic modification in their movements, which can be very useful for separating and
manipulating biological targets or materials linked to SAF surfaces through the
application of magnetic fields. Therefore, from this report, it is possible to conclude that
SAF nanostructures, due to their high magnetic moment per particle and multifunctional
(optical, magnetic, and specific targeting) properties, provide a promising new path for
multiple biomedical applications, such as biomolecule detection and magnetic

manipulation.

An in vitro study on the utilization of SAF nanostructures in this biomedical application
was performed by Zhang et al.®”' Here, SAF nanoarchitectures, constituted by the
following sequence of layers: [Si 3 nm/ Ti 5 nm/Fe 10 nm/Ti 3 nm/Fe 10 nm/Ti 5 nm/Si 3
nm], were used to separate lung cancer cells (H1650) from blood samples. Therefore,
firstly, such nanostructures were coated with a silica shell and then conjugated with
streptavidin in order to be capable of linking to the cells of interest, making those
biological entities highly magnetically responsive. Then, after incubating the cancer cells
with the nanoarchitectures, blood samples were mixed with the stained cells. Afterward,
the spiked blood samples were pushed through a magnetic separation device (figure
1.43) and the captured cells were analysed using an optical microscope. As a result, a
capture efficiency of 46.8% was achieved, indicating that SAF nanostructures can indeed
be used for separating cells from blood samples, being promising nanomaterials for

detecting cancer at early stages.
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Figure 1.43 - lllustration of a blood sample, spiked with lung cancer cells, passing through the magnetic separation device
(sifter); only cells linked to SAF nanostructures are captured by the sifter. Adapted from [371]. Reproduced with permission
from Springer Nature.

More recently, the suitability of magnetic NDs with a spin-vortex ground state for this
biomedical application has been analysed by various authors. For example, Gregurec et
al.3"? addressed the use of these nanostructures for magneto-mechanical neural
stimulation. Particularly, such nanomaterials were employed as transducers of torque for
remote control of mechanosensory neurons, having demonstrated the ability to exert
torques on the membranes of those cells, which allowed a remote triggering of the Ca?*
influx, when exposed to weak and slowly varying AMFs. In a similar work, Collier et al.3”®
studied the wireless stimulation of primary neuronal circuits via mechanotransduction,
using magnetic microdiscs as transducers of AMFs into mechanical forces. As a result,
the authors verified an activation of the response associated with specific
mechanosensitive ion channels expressed on the cell membranes, which originated from
the magneto-mechanical actuation of the microdiscs when exposed to weak AMFs with

a low frequency.
1.3.3. Contrast Agents in Magnetic Resonance Imaging (MRI)

MRI is a non-invasive imaging technique, frequently performed all over the world, that
makes use of the magnetic properties that certain atomic nuclei possess.®’437 In this
thesis, such diagnostic modality will be addressed using classical mechanics, since it is
a more intuitive and simpler approach when compared to the explanation based on

quantum mechanics, which, however, is more complete.376-379

In this context, when a strong external magnetic field (Bo) is applied to a given sample,

the randomly oriented nuclear magnetic moments present in that medium, resulting from
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the spin of the hydrogen nuclei?, will start precessing about By in either the parallel (lower
energy state) or antiparallel (higher energy state) orientations relative to the to the

applied field.383-38°

The energy difference between these two alignments is very small, nevertheless the
parallel one is slightly favoured because it is a lower energy state. Consequently, more
protons will be precessing in that orientation, originating a net magnetization vector (Mo)
along Bo that is constituted by a component parallel to Bo, i.e. the longitudinal
magnetization (M), which results from the difference between the number of nuclear
magnetic moments in the two states, and a component transverse to By, i.e. the
transverse magnetization (Myy), which is equal to zero due to the dephasing of the

nuclear magnetic moments (figure 1.44),383384.386-388

Figure 1.44 - (a) Collection of nuclear magnetic moments (black arrows) in the presence of Bo; (b) My resulting from the
difference between the number of nuclear magnetic moments in the two orientations. In this situation M, is equal to M,,
while M,y is zero due to the dephasing of the nuclear magnetic moments. Reprinted with permission from [389]. Copyright
2015 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

Since M. is much smaller than By and parallel to that field, it is virtually impossible to
measure any signal in such direction.®3-38 However, by applying a radiofrequency (RF)
pulse tuned to the Larmor frequency, i.e. the precession rate (or frequency) of the nuclei
around By, it is possible to misalign Mo and, as a result, generate a nonzero M,y that can
be measured.?3%3%39" Then, when the RF transmitter is switched off, the two
magnetization components will go back, or “relax,” to their previous states in the
presence of Bo.%%3%2 This means that the transverse magnetization will decay towards
zero, due to the dephasing of the nuclear magnetic moments, and the longitudinal
magnetization will return to its initial maximum value parallel to B,.2%4380-3% Therefore,
the precession of the nuclear magnetic moments, together with the relaxation processes,
originate a changing magnetic field in the transverse direction, which, as a consequence

of the Faraday’s law of induction, generates a small RF electric current in the RF receiver

1 In MRI the signal from the hydrogen nuclei, which are composed by a single proton, is the most frequently used, because
these are the most abundant nuclear species with nonzero spin in the human body.380-382
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coils [magnetic resonance (MR) signal] that is subsequently processed so as to produce

an image.384,394,395

The main advantages of MRI over other imaging methods are the use of nonionizing
radiation, high spatial resolution, great anatomic detail, and improved soft tissue
contrast.3’#3% Such properties make this technique an appealing option to diagnose
various physiological diseases and lesions, as well as to assess the effect of therapeutic
treatments.*”* However, since this approach has a low sensitivity, contrast agents are
often employed to improve the contrast between the different tissues in the resulting
pictures and, consequently, increasing the information content of the diagnostic
images.3743%-3% These substances enhance the image quality by lowering the relaxation
times of the water protons in their vicinity, modifying, as a result, the signal intensity of

the water present in body tissues that contain the contrast agent.3%°-404

All MRI contrast agents affect the rates of the two relaxation processes previously
mentioned, with a predominant effect on one of them.#%>4%” Therefore, based on such

aspect, it is possible to classify these substances as:

e T4 (or positive) contrast agents - mainly reduce the relaxation time of the
longitudinal component of the magnetization;395:396:408.409
e T, (or negative) contrast agents - mainly lower the relaxation time of the

transverse component of the magnetization, 39539408409

The performance of a contrast agent is assessed by determining its longitudinal and
transverse relaxivities (r1 and ro, respectively), which are defined as the amount of
increase in the longitudinal or transverse relaxation rates of the water protons,
correspondingly, produced by a concentration of the contrast agent equal to 1 mmol/L
(or mM).#10-416 Then, the relaxivity ratio, i.e. transverse relaxivity (r2)/longitudinal relaxivity
(r1), is calculated and if the analysed substance has a small ro/rs ratio (£ 5) it is classified
as a T contrast agent, however if it presents a higher ro/ry ratio (> 5) it is considered a

T, contrast agent. 417420

The most widely used contrast agents in clinical practice are Gd**-complexes; however,
these have raised various toxicity concerns.*'3421-424 Consequently, it has arisen an
interest for searching and studying new and safer alternatives. In this context, SPIONs
have been developed as a viable alternative to the typical Gd*-complexes. Such
particles are suitable as T, contrast agents, due to their biocompatibility, ability to be

metabolized, high saturation magnetization, and easy surface functionalization.374:3%
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Nevertheless, the dimensions of these NPs are restricted by the superparamagnetic limit,
which implies a maximum d of 10—-20 nm per particle in order to keep them in the
superparamagnetic state so that they have zero remanence and, consequently, do not
aggregate in the absence of a magnetic field.*?54% As a result of this condition, the
magnetic moment of each NP is limited and, unfortunately, their ideal size for this specific
biomedical application, as determined by simulations, surpasses the superparamagnetic
threshold.*?’

To overcome this difficulty, multiple approaches have been considered, such as
increasing the magnetization of the NPs within the superparamagnetic limit by using
dopants, or designing methods for controlled clustering of NPs.#2842° However, these
approaches are tedious and produce clusters with sizes that are difficult to control.4?
Therefore, a more viable solution for this issue may be using magnetic nanostructures
possessing greater magnetic moments, but that exhibit zero remanence as well. In this

context, several authors have studied various promising nanomaterials.

For example, Bailey et al.**° fabricated RE;Os-based NDs (d ~ 10—14 nm), where RE =
Gd, dysprosium (Dy), or ytterbium (Yb), passivated with a biocompatible polymer
(Poly(acrylic acid)), (PAA), grafted with short methoxy-terminated polyethylene oxides),
and analysed their suitability as MRI contrast agents. The relaxation times of these
nanostructures, measured at 37 °C (body temperature) in a magnetic field of 1.41 T, were
compared against the values reported for their spherical counterparts or small molecule
chelates based on the commonly used pentetic acid (DTPA) ligand. The authors also
performed MRI scans of a phantom for all the considered contrast agents, using T1- and
T2-weighted pulse sequences. As a result, it was observed that the Gd>O3z NDs, in
particular, presented significant advantages over the commercially available Gd-DTPA
contrast agents, one of which being higher longitudinal and transverse relaxivities (r1 =
12.6-12.7 mM" s; r.=16.5-17.2 mM" s"). This aspect should increase the efficiency of
in vivo targeted imaging schemes, since it becomes possible to get a high amount of
proton relaxation without requiring multiple small molecules in contact with the imaging
target. Additionally, their potential as T1 and T2 contrast agents, pointed out by the
measured ri and r. values, was confirmed through the MR images of the phantom that
were acquired. Moreover, the polymer-coated Gd2Os and Dy.Os nanoarchitectures were
incubated with a human cell line derived from cervical cancer cells (HeLa) and, as a
result, no significant cytotoxic effects were observed on those biological entities (figure
1.45).
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Figure 1.45 - Cell viability after a 48 h incubation with Gd,O3; and Dy,0O3; NDs passivated with a biocompatible polymer.
Reprinted with permission from [430]. Copyright 2012 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

On another study, Singh et al.*3' fabricated and analysed the suitability of three
polyethylene glycol (PEG)-coated nanostructures, with different dimensions, as MRI
contrast agents, namely Gd;O3; paramagnetic NDs as well as Gd-doped iron oxide
superparamagnetic NPs with a cubic and spherical shape. Here, the relaxivities of the
various nanoarchitectures were measured using a 7.0 T MR scanner, having been
demonstrated that all the smaller sized nanostructures (< 5 nm) are suitable as T
contrast agents (r2/r1= 3.70-5.17). However, as their dimensions increased (> 5 nm), they
became more appropriate for reducing the T, relaxation time (ro/r1 = 6.39-74.30).
Furthermore, the researchers also verified that no acute in vitro toxicity was induced by

the fabricated nanoarchitectures on glioblastoma-astrocytoma cells.

Besides NDs, NWs have also been addressed by some reports in the context of this
biomedical application. For example, Bafiobre-Lopez et al.>’* evaluated the relaxivity
properties of PAA-coated Ni NWs, which possessed a longitudinal magnetic anisotropy,
in a colloidally stable water dispersion. This dispersion was produced through a process
of pulsed electrodeposition of Ni/Au multilayer NWs inside a nanoporous AAO template
in a three-electrode cell at room temperature, followed by the liberation of the Ni/Au
multilayer NWs from the template and a subsequent two-step acidic etching. The
relaxation times of these nanostructures, which presented a monodisperse average d
and length of ~ 36 nm and ~ 600 nm, respectively, were measured using a relaxometer
operated at 60 MHz and 37 °C under two magnetic fields, namely, 1.41 and 3.0 T. In both
situations, the obtained results indicated that these nanostructures are efficient T,
contrast agents (r. at 1.41 T =82 mM-"s™; r, at 3.0 T = 28 mM™" s"). Moreover, the
contrast effect of the PAA-coated Ni NWs was confirmed by acquiring MR images of a
phantom, which contained various dilutions of Ni NWs and a control sample constituted

by water, at a 3.0 T magnetic field (figure 1.46).
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Figure 1.46 - MR image of a phantom obtained at 3.0 T and 37 °C, using both T;- as well as T,-weighted sequences.
Used with permission of Royal Society of Chemistry, from [374]; permission conveyed through Copyright Clearance
Center, Inc.

Shore et al.?% also studied NWs in this context, particularly Fe and Fe-Au NWs with
various lengths and d’s. Here, these nanostructures were coated with compounds,
namely, dopamide-PEG (Dop-PEG) and/or thiol-PEG-carboxyl (SH-PEG-COOH), which
allow the binding of other biomolecules to target the NWs to specific cell types. The
magnetic characterization of both nanostructures indicated that the Fe-Au NWs exhibited
a larger saturation magnetization, which was attributed to the fact that their Fe layers are
thinner than the d of the nanostructures, allowing them to be more easily magnetized in
the direction perpendicular to the long axis of the nanoarchitecture than pure Fe NWs.
Furthermore, the relaxivity properties of the analysed NWs were measured at 25 °C in a
1.5 T magnetic field and compared against those of Fe and Fe-Au NPs. As a result, it
was verified that the Fe NWs with a length of 0.7 ym and d = 110 nm, coated with Dop-
PEG, were the best suited as T+ contrast agents (r1 = 2.0 mM™" s'). On the other hand,
the 1 um long Fe-Au NWs possessing d = 32.8 nm and coated with both SH-PEG-COOH
as well as Dop-PEG were the most appropriate as T, contrast agents, having a r2 (77.1
mM.; s') comparable to that of commercial Fe oxide NPs. Moreover, in order to confirm
the contrast effect of these nanostructures, the authors acquired T»>-weighted MR images

of some samples containing Fe and Fe-Au NWs at various concentrations (figure 1.47).
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Figure 1.47 - T,-weighted MR images of samples containing different concentrations of Fe and Fe-Au NWs. Used with
permission of Royal Society of Chemistry, from [396]; permission conveyed through Copyright Clearance Center, Inc.

In another work, Martinez-Banderas et al.**? fabricated distinct one-dimensional

nanostructures composed of an iron core together with an iron oxide shell (Fe-FexOy,
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core—shell NWs) and assessed their suitability as MRI contrast agents. Here, the r4, ro,
and ro/rq ratio of these nanostructures were assessed under a 1.5 T magnetic field,
having been verified that they possessed great potential as T2 contrast agents (r.= 34.4-
70.5 mM' s; ro/ry = 32.0-64.8). Furthermore, the effects of various oxidation levels, as
well as different surface coatings, on their relaxivity properties were evaluated under a
7.0 T field. As a result, it was shown that their r> could be adjusted not only by changing
the oxide shell thickness, but also by adding coating agents. Subsequently, the authors
inserted into tissue-mimicking phantoms several dilutions of breast cancer cells (MDA-
MB-231) labelled with Fe-FexO, core—shell NWs, which possessed a native oxide layer
and two different coatings, namely BSA and (3-aminopropyl) triethoxysilane (APTES).
T2-weighted MR images of those cells under a 7.0 T magnetic field were acquired, so as
to assess the efficiency of such nanostructures as T contrast agents. From this analysis,
it was observed that the BSA coating improved the dispersion and the cellular
internalization when compared to APTES, while providing identical cell identification
efficiency through MRI. This permits the use of a lower concentration of nanostructures
to efficiently mark the desired cells, thereby lowering the probability of toxic effects. For
example, using the BSA coating, the authors were able to detect ~ 25 cells/uL by
employing a NW concentration of 0.8 pg/mL of Fe, while for the APTES-coated
nanoarchitectures it was required a concentration equal to 2.5 yg/mL of Fe to achieve
the same result. Subsequently, MDA-MB-231 cells labelled with BSA-coated
nanostructures were implanted inside a mouse’s brain and several T.-weighted MR
images of that organ were acquired at various time intervals after implantation, using a
static magnetic field of 11.7 T. As a result, about 10 NW-labelled cells could be observed
in the brain parenchyma of the mouse and were detectable during at least 40 days after

implantation.

A distinct approach to this topic, also based on NWs, was reported by Peci.*** Here, the
author filled the central capillary of carbon NTs with continuous ferromagnetic a-Fe NWs,
producing a structure with two different competing anisotropy contributions that result in
a small effective anisotropy, and functionalized their surface with paramagnetic Gd®*.
Then, these nanostructures were analysed as candidates for a dual approach, namely,
MHT cancer therapy and contrast enhancement in MRI. Their suitability for this latter
application was assessed by measuring the longitudinal relaxivity of the filled carbon NTs
at magnetic fields of 9.4 T and 14.0 T. As a result, it was demonstrated that these
nanostructures are viable as high-relaxivity contrast agents for high-field MRI, having the
largest ry values (r1 at 9.4 T = 200.5 mM" s; r1 at 14.0 T = 160.5 mM~" s') when

compared to all the candidate high-field T4 contrast media considered in this study.
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The suitability of a different type of one-dimensional nanomaterial, i.e. Fe304
nanostructures with rod-like morphologies (NWs with low aspect ratio), for this
biomedical application was examined by Mohapatra et al.*3* Such nanoarchitectures
exhibited d’s of 4-12 nm and lengths ranging from 30 to 70 nm, having been verified that
the increase of the NRs length was associated with a linear augment in their r2 (from 312
until 608 mM-" s'). Such increasing trend was attributed to the enhancement of both the
magnetization value and the outer sphere surface area of the nanostructures. Moreover,
in vitro assays using Hela cells demonstrated that those biological entities exhibited
normal growth in the presence of FesOs4 NRs and, even after their incubation with 1
mg/mL of NRs, approximately 90% the cells remained alive, suggesting that these

nanostructures have an acceptable biocompatibility and possess low cytotoxicity.

In a different study by Leung et al.**®, one-dimensional magnetic Mn-Fe nanostructures,
namely, nanoneedles, NRs, and NWs, were fabricated by self-assembly of Mn-doped
iron oxide NPs, using cystamine as the linker. Then, the suitability of these
nanoarchitectures as MRI contrast agents was evaluated in a clinical 1.5 T whole-body
MR system, considering various dilutions of nanostructures in distilled water. The
obtained results showed that all the considered nanostructures had notable T:
relaxivities, especially the nanoneedles (rz-nanoneedies = 20.81 £ 0.58 MM s°; ro.nrs = 8.10
+ 0.31 mM" s, ronws = 6.62 = 0.42 mM™ s). Additionally, a cell viability test was
performed on a cell line established from a tumour induced by the Abelson murine
leukaemia virus (RAW264.7), having been also obtained a growth curve. Then, the
analysis of the acquired data revealed that these nanoarchitectures have acceptable

safety profiles.

Leung et al.**¢ also investigated the suitability of Mn—Fe oxide NWs, synthesized through
the ligand-induced self-organization of Mn—Fe oxide NPs, as MRI contrast agents. Via
transmission electron microscopy (TEM), it was observed that these nanostructures
possessed a mean d equal to 35 nm and, on average, were 1 um long. Additionally, the
elemental content of the Mn-Fe oxide nanoarchitectures was analysed by inductively
coupled plasma-optical emission spectroscopy (ICPOES) as well as through energy-
dispersive X-ray (EDS) spectroscopy. These techniques indicated a Fe percentage of ~
40.65 %. Moreover, the influence of these nanostructures on the T relaxation time was
assessed using a 1.5 T MRI system. As a result, it was shown that they considerably
increased the MRI signal decay speed at concentrations of 100 pug/mL or 10 pg/mL,
which demonstrated their potential as T2 contrast agents (r2 not specified by the authors).

Moreover, the cell labelling efficiency of these nanoarchitectures was assessed by
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incubating them the RAW264.7 cell line, having been achieved an effective incorporation

of the Mn—Fe oxide NWs into the considered biological entities (100%).

A more recent work by Gu et al.**’, analysed the suitability of mesoporous silica-coated
Fe/Mn multilayered NWs as T+—T dual-mode contrast agents. Here, a 1.5 T MRI scanner
was used to perform such study, having been verified that these nanostructures had a
considerable T4—T2 imaging effect, which was dependent on their concentration.
Particularly, ry and r; values of 1.25 £ 0.0329 - 10* mM" s" and 5.13 + 0.123 - 10-4 mM-
s, respectively, were observed for these multilayered NWs, which are about twice the
ry value of Mn NWs (0.654 + 0.00899 - 10* mM-" s™') and the and r, value associated
with Fe NWs (2.96 + 0.0415 - 10* mM™' s™).

The suitability of magnetic NWs composed of a different metal, i.e. Cu, for this biomedical
application was addressed by Thirumurugan et al.*3® Particularly, the authors fabricated
copper (Il) benzene-1,3,5-tricarboxylate NWs, which were coated with a polydopamine
shell to enhance their biocompatibility. This biopolymer can also act as a photothermal
therapy agent, improving the near-infrared (NIR) absorption of the nanostructure. As a
result, it was verified that these nanoarchitectures possessed an adequate ry value (3.01
mg” s) in a 7 T magnetic field, while presenting a good photothermal stability and a
photothermal conversion efficiency equal to 13.32 %. In vitro studies using HepG-2 cells,
revealed that, after incubation with the fabricated NWs, an 808 nm laser irradiation
reduced their viability by 58%, indicating that these Cu-based nanostructures have a

significant potential as theragnostic agents for cancer therapy.

Also aiming at the development of novel MRI contrast agents, Corr et al.*?° fabricated
linear arrays of magnetite NPs, using polyelectrolyte molecules to cross-link
neighbouring NPs, and studied their suitability for this specific biomedical application.
Here, the authors observed that these nanoarchitectures could be rearranged into
parallel arrays by applying an external magnetic field during their drying process.
Furthermore, these suspensions were analysed using field-cycling nuclear magnetic
resonance (NMR), having been observed, at 37 °C, a significant reduction in the
relaxation times at all considered fields (at 9 MHz: r1 = 22.5 mM" of Fe s, ra/r1 = 5.88;
at 59 MHz: ry = 7.2 mM" of Fe s, ro/r1 = 12.5). The authors also acquired MR images of
live rats injected with these nanostructures, in order to assess their effect on the brain.
As a result, it was verified that these nanoarchitectures had good biocompatibility and
possessed potential as T2-contrast agents for in vivo MRI, since a significant darkening

of the rats’ brain was observed in the acquired T>-weighted MR images.
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In addition to the previously addressed nanoarchitectures, SAF nanostructures have also
been studied as potential contrast agents for MRI. For example, Roosbroeck et al.4?®
fabricated phospholipid-coated, disc-shaped SAF nanoarchitectures, composed by a
[Au(10 nm)/NigoFezo(5 nm)/Au(2.5 nm)/NigoFezo(5 nm)/Au(10 nm)] layered structure, with
diameters ranging from 89.8 nm to 523.2 nm, using a colloidal lithography technique.
The magnetic characterization of these NDs indicated that they have a very low
remanence as well as a high magnetization, being, therefore, adequate nanomaterials
for biomedical applications. Then, the performance of these nanostructures as T»
contrast agents was assessed, having shown improved transverse relaxivities, at 24.85
°C in a 9.4 T magnetic field, when compared to commercial options, especially the
smallest nanoarchitectures (diameter = 90 nm; r; = 355 mM" s). Then, these last
nanostructures were coated with 1,2-distearoyl-snglycero3-phosphoethanolamine-N-
[carboxy(PEG)-2000] (an a amphiphilic phospholipid) and, subsequently, the authors
employed them in an in vitro MRI study using an ovarian cancer cell line (SKOV3), which
confirmed the increased T2 relaxation rate for cells labelled with such nanostructures
(figure 1.48).
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Figure 1.48 - (a) Dark-field image of SKOV3 cells after overnight incubation with 154 nm phospholipid-coated SAF NPs
(SAF-PL-NPs); (b) darkfield image of unlabelled SKOV3 cells; (c) MR images of labelled and unlabelled SKOV3 cells at
various echo times. Adapted with permission from [428]. Copyright 2014 American Chemical Society.

The use of antiferromagnetic nanomaterials as MRI contrast agents was also
investigated by different authors. Namely, Na et al.** fabricated antiferromagnetic Mn(ll)
oxide (MnO) NPs of different sizes, specifically, 7, 15, 20, and 25 nm, coated with a PEG-
phospholipid shell, and assessed their suitability as positive contrast agents. By
measuring the relaxivities of the MnO NPs (7 nm: ri = 0.37 mM" s, r, = 1.74 mM™ s°7;
155mMm:ri =018 mM's’, =057 mM"'s" ;20 nm:r1 =013 mM"' s, r,=052mM" s
25 nm: ry = 0.12 mM" s, r, = 0.44 mM" s') and acquiring both T+- as well as T»-

weighted MR images of a mouse into which the 25 nm nano-objects were injected, the
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authors verified that these NPs do, in fact, have potential as T1 contrast agents.
Furthermore, by conjugating the 25 nm nano-objects with a tumour-specific antibody;, it
was possible to selectively image, through T-weighted MRI, breast cancer cells in a
metastatic brain tumour present in the mouse. Moreover, their cytotoxicity was assessed
in eight human cell lines originating from different tissues, not having been observed a

significant toxicity for a MnO concentration below 0.82 mM.

Neves et al.*? also analysed the use of MnO NPs (average size of ~ 20 nm) as MRI
contrast agents; however, in this study, they were coated with carboxymethyl-dextran
and the in vivo study was not performed. Similarly to the previous work, the authors
considered this nanomaterial suitable to be utilized as T+ MRI contrast agents, having
been verified that it possesses a longitudinal relaxivity of 0.44 mM-" s as well as a ru/r
ratio equal to 7.84 (in this work, contrast agents were classified as positive if their ra/r
ratio was < 10). Moreover, it was observed that these NPs have a negligible in vitro
cytotoxicity in healthy cells at concentrations lower than 25 ug/ml, however, for HelLa
cells a notable toxicity was observed, even when considering low concentrations of NPs

in the cell line (5 pg/ml).

The suitability of spherical nanostructures, exhibiting antiferromagnetic properties, as
MRI contrast agents was investigated as well by Liu et al.**' These nanoarchitectures
were glutathione-functionalized iron-oxide NPs, having been produced at room
temperature in an aqueous-phase by a facile, extremely efficient, as well as eco-friendly,
one-step reduction process, using tetrakis(hydroxymethyl)phosphonium (THCP)
chloride as the reducing agent. After the synthesis procedure, the characterization of the
nanostructures revealed that they possessed ad = 3.72 £ 0.12 nm, a small r> (8.28 mM-
' s7), a low ro/rq ratio (2.28), reduced remanence, plus adequate water dispersion.
Additionally, through their incubation with HelLa cells, it was observed that they had a
high biocompatibility and, as the concentration of NPs inside the considered biological
entities increased, it was verified an improvement in the MR signal intensity in T4-
weighted images. Moreover, these NPs were injected into mice and rat models so as to
study not only their circulation and metabolic path in vivo, but also the contrast they
create in MR images of a living organism. As a result, it was noticed that the
nanostructures escaped the hepatic reticuloendothelial system and, subsequently, were
expelled from the body via the urinary system, enabling the assessment of the renal
function. This factor also leads to a longer circulation period of the NPs in the vasculature
in comparison to the traditional Gd-based T1 contrast agents, which translated into a

strong vascular enhancement at the internal carotid artery and superior sagittal sinus in
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the Tq+-weighted MRI of the in vivo mice brain. Additionally, various T1- and T2-weighted
MR images of a rat’s kidney injected with these nanostructures were acquired. As a
result, the authors were able to obtain detailed information about the cortical-medullary

anatomy and the renal physiological functions.

On a different work, Peng et al.**2 fabricated antiferromagnetic a-iron oxide-hydroxide
nanocolloids, with d = 2-3 nm, in the mesopores of worm-like mesoporous silica and
studied their suitability for contrast enhancement in MRI. The relaxation times of these
NPs were measured at 40 °C using a 0.47 T Minispec spectrometer, having been verified
that they had the lowest ro/rq ratio, i.e. 1.97 (r1 = 4.03 mM-" s"), reported, until 2013, for
iron-based colloidal T1 contrast agents and also possessed a significant longitudinal
relaxivity. Additionally, by acquiring MR images it was shown that such nanocolloids have
great potential as T1 contrast agents for both in vitro (HeLa cells) and in vivo (rat and
mouse) MRI. Furthermore, these nanocolloids also demonstrated a high level of

biocompatibility (in HeLa cells) and biodegradability (in fetal bovine serum).

More recently, Sorouri et al.*** reported the synthetization of MnO, with two distinct
shapes, namely flower-like and near-spherical, and assessed their potential as dual-
active nanozymes and MRI contrast agents. In this study, it was verified that the
paramagnetic characteristics of the produced nanomaterials increased with their surface
area. As a result, the flower-like nanomaterials exhibited a more efficient contrast
improving effect in comparison to the near-spherical ones, exhibiting a higher longitudinal
relaxivity value (r-foweriike = 5.73 MM s VS r1near-spherical = 3.17 mM" s'), which was
confirmed through in vitro cellular imaging assays (MCF-7 and MCF-10A cells).
Additionally, these flower-like nanostructures not only displayed an adequate
biocompatibility, but also presented a more potent pH-sensitive oxidase and peroxidase
mimetic activity in comparison to the near-spherical nanoarchitectures. Consequently,
the authors concluded that these flower-like nanomaterials are a promising candidate for

future theragnostic applications.
1.3.4. Magneto-Mechanical Induction of Cancer Cell Death

Nowadays, the therapeutic modalities most commonly used to treat cancer, i.e. surgery,
radiotherapy, and chemotherapy, are considerably stressful for the human body and may
have undesirable side effects.*444° Therefore, it would be beneficial to the oncologic
patient if the shortcomings associated with those therapies could be surpassed.**® In this
context, nanomaterials have emerged as promising candidates for next generation
oncologic treatments with reduced side effects.*** Particularly, there exists an increasing

interest for the use of magnetic nanostructures to mechanically stimulate and destroy
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specific cells, since magnetic nanomaterials can be remotely controlled by applying
external magnetic fields and also due to the fact that cells convert mechanical stimuli into

biochemical signals, via a process known as mechanotransduction.299:446-448

The capacity to manipulate cellular signals through the use of magnetic nanomaterials
and external magnetic fields opens up multiple possibilities for the development of new
approaches to cancer treatment.?®® In this framework, most of the experimental studies
performed analyse superparamagnetic NPs, however, their reduced saturation
magnetization implies that high magnetic fields must be applied to manipulate those
nanomaterials.'® Therefore, concerning cancer therapy, the use of nanostructures with
larger magnetic moments presents an interesting alternative to these NPs, having
opened doors for an eventual novel treatment modality known as magneto-mechanical
induced cell death.**® This technique consists of exerting forces or torques on cells, using
magnetic nanoarchitectures controlled by low-frequency magnetic fields, to induce cell
apoptosis, i.e. the programmed cell death.*4"44° Specifically, the basis of the magneto-
mechanical actuation in cells is the spatial rotation that the magnetic nanostructures
perform, to align themselves with an externally applied magnetic field through the Brown
relaxation process. Consequently, it is produced a magnetic torque that depends on the
applied magnetic field characteristics, as well as upon the magnetic moment and

magnetic susceptibility of the nanoarchitectures. #6447

This novel approach is promising for cancer therapy since it has various advantages
when compared to other techniques. Namely, the possibility to specifically target cancer
cells by functionalizing the surface of the magnetic nanostructures, therefore significantly
reducing the toxic side effects of chemotherapy, as well as the considerably lower
strength and frequency of the external magnetic field required for manipulating the
nanoarchitectures in comparison to MHT, making it easier to implement while eliminating

the risk of destroying healthy tissues by undesired local overheating.#47:4%0

Driven by the improvement of such technique, various authors have studied the suitability
of different magnetic nanoarchitectures for this specific biomedical application.
Generally, these nanostructures have a large saturation magnetization and low field
magnetic susceptibility, as well as a reduced remanence, therefore requiring lower
magnetic fields for manipulation and not agglomerating in the absence of a magnetic
field.”445446451 |n this context, micro/nanodiscs with a spin-vortex ground state, i.e. an
in-plane flux-closure spin distribution, are a particular interesting nanomaterial, since
they possess no remanence and have a large single domain, when compared to the

typical superparamagnetic NPs.#524%3
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A search through the literature revealed that the first reported experimental study
addressing the use of such disc-shaped nanostructures in this particular biomedical
application was carried out by Kim et al.*®® In that work, Py microdiscs with a spin-vortex
ground state, with a thickness equal to 60 nm, possessing d ~ 1 um, and coated on both
sides with a 5 nm thick Au layer (for biocompatibility and surface modification), were
prepared by magnetron sputtering and optical lithography. Afterward, the surface of these
nanoarchitectures was functionalized with an antibody that recognizes a receptor
overexpressed on the surface of glioma cells (IL13a2r), in order to specifically target the
NDs to human glioblastoma multiforme cells (N10 glioma cancer cells), an aggressive
form of brain cancer. Then, these cells were incubated with the functionalized microdiscs
and, after that process, it was observed an average of 10 discs per cell. Subsequently,
such biological entities were exposed to spatially uniform AC magnetic fields with
different intensities and frequencies (figure 1.49). As a result, the authors were able to
produce a biologically relevant cell damage (90 % cell death) by applying, for only 10
min, considerably weak magnetic fields (< 10 mT), with frequencies of a few tens of Hz
(1020 Hz). On the other hand, in the typical heating-induced cell toxicity using
superparamagnetic particles, considerably stronger AC magnetic fields, with frequencies
of hundreds of kHz, are required for achieving significant results, being, therefore, more

difficult to implement than the magneto-mechanically induced cell annihilation.*?
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Figure 1.49 - The idea of targeted magneto-mechanical cancer cell annihilation employing disc-shaped magnetic
structures with a spin-vortex ground state. From [453], reproduced with permission from SNCSC.

Similar works were performed by Rozhkova et al.***, Novosad et al.*®°, and Vitol et al.”";
however, in the latter case, a different cell line was considered, specifically A172

glioblastoma cells, which was exposed for 15 min to a 10 mT AC magnetic field, with a
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frequency of 10 Hz, and the magneto-mechanically induced controlled drug release was
also investigated. Even so, the results acquired in the different works by the various

authors were similar to the ones obtained in the study authored by Kim et al.*>

Also in the context of this biomedical application, Leulmi et al.**’ prepared and
characterized three types of disc-shaped anisotropic magnetic nanostructures, namely,
SAF nanoarchitectures composed by (NiFe/Ru 0.8 nm/)./NiFe-based magnetic
multilayers, NigoFezo microdiscs with a spin-vortex ground state, and polycrystalline
magnetite nanostructures with random anisotropy. All these structures had d = 1.3 ym
and, similarly to the previous studies, they were coated with Au layers. Afterward, the
magnetic properties of the synthesized nanoarchitectures, as well as their deposition
process, were compared and the NigoFezo microdiscs were considered the best option to
start an in vitro study on the magneto-mechanically induced death of human renal

carcinoma cells, due to their magnetic softness and ease of fabrication.

Consequently, the surface of those microdiscs was functionalized with ligands so that
they could target specific renal cancer cells (SKRC-59). Then, after incubating such
biological entities with the considered nanostructures, the authors observed an average
of 30 nanoarchitectures per cell. Subsequently, an alternating magnetic field (30 mT)
with a low frequency (~ 20 Hz) was applied to those cells for 1 h, and afterward the
impact of the microsdiscs movement on the considered biological entities was analysed.
The statistical results (shown in figure 1.50), obtained by measuring the proportion of the
different categories of cells (live vs apoptotic vs necrotic) after the procedure, indicated
a significant increase in cancer cell death by apoptosis (~ 70 %), having been
demonstrated, therefore, that this strategy is capable of inducing the destruction of target
cells in vitro. Through the observation of the caspase activation after a 45 min exposure
to an identical AC magnetic field, the authors also confirmed that the movement of

magnetic particles linked to human renal carcinoma cells induces apoptosis.
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Figure 1.50 - Renal cancer cell viability after incubation with NiggFez microdiscs and subsequent exposure to an AC
magnetic field for 45 min. Adapted from [447]. Used with permission of Royal Society of Chemistry, from [447]; permission
conveyed through Copyright Clearance Center, Inc.
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In another work, Cheng et al.**® studied the application of Au-coated Py microdiscs, with
a spin-vortex ground state, in the magneto-mechanically induced death of human
glioblastoma cells (U87), having also demonstrated a distinct method for the in vivo
destruction of those cells through the movement of the considered nanostructures in a
low frequency rotating magnetic field. These magnetic microdiscs, which were fabricated
through optical lithography followed by thermal evaporation, had d = 2 ym and a
thickness equal to 70 nm. Then, the in vitro toxicity of such nanostructures was assessed
on U87 glioma cells loaded with magnetic nanoarchitectures (average of 39 microdiscs
per cell), by exposing those biological entities to a low frequency (20 Hz) rotating
magnetic field of 1 T for 30 min (figure 1.51). After this procedure, it was observed that
up to 89 % of the cells were nonviable. Additionally, a trypan blue exclusion test was
performed to assess the integrity of the nanomagnet-loaded U87 cells membrane, after
a 5-min treatment. Through this assay, it was demonstrated that, by applying a rotating
magnetic field, such microdiscs can indeed generate enough mechanical force to affect

the structure of the cell’'s membrane.

Figure 1.51 - Images of U87 cells, loaded with microdiscs, acquired from 0 min to 30 min after the treatment. The red
arrow shows that the same area was tracked. Reprinted from [456], Copyright (2016), with permission from Elsevier.

Additionally, the suitability of these nanoarchitectures for inducing the magneto-
mechanical cell destruction in vivo was assessed by implanting U87 glioma cells,
preincubated for 24 h prior to injection with magnetic microdiscs at a ratio of 50
nanostructures per cell, on mice. Then, a low frequency rotating magnetic field, with
identical characteristics, was applied daily for 1 h during 7 days. After such treatment, a
reduced tumour size and an improved survival rate for the treated glioma-bearing mice,

was verified, indicating that these microdiscs can damage cancer cells in vivo when
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subject to a rotating magnetic field. In order to get a better understanding of the in vivo
cell destruction mechanism in a therapeutic model, the microdiscs were injected inside
a glioma, which established by intracranially injecting U87 cells on the mice’s brain, at a
ratio of 50:1 magnetic nanostructures to injected cell, and then a rotating magnetic field
(1 T) with a frequency of 20 Hz was applied daily to those animals for 1 h during 7 days.
As a result, the brain tissues, acquired after the treatment and examined by histology
studies, showed an increase in the intratumoral apoptosis on the treated mice, therefore
suggesting that the movement of these magnetic nanostructures in a rotating magnetic

field is sufficient to damage the cancer cells in vivo and induce their apoptosis.

Searching for new paths, Goiriena-Goikoetxea*®” and Goiriena-Goikoetxea et al.*%®
studied the suitability of NDs, i.e. disc-shaped structures with dimensions in the
nanoscale, for this biomedical application, having performed a comparison between use
of Py microdiscs (R = 1 um and thickness of 60 nm) and NDs (R = 70 nm and thickness
of 50 nm), with a spin-vortex ground state, for the magneto-mechanical induction of
human lung cancer cells (A549) death. Consequently, several aspects related to the
interaction of those magnetic structures with the considered cells were analysed, namely,
their internalization, cytotoxicity, and magnetomechanical actuation effectiveness. To
compare the internalization of the different discs by the cancer cells, they were coated
with a biocompatible material, namely, Au (NDs) and Au or titanium (microdiscs).
Furthermore, to ease their internalization by the lung carcinoma cells, the disc-shaped
structures were not functionalized. Then, after incubating these materials with the
considered biological entities, it was verified that the number of cells that had internalized
NDs (average of 100 per cell) was a slightly larger than the ones loaded with microdiscs
(average of 6 per cell). This result was attributed to the better distribution of NDs within

the medium.

Subsequently, the cytotoxic effect of the Py discs on the lung carcinoma cells was
evaluated. For that purpose, a nominal proportion of 25 microdiscs and 2000 NDs per
cell was added and, after incubating them with the magnetic structures, the vital functions
of the cells, as well as their proliferation rates, were analysed (see figure 1.52). The
obtained results demonstrated that the discs did not affect the viability of the cells;
however, they seemed to inhibit their proliferation. Finally, the efficiency of the magneto-
mechanically actuated micro- and NDs in the induction of cancer cell death was
analysed. This investigation was performed by exposing the cancer cells, previously
incubated for 24 h with a nominal proportion of 25 titanium-coated microdiscs or 2000

gold-coated NDs per cell, to a 10 mT AC magnetic field, with a frequency of 10 Hz, for
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30 min. 4 h after this procedure, a 15 % viability reduction among the cells that
internalized microdiscs was observed. On the other hand, regarding the cells loaded with
NDs, it was verified that 30 % died. Consequently, it was proven that Py NDs can also
cause irreparable alterations in the integrity of cancer cells, despite the reduced number
of experiments performed as well as the lack of a cytometer. The increase in cell death
resulting from the use of NDs was not explicitly addressed by the authors, nevertheless,
they verified that when a magnetic field was applied, these nanostructures formed
chains, and, when the field was turned off, those chains broke quickly and the
nanostructures redispersed, as opposed to the microdiscs, which continued to form
chains in the absence of a magnetic field. Therefore, the researchers concluded that this
chaining and redispersion of the NDs, originated by an AC magnetic field, could possibly
disrupt the lysosomal membrane, which is where the nanostructures are accumulated,

leading to the release of lysosomal hydrolases into the cytosol and, as a result, triggering

apoptosis.

Figure 1.52 - Micrographs of lung carcinoma cells after a 24 h incubation with (a) microdiscs (coated with Au) and (b) NDs
(coated with Au). From [457]. Copyright 2017 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

The suitability of other types of magnetic nanoarchitectures and magnetic fields for this
biomedical application has also been investigated by various authors. An example is the
work by Wong et al.*4¢, where biaxial pulsed magnetic fields (14 + 1 mT, 1-20 Hz) were
applied for 10 min to suspensions of HelLa cells possessing a concentration of magnetic
nanostructures equal to 0.1 mg/ml. In this study, the analysed nanoarchitectures, which
exhibited a triple vortex state, had three different d’s, namely, 150 nm, 250 nm, or 350
nm, and a length of 500 nm. Here, the cell apoptosis caused by applying uniaxial AC and
DC pulsed magnetic fields to the cell suspensions with nanostructures exhibiting d = 150
nm, was compared against the cell death resulting from the application of biaxial pulsed

fields to identical suspensions [figure 1.53(a)]. As a result, it was verified that a larger
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magnetic torque is induced in the nanostructures when applying a biaxial pulsed
magnetic field, leading, consequently, to an increased in vitro magneto-mechanically
induced cell death. The authors also concluded that the nanoarchitecture with the smaller
diameter had the greatest low field susceptibility and remanence, therefore allowing the
application of larger forces to the cells while not agglomerating in the absence of a
magnetic field. This discovery was confirmed in the cell viability test performed, where
the particles with d = 150 nm originated more 12% cell death than the remaining
nanostructures, which, in turn, led to a cellular mortality of around 20% at best, under

identical conditions [figure 1.53(b)].
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Figure 1.53 - (a) HeLa cells’ viability after a treatment by magneto-mechanical actuation of nanostructures with d = 150
nm a length equal to 500 nm, using different magnetic field configurations. (b) Comparison of HelLa cells’ viability after a
treatment by magneto-mechanical actuation of nanostructures with d = 150-350 nm and length = 500 nm, using a biaxial
pulsed magnetic field. Adapted from [446]. Copyright 2017 Authors licensed under a Creative Commons Attribution (CC
BY 4.0) license.

Magnetic NWs have also been studied in the context of magneto-mechanically induced
cancer cell death by various authors. One of the first reports addressing this one-
dimensional nanostructure in such biomedical application is authored by Fung et al.**° In
that work, ferromagnetic Ni NWs, with d’s ranging from 198 nm to 280 nm, possessing
an average length of 4.4 um, and presenting longitudinal magnetic anisotropy, were
prepared by electrodeposition in nanoporous AAO templates and then incubated with
fibroblasts (NIH/3T3) in culture for about 12 h (figure 1.54). Subsequently, it was verified
that these nanostructures did not significantly affect the cell viability in the absence of a
magnetic field, despite Ni being an agent of hypersensitivity and moderately cytotoxic.
Then, the NW-loaded cells were exposed to a weak (240 mT) and low-frequency (1 Hz)
rotating magnetic field for 20 min. After this process, it was observed an 89 % reduction
in the viability of the cell cultures, indicating that the movement of the one-dimensional

magnetic nanostructures induces, in fact, cell death.
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Figure 1.54 - Confocal projection and cross sections of a 3T3 fibroblast (red) possessing various Ni NWs internalized
(blue). Reprinted with permission from [459]. Copyright 2008 American Chemical Society.

Complementing the previous study, Choi et al.*®® demonstrated that human embryonic
kidney cells (HEK293) died as a result of the rotation of internalized Ni NWs, which had
an average nominal d equal to 150 nm and longitudinal magnetic anisotropy. Such
rotational motion occurred when an external AC magnetic field was applied to the NW-
loaded cells, having been verified that the AC modulation amplitude and rate were
fundamental parameters for determining the rotation of the nanostructures located inside
the cells, however, the authors did not specify the field intensity and frequency, or the

cell death rate achieved through this technique.

Also in this framework, Contreras et al.*6' analysed the magneto-mechanically induced
death of human colon cancer cells (HCT116) incubated with two concentrations of Ni
NWs (2.4 and 12 pg/ml). These nanostructures had d = 35 nm, were 4 ym long, and
exhibited longitudinal magnetic anisotropy. Following the incubation, the viability of the
cells was confirmed and, subsequently, they were exposed to an AC magnetic field (0.5
mT; 1 Hz or 1 kHz) for 10 or 30 min. Similarly to the previous reports, [459, 460], after
applying the magnetic field, a drop in cell viability was verified, having been observed a
maximum decrease of 38 % in cell survival when considering a nanostructures
concentration of 12 pg/ml and a 1 kHz magnetic field. Furthermore, it was also
demonstrated that there was no significant difference between applying the field for 10
min or 30 min, which indicates that the cell death induction mechanisms affect those

biological entities fast.

Considering the same experimental conditions, Contreras*®? investigated the use of Fe
and Ni NWs, with longitudinal shape anisotropy, in this specific biological application,
having verified that the first nanostructures are better tolerated by the cell lines taken into
account (HCT 116 and Hela). Additionally, the effect of the NWs length on their

cytotoxicity was also examined considering 1 ym and 5 pm long nanostructures,
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however, it was not observed a significant influence of this parameter on the cell viability
for nanostructures composed of the same material. Afterward, Fe and Ni NWs (with d =
35 nm and ~ 4 ym long) were incubated with cells (HCT 116) at two different NW-to-cell
concentrations (100:1 and 500:1), and then AC magnetic fields (0.5 mT; 1 Hz or 1 kHz)
were applied. Similarly to the previous study, it was verified that the magneto-mechanical
actuation led to a reduction in cell viability, having been observed that when using Ni
nanostructures at a 500:1 concentration and performing a 1 h exposure the percentage
of dead cells was the highest (60%). Additionally, it was apparent that a 1 h incubation

time was optimal for the application of this treatment.

In another work, Alsharif et al.*®® studied the feasibility of using functionalized NWs (d =
70 £ 7 nm and length equal to 1.2 £ 0.6 pym) in a combined cancer treatment approach,
which consisted of magneto-mechanical (100 mT; 10 Hz) and photothermal (808 nm; 0.7
W/cm?) therapies. Such nanostructures were composed by an iron core together with an
iron oxide shell and, after their fabrication, they were functionalized with anti-CD44
antibodies (CD44-NWs), so as to actively target them to colon cancer cells (HCT116).
Subsequently, these nanoarchitectures were incubated with HCT116 colon cancer cells
as well as with control cells that did not express the human CD44 antigen (CHO-K1),
and their internalization into those biological entities was compared against that of IgG
isotype-functionalized NWs. As a result, it was verified that the anti-CD44
functionalization improved both the targeting as well as the internalization of the
nanostructures in the HCT116 cells by 49.7 + 7 %, when compared to the IgG isotype
functionalization, while not affecting the antigenicity and magnetic properties of the
nanoarchitecture. Furthermore, it was observed that the CD44-NWs internalization into
colon cancer cells was 3 times higher than in CHO-K1 cells. Then, the combined
treatment was performed for 10 min on HCT116 cells loaded with the two types of
nanostructures. After such procedure, it was verified that the isotype-functionalized
nanoarchitectures led to a 35 + 1 % cell death, while the CD44-NWs produced a
reduction in cell viability of 71 £ 2 %, having also been shown that the combined therapy
originated greater cell mortality than the individual treatments alone. Consequently,
through the obtained results, the researchers demonstrated that functionalized core-shell
NWs are a very good nanotherapeutics tool for multimodal cancer cell destruction,

increasing the cell-killing efficacy and specificity.

Other study regarding the application of magnetic NWs in this particular context was
authored by Martinez-Banderas et al.*** Here, the researchers developed a bimodal

strategy for inducing cancer cell death, which consisted in combining the chemotoxic
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effect caused by an anticancer drug (DOX) with the mechanical perturbation exerted by
Fe NWs (average length of 6.4 + 1.3 um and d = 30 - 40 nm), when they were exposed
to a low frequency (10 Hz) AC magnetic field (1 mT) for 10 min. The considered
nanostructures, shown in figure 1.55, were coated with APTES or with BSA, which

allowed their subsequent functionalization with DOX.

Figure 1.55 - TEM micrographs of (a) APTES-coated NWs, and (b) BSA-coated NWs. The scale bars represent 50 nm.
From [445]. Copyright 2016 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

In this work, the efficiency of such approach for inducing cell death was determined by
assessing the reduction it produced in the viability of breast cancer cells (MDAMB-231).
For that purpose, the APTES- and BSA-coated nanostructures were incubated with the
cancer cells, at a concentration of 0.05 mg-Fe/mL for 24 h, having been verified that the
functionalized NWs possessed good biocompatibility as well as a high degree of
internalization in the considered cell line, being therefore efficient carriers for drug
delivery. Furthermore, it was observed that the BSA-coated NWs had a higher cellular
internalization (26 £ 3 pg of Fe per cell) and a wider distribution within the cells, besides
forming smaller and less compact clusters. Consequently, these nanoarchitectures were
considered a more efficient option for the induction of cell death. Subsequently, the
authors analysed the capacity of the DOX-functionalized NWs to induce cancer cell
death, through the combination of the selective drug release with the mechanical
disturbance upon the application of the low-frequency AC magnetic field previously
described. As a result, it was observed a large cytotoxic effect in the NW-loaded cells
after their exposure to the magnetic field, having been obtained a maximum reduction of
69 % and 73 % in cell viability when using APTES- or BSA-coated nanostructures,
respectively, functionalized with DOX. Additionally, the authors found that the
combination of the chemotoxic and magneto-mechanical treatment modes, using
magnetic NWs, had synergistic effects, turning this technique into an attractive approach

for novel cancer therapies.

Serra et al.*®* studied the suitability of a different type of NW for this biomedical

application. Such nanostructures, fabricated through a single-bath potentiostatic-pulsed
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electrodeposition process, were multisegmented, nontoxic, and biocompatible
(Au/NiNiO)s NWs with longitudinal magnetic anisotropy. These particular
nanoarchitectures have a triple functionality, since they can carry two types of functional
molecules and induce cell death by magneto-mechanical actuation, having been
functionalized, in this specific work, with protoporphyrin IX zinc and with 1,9-
nonanedithiol. Then, to assess their suitability for inducing cell death, HelLa cells were
incubated with different concentrations of (Au/NiNiO)s NWs (0-375 pg/ml) and, after their
internalization into the cells and subsequent cytotoxicity evaluation, AC magnetic fields,
with a frequency of 20 Hz and strengths ranging from 2 to 40 mT, were applied to the
NW-loaded cells, which caused the nanostructures to vibrate and move inside those
biological entities. After this procedure, it was verified that the motion of the NWs induced
the apoptosis in the HelLa cells, not having been noticed any evidence of mechanical
destruction. Additionally, it was also shown that cell death increased (up until 24 %) as
the applied magnetic field got stronger. Therefore, these multisegmented nanostructures
provide a novel platform that induces the death of cancer cells, allowing the combination

of a magneto-mechanical actuation with drug release.

Besides NWs and discs with a spin-vortex ground state, some authors have also
analysed the suitability of SAF nanostructures for the magneto-mechanical induction of
cell death. An example is the report by Mansell et al.*®®, where the efficiency of disc-
shaped SAFs, possessing d = 2 um and with perpendicular magnetic anisotropy, for
inducing cancer cell destruction through magneto-mechanical actuation was assessed
by performing an in vitro study using glioma (U87) cells. These nanostructures were
fabricated from a repeated motif of ultrathin CoFeB/Pt layers and their efficiency for this
biomedical application was compared against that of Py microdiscs with a spin-vortex
ground state, which have an easy magnetization plane, under the same conditions
(figure 1.56).

Applied Field ‘ \
direction

Figure 1.56 - lllustration demonstrating the magnetization direction and torques in (a) a disc-shaped CoFeB/Pt
nanostructure and (b) a Py magneticvortex microdisc; in the presence of a rotating magnetic field. From [465]. Copyright
2017 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.
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To achieve such goal, first the two types of nanoarchitectures were incubated with U87
cells at a ratio of 50 particles per cell for 24 h. Then, a rotating (20 Hz) magnetic field (1
T) was applied during 1 min to the magnet-loaded cells, and, subsequently, the cell
damage was quantified. As a result, it was verified that the CoFeB/Pt microdiscs were
able to induce 62 £ 3 % cell death, however, under the same conditions, the Py
microdiscs only originated a cell mortality of 12 + 2 %. Additionally, the torque applied by
the two types of structures was measured, having been obtained maximum values of 20
fNm and 75 fNm for the CoFeB/Pt nanostructures and the Py microdiscs, respectively.
Therefore, in this work it was shown that the symmetry of the anisotropy is more relevant
than the magnitude of the torque for causing effective cell destruction. Consequently, the
ability to explore the anisotropy of nanostructures can also open new paths for this

biomedical application.

Kwon*®® also investigated the suitability of disc-shaped SAF nanostructures for the
magneto-mechanical induction of cell death. Such nanoarchitectures were composed by
a [Ticap/(Fe3Oa4/Ti)x-1/Fe304/Ticap] layered structure and had a d ~ 350 nm. Then, after their
fabrication, they were internalized into HelLa cells and, subsequently, it was applied an
AC magnetic field (200 mT; 1 Hz) to those biological entities, having been assessed the
effect of the NDs concentration, as well as the influence of treatment time, in the cell
viability after the magneto-mechanical actuation. As a result, it was observed that the cell
viability decreased as the concentration of nanostructures increased, having been
noticed the existence of a “threshold” concentration, corresponding to ratio of 1
nanostructure:4 cells, at which the cell viability decreased abruptly. Additionally, it was
verified that with an exposure of 8 min to the magnetic field (considering a ratio of 1
nanostructure:1 cell), 80 % of the cells were viable; however, when that period was
increased to 16 min, less than 8% of the biological entities survived. Therefore, the
obtained results showed that these nanoarchitectures, depending on the analysed
parameters, induce different levels of cell mortality when exposed to an AC magnetic
field.

The use of a different type of magnetic nanoarchitecture with a rectangular-shape (figure
1.57), prepared by wet milling of superferromagnetic Fe-Cr-Nb-B precursor glassy
ribbons, in this biomedical application was investigated Chiriac et al.?®® These
nanostructures possess an improved torque in a rotating magnetic field, due to the shape
anisotropies induced not only by their shape, but also by the superferromagnetism of the
glassy alloys. To assess their effectiveness in cell death induction, the authors incubated

human osteosarcoma cells (MG-63) with different concentrations of these
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nanostructures, namely 0.5, 1, 2, 3, and 5 mg of nanoarchitectures in 1 ml of cell culture,
and afterward exposed the nanostructure-loaded cells to a rotating magnetic field (1 mT;
20 Hz) for 10 min. In this work, the effect of the exposure time on cell mortality was also
investigated by exposing a nanoarchitectures concentration of 2 mg/ml for 0, 5, 10, 15,
and 20 min to the same magnetic field. Then, the cell viability (figure 1.58) was analysed,
having been verified that the rotation of these NPs caused relevant damage to the
considered cells, leading to greater cell death as the nanoarchitectures concentration
and exposure time increased. Therefore, it was demonstrated here that this type of

nanostructures is also suitable for the magneto-mechanical induction of cell death.
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Figure 1.57 - SEM image of the rectangular-shaped magnetic nanoarchitectures. Adapted from [289]. Copyright 2018
Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.
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Figure 1.58 - Viability of MG-63 cells loaded with rectangular-shaped magnetic nanostructures, as a function of the
exposure time to an AC magnetic field, which can cause the translation or rotation of the nanoarchitectures. From [289].
Copyright 2018 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

In a different work, Shen et al.*®” investigated the feasibility of using another type of

nanomaterial in this biomedical application. Here, cube-shaped iron oxide NPs doped
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with Zn were fabricated and then functionalized with the epidermal growth factor (EGF)
peptide, so as to target them to human glioblastoma cells (U87) in vitro. Consequently,
after incubating the NPs with the cells at a concentration of 100 ug/ml, the nanomagnet-
loaded cells were exposed to a low frequency (15 Hz) rotating magnetic field (40 mT) for
30 min per day for 3 days. As a result, it was verified that the application of the magnetic
field led to the formation of elongated NP aggregates with longitudinal magnetic
anisotropy, which generated forces in the order of hundreds of pN inside the cells.
Furthermore, after the 3-day procedure, it was observed that more than 90% of the cells
were damaged, indicating, therefore, that such clusters are in fact capable of inducing

the death of cancer cells.

More recently, Yao et al.*®® addressed the dependence of the magneto-mechanical
therapeutic effect and cell death pathway on the geometry of the magnetic
nanomaterials. For such purpose, these authors synthesized two magnetic
nanocomposites with the same composition, i.e. Zng2Fe2s04-Poly(lactic-co-glycolic
acid), but possessing different shapes, namely spherical (magnetic nanospheres) and
chain (magnetic nanochains) geometries. When exposed to a rotating magnetic field, the
magnetic nanospheres presented a corkscrewed circular propulsion mode, while the
magnetic nanochains exhibited a steering propulsion mode, indicating that the shape of
the magnetic nanomaterials affects their behaviour when exposed to a changing
magnetic field. Then, in order to assess the influence of the nanomaterials’ geometry on
their potential for magneto-mechanical induction of cancer cell death, numerical
simulations and in vitro assays with both types of nanomagnets, using MCF-7 cells, were
performed. As a result, it was verified that the strength of the rotating magnetic field, as
well as the rotating speed of the magnetic nanostructures, had a significant impact on
the induction of cell death via magneto-mechanical actuation (figure 1.60). Particularly,
cell death increased with increasing field strength, however the rotating speed of the
magnetic field did not have such a linear relationship with cell death, leading to a
performance plateau at 200 rpm and 500 rpm for magnetic nanospheres and magnetic
nanochains, respectively. Regarding their therapeutic performance, the in vitro studies
carried out revealed a that the magnetic nanochains led to better results, than magnetic
nanospheres, despite the fact that their internalization was lower. This result was
attributed to the fact that magnetic nanochains exert higher forces on cell constituents,
due to their greater size. Moreover, the authors verified that the magneto-mechanical
effects of magnetic nanospheres have a higher likelihood of triggering cell apoptosis,

since their predominant cell death pathway was lysosomal membrane damage. On the
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other hand, those of magnetic nanochains tend to promote cell necrosis, as they

predominantly caused a cell membrane rupture.
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Figure 1.59 - Magneto-mechanical effects of magnetic nanospheres (MNSs) and magnetic nanochains (MNCs) on cancer
cells. Reprinted from [468], Copyright (2023), with permission from Elsevier.
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1.3.5. Nanostructured Lipid Carriers (NLCs)

As previously mentioned, the introduction of nanomaterials in the biomedical field has
led to the development of a new viewpoint regarding drug delivery that holds the potential
to minimize adverse effects on healthy tissues, since that type of materials has the
capability to traverse the blood vessels and deliver drugs directly to the target site.*®®
Furthermore, the use of nanomaterials for this biomedical application offers additional
benefits, including the enhancement of the solubility of hydrophobic substances and
shielding against unwanted interactions before arriving at the target site. Consequently,
this enhances the drug stability, alters its pharmacokinetics, and influences its

biodistribution.#70471

A search through the literature reveals that various authors have already studied multiple
NP-based drug delivery systems (figure 1.60), such liposomes and pegylated
liposomes*’?, polymeric micelles*’®, microemulsions*’*, solid lipid NPs (SLNs)*’®,

nanostructured lipid carriers (NLCs)*’®, carbon NTs*’?, as well as magnetic NPs.*¥"
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(A) Liposomes (B) Microemulsions (C) Lipid emulsions
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Figure 1.60 - lllustration of various categories of nanostructured particles: (a) liposomes, (b) microemulsions, (c) lipid
emulsions, (d) SLNs, (e) NLCs, and (f) polymeric NPs. Used with permission of EUREKA SCIENCE (FZC), from [479];
permission conveyed through Copyright Clearance Center, Inc.

Among all these drug delivery systems, lipid NPs, such as liposomes, SLNs, or NLCs,
are particularly promising, since they are biocompatible and biodegradable, have a high
capacity to incorporate both hydrophilic and lipophilic drugs, are easily synthesized, and
can be administered by various routes.*®%48' |n this context, liposomes are the most
widely studied drug delivery system, having been approved for use in the clinical practice
in 1995.482 These are self-assembled, spherical lipid vesicles made up of amphiphilic
phospholipids, possessing a bilayer membrane structure and a central aqueous
compartment, being capable of incorporating both hydrophilic and lipophilic drugs [figure
1.60(a)].483-486 Currently, there are several liposomal products on the market, including
liposomal formulations of DOX (Doxil®), daunorubicin (DaunoXome), cytarabine
(DepoCyt), as well as vincristine (Onco-TCS).*®” Nevertheless, a limitation of liposomes
is their susceptibility to rapid degradation when exposed to the stomach’s acidic pH, or
by the action of intestinal enzymes and bile salts, during oral administration, which
hinders their physical and chemical stability.*3¢4% Moreover, they exhibit a reduced drug
encapsulation efficiency (EE) and have high production costs, as well as a complex

production method, which makes their large-scale production difficult.491:4%2

To try overcoming the limitations associated with liposomes, SLNs were proposed in the
early 90’s as a promising marketable alternative.*®® These NPs are composed of a solid
lipid core (e.g. triglycerides, fatty acids, waxes) surrounded by a surfactant layer (e.g.

poloxamers, polysorbates) in an aqueous medium [figure 1.60(d)].****% The simplicity
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and versatility of this type of nanomaterials have made them popular options for drug
delivery applications in diverse sectors, including cosmetics, the food industry, and
pharmaceutical.**"*% Furthermore, they can be prepared without the use of toxic organic
solvents.®®' Nevertheless, SLNs have some disadvantages, such as limited loading
capacity and increased risk of drug expulsion during storage, as a result of polymorphic

transitions of the lipid crystals or a decrease in their number of imperfections.502-504

Consequently, a second generation of lipid NPs known as NLCs were developed in the
late 90s, so as to try overcoming the disadvantages associated with SLNs.5055% The
difference between this type of nanomaterials and SLNs is that the NLCs’' core is
composed of a mixture of solid and liquid lipids, as represented in figure 1.60(e).>°” The
introduction of the liquid lipid leads to a less crystalline and more imperfect lipid matrix,
which increases the drug loading capacity.3°¢-5'° Furthermore, NLCs are recognized for
their enhanced physical stability, minimal toxicity, superior drug solubility, and improved
bioavailability when compared to other drug delivery systems. Additionally, they hold
promise in circumventing the mechanisms associated with multidrug resistance.5'-%1°
Moreover, they can be fabricated at a large scale with relatively low production costs, not
requiring the use of organic solvents.®'®5'" Besides these advantages, it is possible to
combine various systems in a single NLC, such as magnetic NPs, allowing a wider range

of applications in both diagnostic and therapeutic contexts.5'8
1.3.5.1. Targeted Anticancer Drug Delivery

Currently, the use of chemotherapy to treat various types of cancer continues to
encounter obstacles, including issues like limited specificity and drug solubility,
heightened toxicity towards healthy tissues, and the development of multidrug
resistance, leading to low response rates.%'®%2! In this context, NLCs have emerged as
promising anticancer drug carriers for the targeted delivery of chemotherapeutic agents,
due to their large drug loading capacity, high stability, potential for surface
functionalization, capacity to protect labile pharmaceuticals from degradation, and

straightforward synthetization process.*?%523

NLCs loaded with anticancer drugs, and with a suitable size, can selectively accumulate
in tumour sites due to the enhanced permeability and retention (EPR) effect. This passive
targeting strategy allows small particles to escape through the leaky, disorganized, and
underdeveloped blood vessels within tumours, which are characterized by large
fenestrations (ranging from 60-400 nm), leading to an increase of the anticancer drug
concentration at the tumour site.%?4526 Additionally, it is possible to conjugate the drug-

loaded NLCs with a targeting molecule for an active targeting of the cancer site.®?” One
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example is folic acid that is recognized by folate receptors, which are selectively

overexpressed in tumour cells.%?®

Moreover, the drug release from NLCs can be triggered by various factors, including
intracellular conditions like pH and temperature, as well as external stimuli such as AMF,
ultrasound, and laser, depending on their design. For example, it is possible to leverage
the differences in the acidic microenvironment of cancerous cells (pH 4.5 - 6.5) compared
to the physiological microenvironment of normal cells (pH 7.5), combining pH as a
stimulus with another external trigger offers the potential for more precise control over
drug release rates. This approach can enhance the therapeutic efficacy of the treatment

while reducing systemic toxicity.>2%-2%2

A search through the literature reveals that the use of NLCs for targeted delivery of
different anticancer drugs generally leads to improved ICsq values in in vitro assays, as
well as increased tumour inhibition rates in in vivo experiments, in a wide range of cancer
types.53353% For example, Li et al.>*® analysed the suitability of NLCs to co-deliver B-
lapachone and DOX (LDNLC) for treating multidrug-resistant breast cancer. Using MCF-
7 ADR cells, the authors verified that lapachone led to the production of reactive oxygen
species and downregulated the P-glycoprotein efflux pump activity, which, in turn,
substantially enhanced the intracellular accumulation of the co-administered DOX,
thereby allowing to overcome multidrug resistance in cancer cells. Furthermore, in vitro
assays revealed an increased DOX retention, considered breast cancer cells, when
administering LDNLCs in comparison to using NLCs only loaded with DOX. These
authors also performed in vivo assays using MCF-7 ADR tumour bearing mice, having
observed a notably superior efficacy of LDNLC when compared to the single-drug
delivery NLCs (DOX-loaded NLCs and lapachone-loaded NLCs). In another work,
Fernandes et al.>** assessed the anticancer activity of NLCs loaded with DOX and of
NLCs loaded with DOX and a-tocopherol succinate, in both two breast cancer cell lines
(MDAMB-231 and 4T1) and in 4T1 tumour-bearing mice. As a result, the authors verified
a synergic effect between a-tocopherol succinate and DOX, which led to an increase of
the antitumor efficacy in comparison to free DOX and NLCs loaded with that anticancer
drug. Another study, by Ong et al.>*', addressed the suitability of NLCs loaded with
another potential chemotherapeutic drug, i.e. thymoquinone, for cancer treatment, using
4T1 tumour-bearing mice. Here, the authors observed that by incorporating
thymoquinone into NLC, the therapeutic potential of that drug was increased, leading to

a higher mice survival rate when compared to its free form.
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Nevertheless, the recognition and clearance of the NPs by macrophages, as well as
resident reticuloendothelial cells in the circulatory system, present a challenge for this
type of drug delivery systems. To overcome such problem, some approaches have been
reported, such as lowering the NPs’ dimensions to less than 5.5 nm or maintaining a
nearly neutral charge on their surface, which prevents plasma proteins from adhering
and, consequently, helps them evade clearance by macrophages.®?%* An alternative
approach involves coating the surface of NPs with hydrophilic polymers, which provide
an aqueous shield around them, minimizing the interaction between the NP and proteins
in the bloodstream that can mark them as foreign entities for subsequent elimination by
immune cells.>* A typically used polymer for this purpose is PEG, since it possesses an
adequate biocompatibility and is classified as Generally Recognized as Safe (GRAS) by
the Food and Drug Administration (FDA).546%*” The coating of NPs with PEG protects
their surface from aggregation, opsonization, and phagocytosis, which in turn, extends
their circulation time and, ultimately, enhances the delivery of therapeutic cargo.
Furthermore, PEG coatings can enhance the ability to overcome various biological
barriers, by, for example, minimizing interactions with tissue extracellular matrix, cellular
barriers, as well as biological fluids like mucus, and, as a result, improve the delivery of

the desired compounds.>4®

Taking this into account, Moraes et al.**° fabricated PEG-Folic Acid-conjugated NLCs
loaded with DOX and assessed their potential for the targeted delivery of that anticancer
drug to breast cancer cells (MDA-MB-231). In this work, the authors designed and
optimized two different NLC formulations, where only the solid lipid was varied, having
been obtained an EE % > 65 %. Additionally, in vitro assays demonstrated that all the
formulations successfully reached the tumour microenvironment carrying 50 % of the

encapsulated DOX.
1.3.5.2. Hybrid Magnetic Lipid-Based Nanoparticles for Cancer Therapy

Besides anticancer drugs, it is possible to load NLCs with other types of therapeutic
agents, to enhance their capacity for inducing the death of cancer cells. A particularly
promising approach involves loading magnetic NPs into those nanomaterials to obtain

hybrid magnetic lipid-based nanoparticles with multifunctional capabilities.®*°

One example is the work by Rodenak-Kladniew et al.>®', where chitosan-coated bioactive
NLCs, loaded with 1,8-cineole (a monoterpene with antiproliferative properties) and
maghemite NPs were developed. Their characterization revealed a d ~ 250 nm and zeta
potential of +10.2 mV, as well as monodispersed particle sizes. Furthermore, it was

achieved a high encapsulation efficiency (over 75 %) of 1,8-cineole, which was effectively
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released in 24 h. Additionally, the incorporation of 1,8-cineole into the lipid matrix
promoted the nanostructuration of the NLCs. Moreover, the incorporation of maghemite
NPs into those lipid NPs was successful, having led to the production of NLCs with a
superparamagnetic behaviour, which could potentially be used for MHT and/or physical
targeting. Particularly, it was observed a greater release of 1,8-cineole as the
temperature increased from 37 °C to 45 °C (figure 1.61), indicating the potential of these
NPs for a dual treatment approach, involving MHT together with local drug delivery
promoted by the temperature increase. In vitro cell studies, using these NPs, revealed
that they were not toxic in healthy human fetal lung fibroblast cells (WI-38), but were
capable of reducing the viability of both lung (A549) and liver (HepG2) cancer cells, in
the absence of a magnetic field. Moreover, the cytotoxic effect of 1,8-cineole was
increased when that compound was incorporated into the NLCs, in comparison to its free
form. Additionally, the chitosan-coating of these NPs, improved the selective cellular

uptake of these hybrid NPs into the cancer cells.
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Figure 1.61 - Release profile of 1,8-cineole (CN) from the produced NLCs at 37 °C and 45 °C. The values are expressed
as the mean + standard deviation from the mean (n = 3). Reprinted from [551], Copyright 2021, with permission from
Elsevier.

Chitosan-coated lipid NPs were also developed by Ahmadifarda et al.%*? In this work,
Letrozole, an anticancer drug, was co-loaded together with magnetic NPs into magnetic
SLNPs, which were coated with chitosan, and the potential of this system for the delivery
of the compound to cancer cells through active and passive targeting was analysed. The

characterization of the produced revealed a size of 193.2 nm, a polydispersity index
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(PDI) equal to 0.2, and a surface charge of -20.0 mV. Additionally, an EE and drug loading
of 90.1% and 26.2 %, were achieved. By analysing the release profile of Letrozole, it was
verified that 50% of the drug was exerted by applying a low frequency pulsed magnetic
field (8 mT, 50 Hz) for 1 h, while in the absence of a magnetic field it took 12 h to release
the same quantity of drug. Moreover, a 2,2-Diphenyl-1-picrylhydrazyl (DDPH) free radical
scavenging test was performed to analyse the antioxidant capacity of this novel system,
having been observed a considerable concentration-dependent DPPH radical
scavenging effect, similar to that of butylated hydroxytoluene. Moreover, in vitro cell
assays using a normal endothelial cell line (HUVEC), as well as different cancer cell
lines, namely breast adenocarcinoma (MCF-7), breast carcinoma (Hs 578Bst), infiltrating
ductal cell carcinoma (Hs 319.T), infiltrating lobular carcinoma of breast (UACC-3133),
inflammatory carcinoma of the breast (UACC-732), and metastatic carcinoma (MDA-MB-
453) cell lines, were performed. As a result, it was verified that by using a low-frequency
pulsed magnetic field, it was possible to promote the anticancer drug release from this

lipidic system, resulting in an increased cancer cell death.

In another study, On et al.>® synthesized NLCs co-loaded with methotrexate, an anti-
neoplastic agent used for treating breast cancer, and SPIONs, so as try developing a
new strategy for treating that type of tumour, based on an improved drug release
mediated by MHT. The characterization of the resulting formulations revealed a mean d
~ 200 nm, PDI below 0.1, highly negative zeta potential, high encapsulation efficiency,
good biocompatibility and an adequate haemocompatibility. Moreover, they exhibited a
high storage stability for 3 months at room temperature, having also maintained their
physicochemical properties after being incubated for 24 h in various biological media. /In
vitro cell assays revealed a time-dependent cytotoxic effect towards a breast cancer cell
line (MDA-MB-231), having presented ICso values of 137 yg/mL and 12 pg/mL at 48 and
72 h, correspondingly. Regarding their uptake by the same cell line, it was verified that
these NPs were internalized through caveolae-mediated endocytosis in a time-
dependent way. Moreover, by exposing the produced NLCs to an external alternating
magnetic field (20 mT; 869 kHz), a hyperthermia effect was observed, which originated
a localized temperature increase at the cellular level that was sufficient to promote the
apoptotic cell death, indicating their potential as a multi-modal system for treating breast

cancer.

A similar work was carried out by Tan et al.>**, where zerumbone, an anticancer agent
also used for breast cancer, was loaded, together with SPIONs, into NLCs, forming a

multimodal platform for improving the therapeutic effectiveness of that drug for treating
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that type of cancer (figure 1.62). These systems were optimized, having been obtained
an average size equal to 140.32 £ 1.14 nm, a polydispersity index of 0.18 £ 0.02, and
zeta potential of -13.37 + 0.61 mV. Additionally, they presented an adequate
hemocompatibility with human blood, a high encapsulation efficiency, as well as a good
storage stability for 3 months, when stored at 4 °C. Regarding the drug release, it was
verified that it followed zero-order kinetics, being independent of the medium’s pH. In
vitro cell assays using two different breast cancer cell lines, i.e. MCF-7 and MDA-MB-
231, revealed that these lipid NPs were internalized through different mechanisms,
namely clathrin- and caveolae-mediated endocytosis and energy-dependent active
transport, respectively. Moreover, the produced NLCs exhibit a significant cytotoxicity
towards both cell lines, having been obtained ICso values equal to 1.81 and 1.85 pg/mL
for MDA-MB-231 and MCF-7, respectively, after a 72 h incubation with those NPs.
Furthermore, by exposing this multimodal platform to a 0.5 T magnetic field, the authors
verified that it was possible to direct the lipid NPs, leading to an increase in their uptake
by 40.41 % in MDA-MB-231 cells and 19.35 % in MCF-7 cells, when compared to NLCs

not exposed to a magnetic field.

Figure 1.62 - TEM micrographs of the produced NLCs loaded with SPIONs and zerumbone. From [554]. Copyright 2023
Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

Yoozbashi et al.>*® reported the fabrication of a different type of magnetic NLCs, loaded
with curcumin. In this case, magnetite NPs worked as the magnetic core of the targeted
carriers and their characterization revealed sizes of 140 £ 3.6 nm, PDI equal to 0.196, a
zeta potential of -22.6 mV, as well as promising magnetic properties. Moreover, it was
observed a greater release rate of curcumin at 42 °C, than at 37 °C. suggesting a
temperature-dependent behaviour. Additionally, the effect of these NLCs on different

mitochondrial functions were analysed using isolated rat liver mitochondria, having been
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verified that they do not present specific mitochondrial toxicity. Karami et al.>*¢ also
reported the production of NLCs co-loaded with SPIONs and curcumin for the targeted
delivery of that compound to human breast cancer cells, to address chemotherapy’s
shortcomings by improving drug accumulation at tumour sites while minimizing adverse
effects on healthy cells. The characterization of the fabricated NLCs, revealed adequate
properties, including a particle size equal to 166.7 £ 14.20 nm, zeta potential of -27.6
3.8 my, as well as a PDI of 0.24 + 0.14. Moreover, an EE % of 99.95 + 0.015 % and a
drug-loading capacity (LC) equal to 3.76 £ 0.005 % were obtained. Then, in vitro cell
assays, demonstrated an improved cytotoxic activity of these NPs towards breast cancer
cells (MCF-7) compared to free curcumin, highlighting its potential for targeted cancer

therapy.

Another study, by Abbas et al.>'® addressed the use of NLCs co-loaded with
clonazepam, an anti-epileptic, and SPIONs for targeting that compound to the brain via
the intranasal olfactory mucosa, through the use of an external magnetic field. These
nanolipid carriers were incorporated in a pluronic F127-based thermosensitive
mucoadhesive in situ gel composed of 15% pluronic 127 and 0.75% sodium alginate, so
as to improve their delivery by prolonging the retention at the application site.
Furthermore, the researchers assessed the anticonvulsant characteristics of these NPs
in chemically-induced convulsive Swiss Albino mice, observing significantly prolonged
onset times for convulsions and a considerable protection of the animals from death.
Additionally, it was verified that the NPs more effectively directed towards the olfactory

nerve endings through the application of an external magnetic field.
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2. Goal

The major goal of this thesis was the development of novel strategies for cancer therapy
using functionalized magnetic-lipid nanoparticles (NPs) and high aspect-ratio magnetic
nanostructures, with unique spin configurations, that can act as multimodal nanocarriers
for inducing the cancer cells’ death and, at the same time, deliver multiple drug agents

at the target site, improving the treatment efficiency.

Building upon the current state of the art, reported in the previous chapter, specific
objectives were set so as to reach such innovative goal. These involved the production
and characterization of lipid nanoparticles, i.e. nanostructured lipid carriers (NLCs), as
well as the development and analysis of biocompatible and multifunctional core-shell

magnetic-lipid NPs bi-functionalized with an anticancer drug and folic acid.

Another objective consisted of the fabrication and characterization of high aspect ratio,
biocompatible nanostructures, namely FePt nanowires (NWs) and Au/Fe/Au nanodiscs
(NDs), by template-assisted methods, particularly electrodeposition into nanoporous
anodic aluminium oxide (AAQO) templates and thermal evaporation into Si templates, pre-
patterned by interference lithography, respectively. Moreover, the development of
surface functionalization techniques for this type of nanoarchitectures, so as to increase
their biocompatibility and targeting capacity, as well as to prevent their recognition by
cells of the mononuclear phagocyte system (MPS), represented another goal of this

work.

Then, using the synthesized nanomaterials, the central focus consisted of exploring their
boundaries in biomedical applications, with a particular interest in the development of
novel strategies for cancer treatment. This involved analysing the suitability of the
produced multifunctional core-shell magnetic-lipid NPs for a dual treatment approach,
based on magnetic hyperthermia (MHT) together with anticancer drug release, as well
as assessing the capacity of the fabricated high aspect ratio magnetic nanostructures for

inducing the death of cancer cells, through magneto-mechanical actuation.
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3. Experimental Techniques

In this chapter, it is provided a comprehensive overview of the experimental methods
employed in this work. Particularly, the nanofabrication techniques used for fabricating
the desired nanomaterials are first detailed. Subsequently, a broad description of all the
utilized characterization techniques is presented. Finally, the cellular assays involving

the use of the produced nanomaterials are described.

3.1. Reagents

For the preparation of superparamagnetic iron oxide nanoparticles (SPIONs), ferric
chloride hexahydrate (FeCls;-6H.0; ACS reagent, 97%) and ferrous chloride tetrahydrate
(FeCl2-4H,0; puriss. p.a. = 99.0%) were obtained from Sigma-Aldrich® (St Louis,
Missouri, USA). Ammonium hydroxide (NHsOH) was acquired from Fisher Chemical
(New Jersey, USA).

Nanostructured Lipid Carriers (NLCs) were prepared using gelucire 43/01 (GEL) and
cetyl palmitate (PAL) from Gattefosé SAS (France), hydrochloric acid (HCI), oleic acid
(90 %), polysorbate 80 (Tween® 80), folic acid (FA), triethylamine, dimethyl sulfoxide
(DMSO) = 99.9, N,N-dicyclohexylcarbodiimide (DCC), as well as Nhydroxysuccinimide
(NHS) purchased from Sigma-Adrich® (St Louis, Missouri, USA), doxorubicin (DOX)
obtained from LC Laboratories (Canada), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000 (DSPE-PEG2000-NHz;

ammonium salt) acquired from Avanti® Polar Lipids (Merck, Darmstadt, Germany).

The fabrication of FePt nanowires (NWs) was performed using high purity (99.997%) Al
foil purchased from Alfa Aesar (Haverhill, Massachusetts, USA), acetone (C3HsO; =
99.8%), ethanol (C.HsOH; = 99.8%), oxalic acid (C.H.0.), and orthophosphoric acid
(HsPO4; AR grade) acquired from Fisher Chemical (New Jersey, USA), isopropanol
(C3HgO) obtained from Valente & Ribeiro, Lda (Alcanena, Portugal), perchloric acid
(HCIO4; 70.0 - 72.0 %), chromium trioxide (CrO3; 2 99.0 %) and boric acid (Hs:BOs; = 99.8
%) purchased from Sigma-Aldrich® (St Louis, Missouri, USA), copper(ll) chloride (CuCly;
99%) and iron (II) sulphate heptahydrate (FeSOa4-7H.0; 99.5%) acquired from Acros
Organics (New Jersey, USA), hydrochloric acid (HCI; 37%) obtained from Chemlab-
Analytical (Zedelgem, Belgium), hexachloroplatinic acid hexahydrate (H»PtCls-6H0;
ACS reagent) purchased from PanReac AppliChem (Barcelona, Spain), and Orosene E

+4gr/Lt acquired from Italgalvano (Lodi Vecchio, Italy).

On the other hand, Au/Fe/Au nanodiscs (NDs) with a spin-vortex ground state were
produced using WIDES8B from Brewer Science Inc. (Rolla, Missouri, USA), TSMR-iN027

140



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

purchased from Tokyo Ohka Koygo Co. (Tokyo, Japan), AZ 726 MIF acquired from
Clariant AG (Muttenz, Switzerland), 1-methyl-2-pyrrolidonine (NMP) obtained from
Sigma-Aldrich® (St Louis, Missouri, USA), and potassium hydroxide (KOH) from
PanReac AppliChem (Barcelona, Spain).

The Au/Fe/Au NDs functionalization was performed using amine-polyethylene glycol-
thiol [NH2-PEG-SH; average molecular weight (MW): 2000] purchased from BroadPharm
(San Diego, California, USA), and polyethylene glycol methyl ether thiol (PEG-thiol/PEG-
SH; average MW: 2000 and 6000), FA, triethylamine, DMSO = 99.9, DCC, as well as
NHS obtained from Sigma-Aldrich® (St Louis, Missouri, USA).

Cellular studies were performed using a THP-1 cell line acquired from European Culture
Collections (Salisbury, UK) and an MCF-7 cell line obtained from ATCC (Middlesex, UK).
Additionally, Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco’s Modified
Eagle’s Medium (DMEM), 0.25% Trypsin-Ethylenediaminetetraacetic acid (EDTA) (1X),
Penicillin-Streptomycin (PenStrep), and Heat Inactivated Fetal Bovine Serum (FBS)
were purchased from Gibco® by Life Technologies (UK).

All experiments were performed with double-deionized water [resistivity (p) = 18.2
MQ-cm] supplied through an ultra-pure water system (Arium Pro, Sartorius AG,
Gottingen, Germany or Direct-Pure UP Ultrapure RO Lab Water System, RephiLe
Bioscience Ltd, Europe). Additionally, the pH measurements were executed in a Crison
pH meter GLP 22, which was equipped with a Crison 52-02 tip (Crison, Barcelona,
Spain).

3.2. Nanofabrication

The nanofabrication of the nanomaterials used in this work was performed at the Institute
of Physics for Advanced Materials, Nanotechnology and Photonics (IFIMUP)
laboratories located at the Faculty of Sciences of the University of Porto (FCUP), at the
Associated Laboratory for Green Chemistry (LAQV) of the Network of Chemistry and
Technology (REQUIMTE) situated at the Faculty of Pharmacy of the University of Porto
(FFUP), and at the laboratories of the Physical Chemistry Department of the University
of the Basque Country (UPV). Regarding the nanoporous anodic aluminium oxide (AAO)
and interference lithography templates synthetization, as well as the production of the
SPIONs and NLCs, the fabrication principles, previously optimized by these research
groups and proven suitable for this work, were employed. In this section, the
nanofabrication techniques used for producing the desired nanomaterials will be

addressed in detail.
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3.2.1. Superparamagnetic Iron Oxide Nanoparticles (SPIONSs)

The SPIONSs used in this work were prepared by a microwave-assisted co-precipitation
technique (section 1.2.1.), using a Discover® SP microwave system automated by the
Explorer-12 software together with 35 mL glass vessels possessing Teflon caps. These

were all purchased from CEM Corporation, North Carolina, USA.

Particularly, the SPIONs were fabricated by first weighting 250 mg of FeCls;-6H.0O and
138 mg of FeCl»-4H,0 into a 35 mL glass vessel with a Teflon cap and a magnetic stir
bar. Subsequently, 20 mL of double-deionized water was added under continuous and
vigorous magnetic stirring until all the powder was dissolved. Then, in a closed hotte, 3
mL of 25% NH4,OH was added rapidly to the ferrous solution, creating a black solution.
Afterwards, the glass vessel was sealed with a Teflon cap, removed from the stirring,

and left undisturbed until the precipitate settled down (5-10 min).

Following this process, the sealed glass vessel was placed in the microwave system,

under nitrogen pressure, with the following parameters set:

e Temperature: 100°C

e Stirring: maximum

e Time: 10 min

¢ Maximum wattage: 300 W

e Maximum pressure: 200 psi

When this process ended, the sealed glass vessel was placed in a closed hotte, opened,
and the solution was transferred to a 50 mL Falcon® (Falcon, Corning Incorporated,
Corning, NY, USA). Then, a strong permanent magnet was placed under the Falcon®
and, after most SPIONs aggregated in response to the magnetic field, the clear
supernatant was quickly disposed, so as to reduce any potential ammonium
volatilization. Subsequently, the resulting ferrofluid was resuspended 25 mL of double-
deionized water. This supernatant disposal and resuspension in double-deionized water
was performed two more times. Finally, the supernatant was removed, the obtained
SPIONs formulation was stored at 4 °C under a N atmosphere and, then, it was
lyophilized in a freeze drier (LyoQuest —85 plus v.407, Telstar® Life Science Solutions,
Terrassa, Spain) for 24 hours, continuously kept at -80 °C and 0.40 mbar of pressure, in

order to obtain a powder, which is easier to weight..
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3.2.2. Nanostructured Lipid Carriers (NLCs)

In this study, different categories of NLCs were fabricated, which are represented in

figure 3.1.
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Figure 3.1 - The four different categories of NLCs fabricated in this study: (a) NLC, (b) NLCpox), (€) NLCspions), (d) NLC(pec-
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These nanoparticles were fabricated through a hot ultrasonication method, which
involves a combination of heat and ultrasonic energy to create a homogeneous and finely
dispersed lipid matrix. This process begins by premixing the drugs, or bioactives, with
the lipid components and, afterwards, the lipid components are melted, typically by
raising the temperature to 5-10 °C over the temperature of the lipid that has the highest
melting point, ensuring a molten state.»? The resulting mixture is then exposed to
ultrasonic waves, which generate cavitation bubbles in the liquid.® The rapid expansion
and collapse of these bubbles create intense local heat and pressure, leading to the
formation of microjets and shockwaves.*®> These dynamic forces contribute to the
breakup of larger lipid droplets into smaller ones, resulting in the formation of nanosized
structures.® This ultrasonication step not only facilitates the reduction of particle size but
also enhances the homogeneity and uniform distribution of the active compound within

the lipid matrix.”

In this work, the NLCs production started by coating the formulation glass tube with Al
foil, to prevent light from affecting DOX, since it is a photosensitive compound.
Afterwards, 35 mg of oleic acid (the liquid lipid) and, for the formulations with DOX, a

quantity between 1 mg and 10 mg of that compound was weighed into that tube.
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Subsequently, the glass recipient placed in an ultrasonic bath (Sonorex Digitec, Bandelin
Electronic, Berlin, Germany) for 10 min, to promote their mixing and dispersion. Then,
for the formulations with SPIONs, 5 or 60 mg of SPIONs were weighted into the same
formulation glass tube, followed by 85 mg of Tween® 80 (the surfactant) and 225 mg of
the solid lipid, i.e. GEL or PAL. Subsequently, for the surface functionalized formulations,
5 mg of a PEG-FA conjugate (PEG MW: 2000; see section 3.2.2.1.) was added.

After this process, the formulation glass tube was heated to 55 °C in a hot water bath,
controlled by an immersion thermostat (Variomag Electronicriihrer Einhangethermostat
MR, H + P Labortechnik GmbH, Oberschleilheim, Germany), for the solid lipid to melt
(about 5 min). Then, 5 ml of HCI buffer (pH = 1.0), preheated at the same temperature,
was added to that vessel. Subsequently, the resulting mixture was sonicated for 5 min
with a sonicator (Vibra-Cell model VCX 130, Sonics and Materials Inc., Newtown, USA)
at 80% amplitude (104 W), which possessed a tip diameter of 6 mm. Afterwards, the
obtained product was slowly cooled down to room temperature in a water bath, so that
the internal oil phase was able to solidify, leading to the formation of NLCs dispersed in
the aqueous phase. The resulting formulations were stored at 4 °C in glass vials, which

were protected from light by wrapping them with Al foil.
3.2.2.1. Poly(ethylene glycol)-Folic Acid (PEG-FA) Conjugate

The PEG-FA conjugate was obtained by first dissolving, under anhydrous conditions, 1.0
g of FA in a solution composed of 40 mL of anhydrous DMSO and 0.5 mL of
triethylamine, by overnight stirring in the dark at room temperature. Then, 0.5 g of DCC
and 0.52 g of NHS were added to the resulting mixture and, subsequently, it was left
under overnight stirring at room temperature, under anhydrous conditions and protected
from light. Afterwards, the obtained solution was filtered using a 0.45 um filter and then
it was evaporated under vacuum for 3 h, at room temperature and protected from light,
using a vacuum pump connected to a desiccator, to remove the precipitated by-product

[dicylcohexylurea (DCU)], DMSO, as well as triethylamine.

Subsequently, 50 mg of DSPE-PEG2000-NH: dissolved in 1 mL of DMSO was added to
2 mL of the obtained NHS-activated FA solution and left stirring overnight, under
anhydrous conditions and protected from light. Afterwards, the resulting mixture was
evaporated under vacuum for 3 h, at room temperature and protected from light, using a
vacuum pump connected to a desiccator, to remove the DMSO. Then, the DSPE-
PEG:2000-FA conjugate was dialyzed against 500 mL of ultrapure water, during 48 h, using

a T1 dialysis membrane (Cellu.Sep®T1, 3500 Da nominal molecular weight cut off,
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Membrane Filtration Products Inc., Seguin, Texas, USA), to remove the non-conjugated
FA.

After that process, the obtained solution was lyophilized (LyoQuest —85 plus v.407,
Telstar® Life Science Solutions, Terrassa, Spain), resulting in the formation of a
yellowish dry orange powder, corresponding to the DSPE-PEG:2000-FA conjugate, which

was then stored at 4 °C.
3.2.3. FePt Nanowires (NWs)

The FePt NWs used in this thesis were fabricated through two different processes,
namely two-step mild anodization of Al substrates, followed by pulsed electrodeposition
into the resulting AAO templates, and hard anodization of Al substrates, succeeded by
direct current (DC) electrodeposition (either in continuous or pulsed mode) into the
obtained nanoporous membranes. In the following sections, these two distinct

approaches used for the production of FePt NWs will be addressed in detail.
3.2.3.1. Al Pre-Treatment

The first step for obtaining nanoporous AAO templates is the pre-treatment of the surface
of the Al substrates to be anodized, which is fundamental for the formation and

organization of the pore structure.®

This process consisted of first cutting a high purity (99.997 %) Al foil, with a thickness of
0.25 mm and dimensions of 30 cm X 30 cm, into smaller squares (1.5 cm X 1.5 cm),
which were then levelled by applying an appropriate planar pressure with a homemade
pressing machine. Afterwards, the resulting Al substrates were subjected to 3 successive
ultrasonic baths (Sonorex Super, Bandelin Electronic, Berlin, Germany) of acetone,
isopropanol, and 96 % ethanol, each with a duration of 3 min. Acetone works as a
degreasing agent, while isopropanol and 96% ethanol were used to eliminate organic

contaminations resulting from the industrial rolling process and handling.

After that process, the Al samples were electropolished to improve the AAO surface
quality, which translates into better nanopore organization and size uniformity (after the
anodization).® Electropolishing is a method that involves passing a DC current through
an electrolyte to remove material from the surface of an electrically conductive material
by anodic dissolution.!®! In an electropolishing setup, the material to be electropolished
works as the anode and a counter electrode serves as the cathode.’® These two
electrodes are connected to a DC power supply that is switched-off and, subsequently,

they are immersed in an electrolytic solution kept at a controlled temperature.'?
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Afterwards, the power supply is turned on, leading to the movement of an electric current
from the anode to the cathode. This process leads to the oxidation of the anode’s surface,
forming an anodic layer that, under adequate conditions, separates from the substrate
and, as a result, eliminating surface impurities (figure 3.2), which dissolve in the
electrolyte.’®!4 Moreover, the electric field lines tend to concentrate at the edges of points
with a higher curvature, such as peaks, being, on the other hand, relatively evenly
distributed in the valleys. Consequently, elevated points on the substrate’s surface will
undergo faster removal compared to those in the valleys, leading to a polished and clean

surface with a mirror-like finish.>-18

l]] Al and thick oxide layer

I:E Al and porous layer
DB Electro-polishing

i Crystal boundary
/‘ attack
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Figure 3.2 - Dependence of the Al anodic layer parameters on the applied voltage/current. From [19]. Copyright 2011
Authors licensed under a Creative Commons Attribution (CC BY-NC-ND 3.0 DEED) license.

Conversely, a reduction reaction typically takes place at the cathode, resulting in the
production of hydrogen. In this process, the quantity of material removed depends upon
the specific electrolyte solution, temperature, voltage, and the characteristics of the

workpiece undergoing electropolishing.®

The electropolishing performed in this work was carried out using the previously cleaned
Al substrates as the anode and by applying a voltage of 20 V (vs a Pt counter electrode),
during 2 min, in a stirred electrolyte maintained at a temperature of around 10 °C, which
was composed of HCIO4 and C,HsOH (volume ratio 1:4). The used setup is represented

in figure 3.3.
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Figure 3.3 - (a) The electropolishing setup used in this work. Inset: schematic diagram of the electropolishing setup
representing in the photo. Adapted from [20]. Copyright 2021 Author licensed under a Creative Commons Attribution (CC
BY-NC-ND 4.0 DEED) license; (b) Al substrates after the electropolishing step..

Finally, the obtained Al substrates were rinsed in double-deionized water and dried in
air.
3.2.3.2. Al Anodization

After the pre-treatment step, the obtained Al substrates were placed in anodization cells
for the anodization process. This step was performed using a homemade setup, which

was already implemented at IFIMUP. Such system is represented in figure 3.4.

(b)

Figure 3.4 - The anodization setup utilized for growing the nanoporous AAO templates used in this work. Inset: schematic
diagram anodization setup represented in the photo. From [20]. Copyright 2021 Author licensed under a Creative
Commons Attribution (CC BY-NC-ND 4.0 DEED) license; (b) Al substrates after the electropolishing step.

As can be observed, the anodization cell is composed of a Teflon container where the
Al substrate (working electrode) is positioned at the bottom, while a Pt mesh is placed at
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the top, serving as the counter electrode [figure 3.4(b)]. Teflon was chosen due to its
non-reactive nature and suitability for use with acidic solutions, providing,
simultaneously, good thermal insulation for the refrigerated electrolyte. Moreover, the
bottom of the cell is composed of a Cu plate, which is in direct contact with a refrigeration
plate kept at a controlled temperature via a refrigeration circuit composed of a continuous
circulating anti-freezing liquid (50% water/50% ethylene glycol, V/V), which is
refrigerated and propelled by a Lauda Ecoline E100 immersion circulator (Lauda
Brinkmann, LaudaKdnigshofen, Germany), allowing the regulation of the Al substrates’
temperature. Additionally, the mechanical stirrer allows precise control over the solution
stirring (200 - 250 rpm) throughout this process, so as to enhance the uniformity of the
electrolyte in terms of temperature, pH, and concentration gradients. Furthermore, the
working electrode and the Pt mesh are both connected to a terminal on a Keithley 2400
SourceMeter (Keithley, Cleveland, Ohio USA). A computer, also connected to the
SourceMeter, allows the control of the anodization routine and data acquisition
throughout the process, through the LabVIEW software (National Instruments, Austin,
Texas, USA).

3.2.3.2.1. Two-Step Anodization Process

The nanoporous AAO templates produced, in this work, through the two-step anodization
process (see section 1.2.2.1.1.) were fabricated by initially performing a first anodization
for 24 h, in 150 mL of a 0.3 M C;H,0, solution kept at 2 °C, under a constant potential
of 40 V in DC mode. During this process, the electrolyte was homogeneously stirred with

a mechanical stirrer set at a speed of 200 rpm.

Subsequently, the Al samples were placed in a mixture of 0.4 M H3PO4 and 0.2 M
chromic acid (H.CrOg), at room temperature for 24 h, to remove the formed AAO layer.
Afterwards, a second anodization of 8 h was performed on those Al substrates, under
the same conditions as the ones considered in the first anodization, to obtain a template

thick enough to not break in the subsequent steps.
3.2.3.2.1.1. Non-Steady-State Anodization

When the second anodization ended, the applied potential was exponentially decreased
(non-steady-state anodization, see section 1.2.2.1.1.1.) from 40 V downto 8 Vor 7 V, to
reduce the thickness of the alumina barrier layer at the bottom of each nanopore from ~
52 nm to ~ 10.4 nm or ~ 9.1 nm, according to equation 1.7. This process led to the
formation of a tree-like branched structure at the bottom of each nanopore in the AAO

template.
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3.2.3.2.1.2. Pulsed Electrodeposition

FePt NWs were obtained by pulsed electrodeposition (section 1.2.2.1.3.3.) into the AAO
templates (working electrode), produced through a non-steady-state anodization, using
an electrolyte composed of 20 g/L FeSO4-7H0, 1 g/L H,PtCls-6H,0, and 30 g/L H3BOs.
This fabrication process was performed at room temperature, without stirring, using a
Keithley 2400 SourceMeter (Keithley, Cleveland, Ohio USA), and it consisted of applying

three successive pulses (vs a Pt mesh counter electrode) with different durations:?1-23

e Deposition pulse (8 ms): this pulse has a negative polarization and a constant
current density (6—25 mA/cm?), being applied to deposit the material inside the
nanopores of the template;

e Discharge pulse (2 ms): this pulse has a positive polarization and is applied to
discharge the capacitance associated with the alumina barrier layer, as well as
to fix eventual fractures that may appear on the template as a result of the first
pulse, enhancing its homogeneity. The potential of this pulse corresponds to the
final potential applied during the barrier layer thinning process, i.e. 7V or 8 V;

e Rest pulse (0.7 s): this pulse has 0 mA and 0 V, being applied to introduce a rest
time during which the ion concentration at the deposition interface is replenished
and, consequently, to assure a homogeneous concentration of ions along each
nanopore before the subsequent deposition pulse, thus limiting the hydrogen

evolution and enhancing the deposition uniformity.

During the electrodeposition, the deposition voltage and discharge current following each
deposition and discharge pulse, respectively, were measured. The deposition times

ranged from 5 to 75 min.
3.2.3.2.2. Hard Anodization Process

The hard anodization process was performed using the same electrolyte employed in
the fabrication of AAO templates through the two-step anodization approach, i.e. 150 mL
of a 0.3 M C;H:0. solution kept at 2 °C, homogeneously stirred at a speed of 150 rpm.
As indicated in section 1.2.2.1.2., the first step in this fabrication method was the
formation of a thin oxide layer by anodizing the electropolished Al substrate, under mild
anodization conditions, i.e. by applying a DC potential of 40 V, during 5 min.
Subsequently, the anodization potential was increased to 140 V, at a rate of 0.6 V/s, and
maintained at that value for 1 h. Then, the applied potential was switched to 40 V during

1 min, so as to stabilize the barrier layer at the bottom of the nanopores. The resulting
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templates were immersed in double-deionized water at room temperature before the

subsequent steps.
3.2.3.2.2.1. Al Removal and Nanopore Widening

Following the hard anodization process, the anodized samples were taken out from the
double-deionized water and then submerged in 50 mL of an aqueous solution of 0.2 M
CuCl; and 4.1 M HCI, at room temperature, to remove the Al. Subsequently, the resulting
AAO membranes were rinsed in double-deionized water and, afterwards, they were
floated in a 0.5 M H3PO4 aqueous solution kept at ~ 50 °C, with their bottom side in
contact with the etchant, to remove the AAQ barrier layer at the bottom of the nanopores.
Additionally, the acid solution was placed in a stirred-thermal bath at a stirring speed of

500 rpm, so as to ensure a homogeneous temperature distribution.

The AAO templates remained floating until bubbles were observed on their surface and
sunk into the etching solution (~ 30 min), indicating that the nanopores were opened.
Afterwards, they were removed from the acid solution, rinsed in double-deionized water,

and dried in air.
3.2.3.2.2.2. Deposition of Au Electrical Contacts

To be able to grow nanostructures through electrodeposition into the produced AAO
membranes, an electrical contact has to be established between the bottom of the
nanopores and the electrodeposition solution. For this purpose, a thin Au layer was
sputtered on the backside of those templates, using a DC magnetron sputtering
(Scancoat Six, BOC Edwards, UK).

Sputtering is a physical vapor deposition technique, where a solid target material is
bombarded by energetic and heavy particles, leading to the ejection of atoms from that
target through momentum transfer, which can be deposited on a substrate.?*26 A
sputtering system involves two parallel plates, placed in a vacuum chamber containing
an inert gas at low pressure (1-15 mTorr), between which a voltage ranging from a few
hundred to a few thousand Vs is applied. These plates correspond to the solid target (the
cathode) and the substrate where the material is going to be deposited on (the anode).?’~
2 Typically, Ar is chosen for this process, due to its low cost, chemical inertness, and

capability to provide a high sputtering yield.*

As a result of cosmic radiation, a small quantity of ions and electrons will always exist in
the vacuum chamber.?! Consequently, when an adequate voltage is applied between the

two electrodes placed inside the vacuum chamber, free electrons collide with the inert
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gas atoms, leading to the formation of gas ions, e.g. (Ar*), and emission of secondary
electrons.®? The resulting gas ions will be attracted towards the cathode, i.e. the solid
target, colliding with its surface, which results in various collisions that, primarily, lead to
the removal of neutral atoms from the target by momentum transfer [figure 3.5(a)].3!
Moreover, other particles, e.g. secondary electrons, reflected ions, or photons, can also
be scattered from its surface.®® Nevertheless, the neutral target atoms disperse within
the chamber according to a cos™(8)-distribution, indicating that a significant portion of
the target atoms will be sputtered in the forward direction. Therefore, placing the
substrate holder in this direction ensures that the majority of those atoms will condense

on the substrate, forming the thin film.3%:34
(a) ground
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Figure 3.5 - (a) Schematic representation of a sputtering deposition system. Reprinted from [35], Copyright 2021, with
permission from Elsevier; (b) the glow observed in the DC magnetron sputtering equipment used for depositing the Au
layer on the backside of the AAO templates produced through the hard anodization method.

On the other hand, the free and secondary electrons are accelerated towards the anode,
having the potential to collide with other gas atoms, leading to the formation of additional
gas ions and secondary electrons. Furthermore, as previously mentioned, the gas ions
that hit the cathode originate even more secondary electrons.®? This results in an
avalanche process that leads to a current increase and, as soon as the number of
generated electrons is sufficiently high to produce enough gas ions that, in turn,
regenerate the same number of electrons that are lost by recombination processes, the
discharge is said to be self-sustaining and the gas begins to glow, a phenomenon known
as glow discharge [figure 3.5(b)].322537 The presence of this glow is often an indicator of
a stable and sustained plasma state, being primarily attributed to the recombination of
free electrons with gas atoms or ions within the plasma, which leads to an energy release

in the form of visible light.383°
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The previously described sputtering process has been known for various years, having
been proven effective for the deposition of various materials. Nevertheless, it presents
some limitations due to reduced deposition rates, low ionization efficiencies in the
plasma, as well as substrate heating.*®*' These drawbacks can be overcome by
introducing a magnetic field close to the target through the use of a magnetron, which
has led to the development of magnetron sputtering.*> This device is a system of
permanent magnets arranged in a specific orientation that is positioned behind the
target.*** The presence of a magnetic field constraints the electron motion to the target’s
vicinity, increasing the probability of electron-ion/atom collisions. Consequently, the
ionization efficiency increases, leading to a greater plasma density near the cathode
(figure 3.6). This results in higher deposition rates, improving the process efficiency, and,

therefore, enhances the quality of the deposited films.454¢
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Figure 3.6 - Schematic representation of a magnetron sputtering deposition system. Adapted from [45]. Copyright 2021
Authors licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license; (b) Al substrates after the
electropolishing step.

In this work, the sputtering of the Au electrical contacts was performed using a DC
magnetron sputtering, meaning that a DC power supply is used to generate a constant
electric potential between the cathode and the anode in the magnetron sputtering
equipment. The depositions were carried out in an Ar atmosphere (Air Liquide-Alphagaz
1, Paris, France), at a base pressure of 3 - 10 mbar, a working pressure equal to 3 - 10°
Ymbar, a current of 20 mA, and a potential of 0.9 kV. These conditions originated Au thin

films with a thickness of ~ 40 - 50 nm, for a deposition time of 5 min.
3.2.3.2.2.3. Direct Current (DC) Electrodeposition

The following step in the fabrication of FePt NWSs, using hard anodization AAO templates,

was the electrodeposition into those membranes through a DC electrodeposition

152



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

method, in both continuous and pulsed modes. This process was performed using an
Autolab PGSTAT?204 potentiostat/galvanostat (Metrohm AG, Herisau, Switzerland) with
a conventional three-electrode system. In this setup, a Pt mesh and an Ag/AgCl
electrode were used as counter and reference electrodes, respectively, while the counter

electrode was the nanoporous AAO template.

Regarding the continuous DC approach, the considered electrolyte was composed of 20
g/L FeS0Oa4-7H,0, 1 g/L H.PtCls-6H-0, plus 30 g/L HsBO3 and the applied potential was
varied between - 0.8 and - 2.0 V, while the deposition time was kept constant at 15 min.
On the other hand, in the pulsed DC approach the influence of multiple parameters on
the resulting NWs was assessed by varying one at a time, namely the FeSO4-7H20 (20
- 120 g/L) and H2PtCls-6H,0 (1 - 5 g/L) concentration in the electrolyte, the deposition
pulse (ton = 4 - 40 ms), the rest pulse (torf = 4 - 40 ms), the ton/tor ratio (0.1 - 10), as well
as the applied potential (- 0.8 — - 10 V). In these experiments, the parameters kept
constant were the HsBOs concentration (30 g/L) as well as the electrodeposition duration
(15 min). Additionally, it was analysed influence of electrodepositing an Au layer for 5

min, using Orosene 999, before growing the FePt NWs.

3.2.3.2.2.4. Removal of the NWs from the Hard Anodization Anodic Aluminium Template
(AAO) Template

After the DC electrodeposition process, the NWs with the desired composition were
removed from the AAO templates for the subsequent cellular studies. This process
consisted of dissolving the AAO membranes through a chemical etching process.
Particularly, the nanoporous membranes containing the NWs were immersed in an
agueous solution composed of 0.4 M H3PO4 and 0.2 M H>CrO4, which was maintained

at 40 °C. Such etching solution also inhibits the oxidation of metallic NWs.

When the templates were completely dissolved (~ 48 h), the resulting NWs were
collected using a magnet and washed three times with double-deionized water. Finally,

the obtained nanostructures were suspended in 1 mL of double-deionized water.
3.2.4. Au/Fe/Au Nanodiscs (NDs)

In addition to the previous nanomaterials, Au/Fe/Au NDs with a spin-vortex ground state
were fabricated through thermal evaporation into Si templates, pre-patterned by laser
interference lithography. Therefore, in the following sections, this synthetization process

will be addressed in detail.
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3.2.4.1. Interference Lithography Templates

Si(100) wafers with a thickness of 360 um, covered by an amorphous, 15nm-thick SiO
layer were used as the base of the prepared templates. These substrates were first spin-
coated with an anti-reflective coating (ARC), WIDE-8B, at 5000 rpm for 60 s, to prevent
a second interference pattern on the vertical axis. Afterwards, they were baked on a
hotplate in two steps, namely 40 s at 100 °C and, subsequently, 60 s at 180 °C. Then, a
negative tone photoresist, TSMR-iIN027, was spin-coated over the ARC at 4000 rpm
during 60 s and, following that process, a baking step at 90 °C for 90 s was performed,

having been obtained a resist stack with a thickness of 280 nm.

Right after, the resist/ARC stack was patterned through laser interference lithography, to
reduce the effect of photoresist ageing. The lithographic exposures were performed
using a Lloyd’s mirror interferometer system where a He-Cd laser (A = 325 nm) was used
as the light source, figure 3.7, which allows the fabrication of ordered patterns in large

areas (up to 10x10 cm?) whose dimensions can be ranged from = 300 nm to a few

microns.
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Figure 3.7 - Scheme of the Lloyd’s mirror interferometer used to pattern the photoresist-coated Si wafers. From [47].
Copyright 2018 Authors licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.

The working principle of this technique was already addressed in section 1.2.2.2.

In order to obtain a square array of dots on the Si substrates, two 7-min exposures were
performed for each sample, considering a 90° rotation of the Si wafer between them.
Then, after performing both exposures, the Si wafer was post-baked at 110 °C during 90
seconds and, subsequently, it was developed in AZ 736 MIF for 1 min. Afterwards, the

substrates were cleaned with deionized water and dried using No.
3.2.4.2. Thermal Evaporation

Subsequently, Au/Fe/Au NDs, together with an Al sacrificial layer (figure 3.8), were

deposited on the pre-patterned Si substrates by thermal evaporation.
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Figure 3.8 - Cross-section schematization of the thermally evaporated multilayered NDs.

Thermal evaporation is a physical vapour deposition technique were the target material,
i.e. the evaporant, is heated in a vacuum chamber, by an electric resistance heater, to a
temperature that is sufficiently high for its surface atoms to have enough energy to leave
the surface.*®5! Two feedthroughs are utilized to pass a substantial electrical current
through the heater, which is made of a refractory material, like W or Mo.*" In this
technique, the most commonly chosen containers are known as ”"boats”, being
composed of a refractory ribbon featuring a dimple on the upper side, where the target
material is positioned, typically in the form of pellets or powders.4"52-54 Then, the current
flow through the boat is gradually increased until the target material begins to
evaporate.®® At this stage, increasing the current leads to a faster evaporation rate,
and vice versa.®’ The atoms that escape from the target’s surface will travel through the
vacuum chamber, propelled by thermal energy, and deposit onto a substrate.5®%°
Therefore, the chamber’s pressure should be maintained below the threshold where the
mean free path of those atoms exceeds the distance between the evaporation source
and the substrate.5° A schematic representation of a typical thermal evaporation setup is

illustrated in figure 3.9.
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Figure 3.9 - Scheme of a typical thermal evaporation setup. Adapted from [47]. Copyright 2018 Authors licensed under a
Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.
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In this work, the thermal evaporation was performed in a high vacuum chamber equipped
with two thermal evaporation sources and a quartz-microbalance to control the deposited
film’s thickness. Using this equipment, a 50-nm Al layer, which works as the sacrificial
layer allowing the removal of the nanostructures from the Si templates, and a 50-nm-
thick Fe film sandwiched between two 10-nm-thick Au layers were evaporated
sequentially at room temperature with a base pressure in the vacuum chamber of 1 - 10

6 mbar, and a working pressure of ~ 6 - 10> mbar.

The deposition rates were 3.5 nm/min for Al, 1 nm/min for Fe, and 2.2 nm/min for Au. In

addition to the NDs, a continuous Au/Fe/Au trilayer was also deposited for reference.

Then, the photoresist was removed from the template through a lift-off process involving

the use of NMP at 125 °C, during a few minutes, followed by an ultrasonic bath.
3.2.4.3. Removal of the NDs from the Interference Lithography Template

After depositing the NDs, they were removed from the interference lithography template
by etching the Al sacrificial layer located between the nanostructures and the template.
This was performed using an aqueous solution of 15 % KOH in an ultrasound bath. The
released NDs were then collected using a magnet and placed inside an Eppendorf
(Hamburg, Germany) tube. Subsequently, the nanostructures were washed three times

with double-deionized water and, finally, suspended in 1 mL of the same type of water.
3.2.4.4. Surface Functionalization

In order to assess the effect of surface functionalization on the suitability of these
nanostructures for biomedical applications, two different NDs functionalizations were
studied, namely PEG-SH and folic acid-PEG-SH (FA-PEG-SH).

Regarding the first functionalization, two different types of PEG-SH possessing distinct
MWs, i.e. 2000 and 6000 g/mol, were used. The functionalization process consisted of

the following steps:

e (i) Adding the NDs to a 1 mM PEG-SH solution in pH 7.0 phosphate buffered
saline (PBS) solution;

e (ii) Storing the solution with the NDs during 22 hours at room temperature;

e (iii) Aspiration of the PEG-SH solution and rinsing of the NDs with ultrapure
double-deionized water;

e (iv) Suspension of the NDs in 1 mL of ultrapure double-deionized water.
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The FA-PEG-SH functionalization followed the same steps, but it was preceded by the
synthesis of the FA-PEG-SH conjugate. This compound was obtained by first dissolving,
under anhydrous conditions, 1.0 g of FA in a solution composed of 40 mL of anhydrous
DMSO and 0.5 mL of triethylamine, by overnight stirring in the dark at room temperature.
Then, 0.5 g of DCC and 0.52 g of NHS were added to the resulting mixture and,
subsequently, it was left under overnight stirring at room temperature, under anhydrous
conditions and protected from light. Afterwards, the obtained solution was filtered using
a 0.45 pM filter and then it was evaporated under vacuum for 3 h, at room temperature
and protected from light, using a vacuum pump connected to a desiccator, so as to
remove the precipitated by-product (dicylcohexylurea (DCU)), DMSO, as well as
triethylamine. Subsequently, the coupling of the prepared NHS-FA with NH,-PEG-SH
was performed by incubating during 4 h, at room temperature and in the dark, 2 mL of
activated FA solution with 13.44 mg of NH»-PEG-SH dissolved in 1 mL of PBS. After this
reaction, the resulting solution was filtered using a 2000 Da filter to remove the excess
FA-NHS, EDC, and NHS. Then, the resulting solution was used to functionalize the NDs
by immersing the nanostructures in that solution during 22 hours, at room temperature
and protected from light. Subsequently, the FA-PEG-SH solution was aspirated and the
NDs were rinsed with ultrapure double deionized water. Finally, the nanoarchitectures

were suspended in 1 mL of that same type of water.

3.3. Characterization

The fabricated nanomaterials were characterized at IFIMUP, Centro de Microscopia
Eletronica da Universidade do Porto - Portugal (CEMUP), FFUP, Institute for
Optoelectronic Systems and Microtechnology - Technical University of Madrid (ISOM-
UPM), Autonomous University of Madrid (UAM), and at UPV. In this section, the
techniques used for the morphological, structural, compositional, and magnetic

characterization of the synthesized nanomaterials are going to be addressed in detalil.
3.3.1. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a non-destructive and simple technique that measures
the Brownian motion exhibited by particles within a solution, arising from the continuous
impact of solvent molecules that surround them, establishing a relationship between this
motion and the particle’s size.?2%2 The measurement depends on both the temperature,
as well as on the solvent’s viscosity.®* A scheme of a general DLS setup is represented

in figure 3.10.
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Figure 3.10 - Scheme of a general DLS setup. From [63]. Copyright 2020 Authors licensed under a Creative Commons
Attribution (CC BY-NC-ND 4.0 DEED) license.

When patrticles are irradiated by a laser over a given period, there is a fluctuation in the
scattered light intensity, which is determined by the size of the particles. Specifically,
smaller particles are projected a greater distance by the solvent molecules and exhibit
faster movement, resulting in rapid fluctuations. Conversely, larger particles diffuse more

slowly, leading to slower fluctuations.®

In a DLS equipment, the intensity of light reaching the detector, at any given moment,
depends on the interference pattern created by the light that is scattered by all the
particles in the scattering volume. The scattered light can either produce mutually
destructive phases that cancel each other out or mutually constructive phases that
generate a detectable signal.54% This leads to the generation of a correlogram, where
the raw correlation function is represented (3.11).5¢
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Figure 3.11 - The raw correlation function. Used with permission of Royal Society of Chemistry, from [66]; permission
conveyed through Copyright Clearance Center, Inc.
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As can be observed, initially, when the particles are not moving significantly, there is a
strong correlation between the intensities of the scattered light at different times, resulting
in a high correlation coefficient. However, as time passes, the Brownian motion of the
particles causes more considerable fluctuations in the scattered light intensity,

originating a reduction of the correlation coefficient.®’:68

Assuming that the particles have a spherical shape and are uniform, the mathematical
treatment of the raw correlation function leads to the Stokes-Einstein equation, which
allows the determination of their hydrodynamic diameter,d;,:%%7°

_ KpT
h ™= 3mD

(3.1)

where K, represents the Boltzmann constant (1.38064852 - 1023 J/K), T is the
temperature of the sample, n represents the absolute viscosity of the medium, and D is

the diffusion coefficient.

Additionally, DLS also gives information regarding the size distribution of the particles in
the form of a polydispersity index (PDI), which is determined by the gradient of the
correlation function (figure 3.11). Specifically, steeper lines in the graph signify a more

monodispersed system.

In this work, DLS (ZetaPALS, Brookhaven Instruments Corporation, Holtsville, NY, USA)
was used to determine the mean NLC size and PDI in the fabricated formulations. For
such purpose, 20 uL of each NLC formulation was diluted in 1480 uL of HCI buffer
solution (pH = 1). Six runs at room temperature were conducted for each formulation,
with each run comprising 10 sub-measurements and lasting 2 min, resulting in a total
measurement duration of 12 min. The mean NLC size and PDI were determined by
averaging these parameters across all runs. Moreover, three independent batches of

each formulation were examined.

Moreover, for assessing thermal stability and pH-sensitivity of the produced formulations,
20 pL of each sample was diluted in 1480 pL of PBS buffer (pH = 5 or 7) and DLS

measurements were performed at temperatures ranging from 25 °C to 70 °C.
3.3.2. Nanoparticle Tracking Analysis (NTA)

In addition to DLS, nanoparticle tracking analysis (NTA) was also used to assess the
mean size of the NLCs, as well as their size distribution. This technique was used

because it allows the determination of their concentration in the formulation. On the other
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hand, DLS is a faster and simpler technique, capable of analyzing the NP size distribution

across a broad range (5 nm to 3 pm).”7’

Similarly to DLS, NTA exploits the characteristics of both light scattering and Brownian
motion to determine the particle size distribution in a liquid suspension.’® In this method,
a laser beam traverses a prism-edged glass flat located in the sample chamber, below
the actual sample [figure 3.12(a)].”” The angle of incidence, as well as the refractive
index associated with the glass flat, are specifically configured to ensure that, when the
laser reaches the interface between the glass and the overlying liquid sample layer, it
undergoes refraction, leading to a compressed beam with a diminished profile and
increased power density.”®’® Particles in suspension that cross the trajectory of this
refracted beam, scatter light in a way that permits their easy visualization using a long
working distance, 20X magnification microscope objective, which is fitted to a standard
optical microscope that can record a video of those particles.?° The NTA software
monitors the Brownian motion of individual particles at a single-particle level [figure
3.12(b)], determining the single-particle diffusion coefficient, which is derived from the
particle’s mean displacement between successive frames.8182 Then, using the Stokes-
Einstein equation, such software computes their sizes and also their total

concentration.”383
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Figure 3.12 - (a) Schematic representation of the NTA detection. Particles suspended in a liquid medium are exposed to
a laser beam and the light scattered by these particles is observed through a microscope. The software identifies the
positions of the particles based on this scattered light. (b) The software traces the path of the particles and constructs
particle tracks. The average squared displacement (z) for each track is subsequently transformed into the corresponding
hydrodynamic diameter (d) using the Stokes-Einstein equation. From [84]. Copyright 2019 Authors licensed under a
Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.

Depending on the particle type, this technique allows the measurement of particle sizes
in the range of 10 nm to 1000 nm, at sample concentrations of ~ 10° — 10%?
particles/mL.%® Particularly, for particles with a high refractive index, such as colloidal Au
or Ag particles, NTA allows the determination of sizes as low as 10 nm.#87 On the other

hand, the upper size limit of this method corresponds to the point where the particles
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become so large that their Brownian motion is limited, i.e. they move very slowly, which
hinders their accurate tracking, leading to a reduction of this technique’s accuracy.
Naturally, the viscosity of the solvent also influences this limit, since it affects the

particles’ movement as well.&8:8°

In this work, NTA was carried out, at FFUP, by performing five runs of measurements for
each NLC sample. For such purpose, 20 pL of NLCs formulation were diluted in 1480 pL
of HCI buffer solution (pH = 1) and, subsequently, 10 pL of that diluted sample were

diluted once more in 1490 uL of the same buffer solution.
3.3.3. Zeta Potential

The zeta potential refers to the potential at the slipping/shear plane of a colloid particle
or, in other words, to the potential difference between the dispersion medium and the
stationary layer of fluid attached to the dispersed particle (figure 3.13), allowing the
assessment of its colloidal stability.®>-*3 Particularly, the analysis of the zeta potential can
provide a comprehensive understanding of the factors contributing to dispersion,
aggregation, or flocculation, which can be used to enhance the colloidal solution

conditions.%49%
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Figure 3.13 - The different charge potentials at a particle’s surface. Reprinted from [96], Copyright (2017), with permission
from Elsevier.

As depicted in the figure above, there is a strongly attached layer at the particle surface,
which is referred to as the Stern layer and it comprises ions with opposite charges.
Furthermore, there is an outer layer designated as diffuse layer, consisting of both
positive and negative charges that are more loosely associated.®”~*° This double layer

structure adsorbed onto the particle surface is known as the electric double layer (EDL),
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and its composition is influenced by various factors, including pH, ionic strength, and

concentration.®

Since the zeta potential cannot be directly measured, various techniques can be used
for such purpose.t°:192 |n this work, the zeta potential was measured by electrophoretic
light scattering (ELS), wherein the mobile NPs in electrophoresis scatter an incident laser
(figure 3.14).103

Electrophoresis

-ve +ve

Electrode Electrode

Slippingplane ()
Particle surface
(Wo) Stern layer

Figure 3.14 - Movement of a particle during electrophoresis. Reprinted from [98], Copyright (2016), with permission from
Elsevier.

Particularly, during this process, the particles in a dispersion will migrate toward the
electrode that has an opposite charge and a laser light is directed through the dispersion.
Therefore, as the particles move the frequency of the light that they scatter is shifted as
a result of the Doppler effect. This shift can be analysed to determine the electrophoretic
mobility of the particles.%41% This electrophoretic mobility (i) is then related to the zeta

potential (¢) through the Henry’s equation: %1%

_ 2€r€oCf(ka)

> (3.2)

(5]

where ¢, represents the relative permittivity/dielectric constant of the medium, ¢, is the
vacuum permittivity (~ 8.85 - 102 F/m), f(xa) is the Henry function, and n represents

the viscosity at the experimental temperature.

Typically, NPs exhibiting zeta potential in the ranges of £ 0 - 10 mV, + 10 - 20 mV, = 20
-30 mV, and over =+ 30 mV are categorized as highly unstable, relatively stable,
moderately stable, and highly stable, correspondingly.l®” However, the reality is often
more complex as colloid stability is influenced by both Van der Waals attractive forces

as well as electrostatic repulsive forces.'® Consequently, since the zeta potential
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provides information solely about the electrostatic repulsive force, it may not fully capture
the complexity of colloidal stability. Therefore, colloids with low zeta potential values can

also exist.108.109

In this work, the NLCs’ zeta potential was measured with a ZetaPALS analyser
(Brookhaven Instruments Corporation, Holtsville, NY, USA) at 25 °C, using disposable
capillary cells and an electrode working at a scattering angle of 90 °. For every assay, 6
runs, each containing 10 sub-measurements, were performed and the zeta potential was
taken as the average value across all runs. Three independent batches of each NLCs
formulation were analysed, in terms of zeta potential, and the sample preparation

consisted of diluting 2 pL of formulation in 10 mL of Milli-Q® Integral ultrapure water.
3.3.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy was used in this thesis to determine the
encapsulation efficiency (EE), as well as the quantity of DOX released from the produced
formulations. This technique is frequently employed for quantitatively determining
transition metal ions, organic compounds, and biological macromolecules in solutions

without causing significant modification or permanent damage to them.

This approach is based on the absorption of electromagnetic radiation by chemical
compounds.!!t112 particularly, in a UV-Vis spectrometer the sample is illuminated by
electromagnetic radiation (lo), with wavelengths ranging from 200 to 800 nm.*13 A part of
this radiation is absorbed by the sample, while the other part is transmitted through it
().1** The intensity of the transmitted radiation is then is measured as a function of the

wavelength, by an appropriate detector.!® This allows the determination of the

transmittance, i.e. T = IL which is used to compute the absorbance of the sample, i.e.
0

A = —log(T), for each considered wavelength.'¢11” Considering that the absorbance
follows the Beer-Lambert law, its value is directly proportional to the concentration (C) of

the absorbing species and to the path length of the absorbing medium (1):18

A= €C=—log (é) (3.3)
where e represents the molar absorption or extinction coefficient (M*-cm™), which is a
measure of how strongly a given compound absorbs light with a specific wavelength,
under defined temperature and solvent conditions.'® Consequently, by plotting the
absorbance as a function of the wavelength, a UV-Vis spectrum is generated. However,

to ensure the applicability of the Beer-Lambert law at each desired wavelength and,
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therefore, accurately determine the concentration of the analyte in the sample, a
calibration curve should be constructed for every wavelength of interest, under the same
conditions used to measure sample (figure 3.15).12912! Otherwise, the concentration
measurements may be inaccurate, since the absorbance may not be correctly correlated

to the analyte concentration.??
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Figure 3.15 - The process of determining the concentration of an analyte in a sample through UV-Vis spectroscopy.
Adapted from [123]. Copyright 2019 Authors licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED)
license.

A calibration curve is elaborated by making standard dilutions with known concentrations
of the analyte and plotting the absorbance values as a function of the concentration.124125
This curve can exhibit both linear and non-linear behaviour, depending on the
concentration range of the analyte of interest and the specific characteristics of the
chemical system being studied. To obtain accurate and reliable results, it is essential to
validate the linearity of the calibration curve within the concentration range of interest.
However, if non-linearity is observed, additional calibration methods or techniques may

be necessary to correct for these deviations.126-128

In this work, a calibration curve of DOX was elaborated from the UV-Vis absorbance at
Amax = 253 nm in HCI buffer solution (pH = 1), with concentrations ranging from 0 mg/mL

to 0.1 mg/mL.
3.3.4.1. Encapsulation Efficiency (EE) and Loading Capacity (LC)

Using UV-Vis spectroscopy, the EE of DOX in the NLCs was assessed. For this purpose,
three independent batches of each formulation were diluted at a ratio of 1:100 in HCI
buffer solution (pH = 1) and then transferred to Amicon®Ultra-4 Centrifugal Filter Devices
(50 KDa, MERK Milipore, Ltd; Cork, Ireland). Subsequently, they were centrifuged,
(HeraeusT M MultifugeT M X1R Centrifuge, USA) at 1006 xg and 20 °C, for 45 min or
until it was observed a total separation between the NLCs retained in the filter unit and
the aqueous phase, i.e. the filtrate. Afterwards, the resulting supernatant was collected
and used to measure the quantity of DOX that was not incorporated in the NLCs by UV—

vis spectrophotometry (Jasco V - 660 Spectrophotometer, USA), at Amax = 253 nm, which
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not only corresponds to the wavelength where absorbance is higher for DOX in aqueous
solution, but is also a narrow band with high molar absorption coefficients, whose
position is independent of the medium pH as opposed to the band located at 480
nm.12%130 Considering the initial amount of drug added to the NLCs formulation and
subtracting from it the free DOX found in the filtrate, it was possible to calculate the drug’s
incorporation in the NLCs and, consequently, determine the EE through the following

eguation:

Amount of DOX Initially Added — Amount of Free DOX

EE (%) =
%) Amount of DOX Initially Added

x 100 (3.4)

Using the determined EE the loading capacity (LC) was also determined according to:

LC (%) = EE X Amount of DOX Initially Added % 100 3.5
'~ Amount of Lipid + Amount of Surfactant (3-5)

3.3.4.2. DOX Release Triggered by External Stimuli

The release of the anticancer drug from the produced NLCs, as a result of different
external stimuli, i.e. pH, temperature, or alternating magnetic field (AMF), was quantified
by first performing a dialysis of the formulation, which was dispersed inside a cellulose
dialysis bag (Cellu.Sep®T1, 3500 NMWCO, Membrane Filtration Products, Inc.; Seguin,
TX, USA) that, in turn, was placed in a buffer solution, see figure 3.16. Dialysis is a
technique based on the diffusion of small solutes, from a solution with a high
concentration to one with a lower concentration of that solute, through a semipermeable
membrane until the concentrations in both solutions are equal, i.e. equilibrium is
reached.'®132 After this process, the UV-Vis absorbance spectra of the surrounding
buffer solution was acquired, allowing the quantification of the amount of drug released

from the nanoformulation..

U4

-
Start dialysis End dialysis
(high concentration gradient) (equilibrium)

Figure 3.16 - Schematic representation of the dialysis setup used in this work. Adapted from [20]. Copyright 2021 Author
licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.
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Before any experiment with the produced formulations, they were filtered by dialysis so
as to remove the free DOX. For this purpose, 1 mL of each formulation was placed inside
the dialysis bag, which, in turn, was immersed in 80 mL of buffer solution (HCI solution
with pH 1.5) for 45 min.

Then, the DOX release from the GEL-based and PAL-based NLCspox-spions) ([DOX] =
2000 pg/mL; [SPIONs] = 12000 pg/mL) triggered by an AMF was evaluated. For this
purpose, the dialysis bag was filled with 150 pL of each formulation and then placed in
1.5 mL of buffer medium (PBS, pH 5 or pH 7), which was located within the magnetic
coils of the used MHT system. Subsequently, an AMF was applied for 30 min (556 kHz,
10 mT) and an infrared thermal camera was used to monitor the temperature. A similar
protocol was used for assessing the DOX release from the same formulations, but
instead of placing the dialysis setup in the magnetic coils, it was placed in water bath at
different temperatures (35, 40, 45 and 50 °C).

Moreover, based on the results of the performed studies, the DOX release from GEL-
based NLCs(pox-spions) ([DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL) was analysed in
more detail. Particularly, the release profiles of DOX from this formulation at pH 7 and 5,
in water bath at different temperatures (35, 40, 45 and 50 °C) were analysed. For this
purpose, 150 pL of sample were diluted in 900 pL of a buffer solution (PBS, pH 5 or pH
7) and, afterwards, the diluted sample was placed inside a dialysis bag, which was
immersed in 15 mL of a buffer solution (PBS, pH 5 or pH 7). Then, the quantity of DOX
released under each considered condition was measured every 30 min, using UV-Vis

spectroscopy every 30 min.
3.3.5. Storage Stability Assessment

The NLCs storage stability was assessed over 61 days. For that purpose, the produced
formulations were kept at 4 °C in glass vials and the mean patrticle size, zeta potential,
PDI, as well as drug content, were measured weekly, through the previously described

techniques.
3.3.6. Electron Microscopy

Electron microscopy is based on irradiating a sample with a focused electron beam
possessing a controlled kinetic energy, in a high vacuum environment. As these particles
interact with the sample, either organic or inorganic, they can provide information about

their morphology or composition.33-13°

166



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

Currently, there are various electron microscopy techniques available, such as scanning
electron microcopy (SEM), scanning transmission electron microscopy (STEM),
transmission electron microscopy (TEM), or energy dispersive X-ray spectroscopy
(EDS), which allow the study of different characteristics of the sample. These differ in
various aspects, such as the type of detected particles, characteristics of the lighting
system (electron beam generation and guidance control), as well as the image

construction.*%
3.3.6.1. Scanning Electron Microscopy (SEM)

SEM consists of the use of a combination of electrostatic and magnetic lenses to
manipulate a focused electron beam, with a controlled kinetic energy, to scan the
sample. The intensity of emitted particles is then utilized to generate the SEM image by

convoluting the spots on the sample that were hit by that beam. 37138

Figure 3.17 illustrates the key components of SEM equipment, which include an electron

column, condenser lenses, and a detector.
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Figure 3.17 - Schematic diagram of the main components of a SEM equipment. Adapted from [139]. Used with permission
of Elsevier Science & Technology Journals, from [139]; permission conveyed through Copyright Clearance Center, Inc.

Specifically, the electron column consists of an electron source, such as a W filament
cathode, which emits an accelerated electron beam possessing energies ranging from
0.1 to 40 keV, under pressures of about 10 Pa.'* The diameter of this electron beam is
then decreased, i.e. the beam is focused, by a series of magnetic focusing lenses with
defined apertures, to converge the electron beam onto the sample.*! Inside the sample

chamber there are usually two types of detectors, specifically secondary and
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backscattered electron detectors.*? To generate an image, the focused electron beam
scans the sample surface in a raster pattern and detectors collect the emitted electrons
at each impacted spot. Subsequently, the obtained data is processed and, afterwards,
the SEM image is constructed by correlating the intensity of the detected signals to the

position of the scanning beam, through point-to-point mapping.14°

Upon hitting the sample, the focused electron beam interacts with its atoms, leading to
the emission of various types of particles at distinct depths within the sample (see Figure
3.18).

Incident Electron Beam

Specimen Surface

Auger Electrons (0.4-5 nm)

Secondary Electrons (~100 nm)

Backscattered Electrons (~1 um)

Characteristic X-rays (~5 pm)
Specimen

Bremsstrahlung X-rays (~5 um)
X-ray Flourescent (~5 pm)

Figure 3.18 - Schematic diagram representing the different particles emitted during electron-sample interaction, at various
depths in the sample. Adapted from [143], reproduced with permission from SNCSC.

The most commonly used ones for image formation are secondary and backscattered
electrons.139140.144.145 gacondary electrons, which have low energy, i.e. < 50 eV, result
from inelastic interactions of the primary electron beam with superficial atoms, which are
weakly bound and located a few nm from the sample surface. The SEM images
generated using these particles provide information about the topography of the
sample.’*® On the other hand, backscattered electrons have higher energy, i.e. > 50 eV,
and result from elastic interactions between the primary electron beam and atoms
located deeper within the sample. These electrons can be used to generate an image
with composition contrast, as the intensity of backscattered electron emission is related
to the material’s atomic number. Specifically, chemical elements with higher atomic
numbers emit more backscattered electrons, making them appear brighter in the

resulting image.46:147

In this work, the morphology of the fabricated NWs and NDs was analysed through SEM
using a FEI Quanta 400 FEG ESEM/EDAX Genesis X4M instrument (FEI Company,

Oregon, USA). For top-view, the produced samples were fixed on top of a SEM sample
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holder using carbon tape. On the other hand, for cross-section view of the produced NW
arrays, the templates prepared by mild or hard anodization were bent or broken in the
middle, respectively, and then fixed over the edge of a SEM sample holder, also using
carbon tape. Then, an image processing software, i.e. ImageJ, was used to analyse the
structure of the fabricated arrays, such as diameter and length of the nanopores and
NWs.

3.3.6.2. Energy-Dispersive X-Ray Spectroscopy (EDS)

EDS is a technique used to analyse the elemental composition of a sample through the
collection and energy dispersion of X-rays, which are emitted when high-energy
electrons bombard that sample.'*® Particularly, when an electron experiences an
inelastic collision with an orbital electron located in the inner shell of a sample’s atom, it
can lead to the ejection of that bound electron, if its binding energy is lower than the
energy of the incident electron.’*® This creates a vacancy in the atom’s electron shell,
leading to the ionization of that atom, which is an unstable state.’*® Consequently, an
orbital electron present in an outer, higher-energy shell fills that vacancy, leading to the
emission of a characteristic X-ray photon, whose energy (typically between 0-20 keV)
corresponds precisely to the energy gap between the two energy levels associated with
the electron transfer.'®! Therefore, since each element has a unigue atomic structure, it
is possible to characterize the composition of the sample by analysing the energy of the

emitted characteristic X-rays.!>?

In this work, the EDS analysis was employed to assess the composition of the produced
NWs and NDs, through the use of an EDS system (EDAX Genesis X4M unit, California,
USA) integrated in the previously indicated SEM system.

3.3.6.3. Transmission Electron Microscopy (TEM)

TEM is an imaging technique that also involves the use of a focused electron beam.
However, its main difference in comparison to TEM is that the images are generated by
detecting the electrons that are transmitted through the sample, not the reflected ones.*>3
Consequently, this method provides a detailed information about the interior of the

sample, such as crystalline structure, morphology, and stress state.>*

In this work, TEM (TEM Jeol JEM-1400; JEOL Ltd., Tokyo,Japan) was used to analyse
the morphology of unloaded and DOX-loaded NLCs. For this purpose, the produced
NLCs suspensions were diluted (1:10) in type 1 Milli-Q® Integral ultrapure water and,
subsequently, 10 pL of that dilution was placed over a Cu-mesh grids. After 2 min, the

surplus was eliminated and a 0.75% (w/v) uranyl acetate solution (10 pL) was added for
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10 seconds to achieve negative staining. Then, the images were obtained using an

acceleration voltage equal to 80 kV.

The ImageJ software was used to analyse the geometric characteristics and size
distribution of the synthesized SPIONs and NLCs, based on the acquired TEM images.

3.3.7. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a characterization method particularly suitable for studying the
structural properties of a sample, also allowing the analysis of its composition.5%1% This
technique is based on the diffraction of X-rays on a crystal lattice, according to Bragg’s

law 157,158

Particularly, when X-rays impact matter they interact with the atomic electrons and, as a
result, can be scattered.® Moreover, the wavelength of that type of electromagnetic
radiation is on the order of 0.1 nm (1 A), therefore it will be diffracted by objects of
comparable size, such as atoms or molecules.'® When the diffracting obstacle is a
crystal, its crystal lattice implies that the molecular scattering centres are organized in a
well-defined, three-dimensional, ordered array.'®! This means that there is a specific
distance between any two molecules, leading to a precisely defined phase relationship
between the electromagnetic waves diffracted from any pair of diffraction centers.62163
These diffracted waves interact constructively or destructively, providing information

about the structure of the sample.5

Particularly, the crystal lattice can be divided into repeating units, known as unit cells
that, in turn, can be divided into imaginary planes, commonly designated as crystal
planes.'® These planes are described by Miller indices, which are represented by a set
of three integers (h k I) that describe a vector perpendicular to that plane, being separated
by a fixed distance.®%167 A schematic representation of X-rays being diffracted from a
set of Miller planes with indices (h k) is presented in figure 3.19.
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Figure 3.19 - lllustration representing the diffraction of X-rays by a set of crystal planes separated by a distance of d;.
Used with permission of Taylor & Francis Group LLC - Books, from [168]; permission conveyed through Copyright
Clearance Center, Inc.
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Bragg's law appears in this context, stating that there is a constructive interference
between the diffracted X-rays if the path difference between them is equal to an integral

multiple (n) of wavelength (1) associated with the incident X-ray, i.e.:168:16°
nA = Zdhksin (th) (36)

Consequently, through this law it is possible to calculate the spacing between the crystal
planes in a given sample.1’® Furthermore, since the parameters of each crystal plane are
specific to each crystal systems, this technique not only allows the determination of those
parameters, but also the crystal system of the sample (e.g. cubic, tetragonal, hexagonal,

etc).1"t

When considering a complete diffraction spectrum, this law is applied to multiple crystal
planes within the crystal lattice.1’? Specifically, each set of crystal planes with specific
Miller indices (h k I) contributes to the diffraction pattern at characteristic angles.'”
Therefore, the complete diffraction spectrum is a result of the superposition of all these

individual contributions, forming a pattern of constructive and destructive interference.'’

To obtain such spectrum, the intensity of the diffracted X-rays at distinct angles has to
be measured, which can be performed using different measurement geometries.'’”® In
this work, a Bragg-Brentano 8-28 geometry was chosen, which consists of maintaining
the X-rays’ source fixed and rotating the sample by an angle of 8, as well as the detector

by 20, so as to keep the mirrored geometry (figure 3.20).17
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Figure 3.20 - Schematic illustration of an X-ray diffractometer in the Bragg-Brentano 6-26 geometry. From [177].
https://livrepository.liverpool.ac.uk/3031053/

Such measuring strategy was chosen due to its high angular resolution, short

measurement time (typically 10 — 60 min), and ease of sample preparation.t’817°
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In this work, the XRD measurements were performed using a Rigaku® SmartLab
diffractometer (Rigaku Co., Tokyo, Japan), with a Cu Ka radiation (A = 1.540593 A) and
an anode X-ray tube operated at 45 kV and 200 mA.

Moreover, the structural parameters, including crystallite size (Dy,y;), were determined

through peak broadening analysis, employing the Debye-Scherrer equation:&

A

Dp = cho—s(e) (3.7)

where k is a shape factor known as the Scherrer constant (typically k ~ 0.94 for spherical
grains), A corresponds to the wavelength of the X-rays, B represents the full width at half
maximum associated with diffraction peak, and 6 denotes the Bragg diffraction

ang|e.180‘18l
3.3.8. Raman Spectroscopy

Raman spectroscopy is a hon-destructive optical technique based on the Raman effect,
also known as Raman scattering, allowing the characterization of materials at a
molecular level.182183 This effect was first described in 1928, by Sir Chandrasekhara
Venkata Raman, and it can be defined as the inelastic scattering of photons by molecular

bonds.184-186

Particularly, when photons strike matter, they can either be transmitted through the
material without interacting or they may experience scattering processes where there is
or not an energy exchange between the scatterer and the incident photon, corresponding
to Raman or Rayleigh scattering, correspondingly.’®’-1%° Regarding the Raman
scattering process, the energy of the scattered photons in comparison to the incident
ones can be lower, i.e. there is an energy loss, also known as a red-shift (longer
wavelength), or it can be higher, occurring an energy gain, which may also be designated
as a blue shift (shorter wavelength), corresponding to a Stokes or anti-Stokes shift,
respectively (figure 3.21).191192
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Figure 3.21 - Schematic diagram illustrating the energy transitions that occur in the Rayleigh and Raman scattering
processes. Used with permission of The Royal Society (U.K.), from [193]; permission conveyed through Copyright
Clearance Center, Inc.

When Raman scattering occurs, the probability of a Stokes shift is higher than that of an
anti-Stokes shift, since the majority of the molecules in a sample are at the lower energy
(fundamental) level.1°*1% Nevertheless, spontaneous Raman scattering is a very weak
effect, being experienced by only 1 in 10® -10%° of the incident photons, which limits its
practical application.'°61%7 Consequently, to amplify the Raman signal, coherent Raman
scattering techniques, such as coherent anti-Stokes Raman scattering (CARS) and
stimulated Raman scattering (SRS), have been developed. These spectroscopic
techniques rely on multiphoton scattering processes, utilizing at least two laser beams,
i.e. pump beam and Stokes beam, that interact to excite molecular Raman modes. %8199
Specifically, those two beams irradiate a sample simultaneously and, if the frequency
difference between them matches the frequency of a vibrational mode of the molecules,
the molecular transition rate to that vibrational state is promoted, as a result of stimulated
excitation.2°%-201 This effect can lead to a conversion of up to 50% of the incident photons
into Raman scattered photons, originating signals that are several orders of magnitude

stronger than those of spontaneous Raman scattering.202203

The acquired Raman data is typically expressed in terms of wavenumber (cm™), which

can converted into wavelength, A, through the following expression:?%*

107

- A(nm) (3.8)

wavenumber (cm™1)

Consequently, it is possible to calculate the Raman shift, A w, by knowing the
wavelengths of the excitation (or pump) laser, A;, and of the Raman signal, A,, in nm,

through the use of the equation below:?>:20¢
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Aw = u (3.9
MAg

In this work, Raman spectroscopy was used to analyse the functionalization of the
fabricated Au/Fe/Au NDs. Since the signal of those nanostructures, when dispersed in
water, was too low for such study, the NDs were functionalized on top of the Si templates
and, subsequently, an InViaTM Qontor® confocal Raman spectrometer (Renishaw,
Kingswood, UK) assembled with a Leica DM2700 microscope (Ernst Leitz GmbH,
Wetzlar, Germany) and a 50X objective, available at IFIMUP, was used to acquire their
Raman spectra. The samples were mounted on an automatized stage with a lateral
resolution of 100 nm. For excitation, a He-Ne laser with a wavelength of 633 nm was
used at a power of 1.1 mW, considering a spot size between 1 and 2 um. Additionally, a
diffraction grating with a resolution of 1800 lines/mm with high spectral resolution, < 2
cm, in all the spectral range was used to collect the data. To improve the signal/noise
ratio, the acquisition was performed during 12 h for each sample in the spectral range
from 1500 to 3000 cm™, using the software WiRETM 5.2. (Renishaw Inc., Wotton-under-
Edge, UK), since, after searching through the literature, it was concluded that it was the
most adequate range for assessing the presence of the PEG molecules on top of the

NDS.2O7'209
3.3.9. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique used for studying a material’s
surface chemistry, allowing the determination of not only its elemental composition, but
also the chemical and electronic state of its atoms, and providing information about the
thickness of the overlayer from the top ~ 10 nm of a given sample’s surface.?%-212 This
characterization method is based on the photoelectric effect, which occurs when a
material is irradiated by high-energy photons, typically in the keV range, resulting in the
emission of electrons that are known as photoelectrons.?*2?13 Furthermore, it is a very
surface-sensitive technique, because the photo-emitted electrons can scatter, be
absorbed, or interact through other means with the bulk material, consequently, only
electrons close to the sample’s surface will be capable of escaping without losing

energy.214-216

In XPS, core electrons are the ones primarily probed (figure 3.22), since their binding
energies not only are highly specific to each individual element but can also vary based
on the chemical and electronic state of the atoms. Moreover, XPS has a reduced
sensitivity at the valence band, due to the reduced photoionization cross-sections at the

energies considered for the incident photons, resulting in low peak intensities.

174



FCUP | 175
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

Additionally, valence electrons may be influenced by a broader range of factors, as they
are often involved in bonding and may be affected by interactions with neighbouring
atoms, possibly leading to peaks in the XPS spectra that are not as sharp and distinctive

as those of core electrons, which translates into a lower resolution.217-220
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Figure 3.22 - Diagram representing the photoelectric effect. Used with permission of Elsevier Science & Technology
Journals, from [212]; permission conveyed through Copyright Clearance Center, Inc.

When an incident photon interacts with a core electron and leads to its emission, the
principle of conservation of energy implies that the energy of the incident photon (hv),
the initial binding energy of the photoelectron (Eg), and its final kinetic energy (Ek) are

related by the following equation:?2%:222
Eg = hu—Eg— @ (3.10)

where @ represents the work function of the spectrometer, being a tunable instrumental
correction factor that accounts for the few eV (~ 5 eV) of kinetic energy lost by the
photoelectron when it is absorbed by the instrument’s detector.??® The XPS spectrum is,
therefore, a plot of the number of detected photoelectrons as a function of their binding
energy, which is calculated from the measured kinetic energy of ejected
photoelectrons.??224 Such graph is dominated by a number of sharp emission peaks,
each labelled with the core states of the surface atoms from which they originate,
allowing, as a result, the identification of specific elemental species in the sample’s
surface, as each element possesses a distinctive set of binding energies.?25227
Furthermore, as the quantity of photoelectrons is directly linked to the concentration of
the element, once the background resulting from the inelastic scattering of electrons, i.e.
the secondary electron background, is eliminated, the areas of the peaks can also be
utilized, together with sensitivity factors derived through empirical means, to quantify a

particular elemental species in the sample’s surface.?12215228
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In this work, XPS was used to study the functionalization of surface of the fabricated
Au/Fe/Au NDs. This technique was performed at UAM using a SPECS GmbH
spectrometer, equipped with a UHV system, possessing a base pressure of 10°1° mbar
and a hemispherical electron energy analyser (PHOIBOS 150 9 MCD), and using a
nonmonochromatic Mg X-ray source at 200 W and 12 kV. The XPS spectra were
acquired at normal emission, setting the pass-energy at 50 eV, with an energy step of 1
eV, for the survey scan and using a pass energy of 20 eV, together with an energy step
of 0.1 eV, for the narrow scans of Au4f, S2p, C1s, and O1s. This technique was used to

study the functionalization of surface of the fabricated Au/Fe/Au NDs.
3.3.10. Magnetometry

The magnetic properties of the fabricated nhanomaterials were analysed using different

techniques. In this section, those measurement methods will be described in detalil.
3.3.10.1. Superconducting Quantum Interference Device (SQUID)

A superconducting quantum interference device (SQUID) is a highly sensitive
magnetometer based on superconducting loops, capable of measuring magnetic fields
of the order of 1013 Wh/m?2.22° This device is based on a superconducting loop containing
Josephson junctions that is cooled by a cryogenic refrigeration system, so as to maintain
superconductivity.?*° Currently, there are two types of SQUID, namely the radiofrequency
(RF) SQUID and the DC SQUID, the difference being that the first operates with one
Josephson junction, while the latter works with two or more.?%232 A Josephson junction
is made by placing a thin layer of a non-superconducting material between two layers of
a superconducting material, allowing the occurrence of the quantum tunnelling effect.?33
These junctions typically exhibit a significantly lower critical current, i.e. the maximum
current that can flow before resistance starts to appear, compared to the two

superconducting regions that they connect.?3+2%

As the name suggests, in a DC SQUID a bias DC current (typically ~ twice the critical
current of a Josephson junction) is applied to the superconducting loop containing the
two Josephson junctions and, in the absence of an external magnetic field, that current
is equally split between them, converging at the other side of the loop.2**%*¢ However,
when a magnetic flux is applied through the loop and according to the law of Faraday-
Lenz, a screening current is induced in it, which generates a magnetic field that opposes
the change in the magnetic flux through the loop.?®” As a result, since the bias current
flows in a clockwise direction through one junction and in a counterclockwise direction

through the other, the currents flowing through each branch become different, as this
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screening current is added to the already existing current in one branch and subtracted

from the current present in the opposite one.?3>2%

When the Josephson junction is in a superconducting state, it allows the quantum
mechanical tunnelling of Cooper pairs of electrons through it without any voltage drop, if
the current that flows through the junction is lower than the critical current value.?®
However, when the current passing through the Josephson junction reaches a greater
value than that of the critical current, it transitions into a resistive state, resulting in the

appearance of voltage across the junction.238-240

This is the working principle of the SQUID sensor that, in a SQUID device, is connected
to a set of superconducting pickup coils through which the sample is moved (figure 3.23).
Such dislocation leads to the appearance of a voltage function with a characteristic
shape, presenting an amplitude that is proportional to the magnetic moment of the
sample.?*1242 This voltage signal is then transmitted to the SQUID sensor, interrupting
that superconducting loop. Subsequently, the superconducting state is re-established by
applying an adequate biasing current, allowing the determination of the magnetic
moment of the sample.241:243
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Figure 3.23 - Schematic representation of a SQUID. Used with permission of John Wiley & Sons - Books, from [244];
permission conveyed through Copyright Clearance Center, Inc.

The SQUID measurements performed in this work were carried out using a Quantum
Design/EverCool SQUID, MPMS EverCool (Quantum Design Inc., San Diego, CA, USA)
magnetometer, available at IFIMUP, using a He bath as the cryogenic refrigeration
system. This equipment has a resolution of 107 emu and is equipped with a 5.5 T
superconducting coil, allowing precise magnetization measurements in a temperature

range between 5 and 380 k.2*> The magnetic hysteresis loops (M(H)) of the synthesized
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samples were obtained at room temperature, considering the external magnetic field (H)
applied along the parallel (H,) and perpendicular (H,) directions in relation to the
nanostructures’ long axis. Additionally, the M(H) curves of SPIONs and NLCs, in powder

form, were also acquired through this technique.

Additionally, the M(H) curves of SPIONs and NLCs, in powder form, were also acquired
through this technique. Regarding the first, the powder was weighted and then M(H)
curves at different temperatures, i.e. 5, 150, and 320 K, were obtained by sweeping the
H field between a maximum and a minimum value of £ 50 kOe. Furthermore, in order to
further confirm the existence of a superparamagnetic behaviour, the Langevin function
was fitted to the hysteresis loop obtained at 320 K.2*¢ This equation assumes the
existence of an ensemble of non-interacting, uniform, magnetic monodomain particles,
each possessing the same magnetic moment, p, being described as:?47-25!

M th( i ) (ka) L (ka) (3.11)
=coth|—=)—(—)=L(— :
Mgat kyT uH uH

where Mg, represents the saturation magnetization, M is the magnetization of the

sample, k,, corresponds to the Boltzmann constant, T is the measurement temperature,

and L (]:’—HT) represents the Langevin function.

Furthermore, zero-field cooled (ZFC) and field cooled (FC) curves were obtained for
these SPIONSs, so as to determine their blocking temperature (Tg), i.e. the temperature
below which, on the time scale considered for the magnetometry measurements, the net
magnetic moments do not fluctuate.?? In this work, ZFC curves were acquired by first
progressively cooling the sample to the desired temperature (5 K) in the absence of an
external magnetic field, H. Once the sample reached such temperature and equilibrium
was achieved, an H field of 50 Oe was applied. Then, the ZFC curve was obtained by
measuring the sample’s magnetization while simultaneously increasing the temperature.
On the other hand, the FC curves were acquired by performing a similar procedure, but,

in this case, the sample was cooled down to 5 K in the presence of an H field of 50 Oe.

Regarding NLCs, a similar measurement procedure was performed, with the exception
that the M(H) curves were only measured at 320 K, since, in this work, it is the most

relevant temperature for the desired biomedical application of those NPs.
3.3.10.2. Vibrating-Sample Magnetometer (VSM)

A vibrating-sample magnetometer (VSM) is another instrument that allows the

measurement of the magnetic properties of materials, with a sensitivity of ~ 10°
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emu.?>3%* This device is based on Faraday’s law, which states that an electric field
appears along a path enclosing a changing magnetic flux.2® Particularly, in a VSM the
sample to measure is first magnetized under an uniform magnetic field and,
subsequently, it is sinusoidally vibrated, typically through the utilization of a piezoelectric
material, at a known frequency (generally ranging between 50 and 100 Hz) and at a
constant amplitude (usually within the range of 1 to 3 mm).2%¢-2° By placing the vibrating
sample between a set of pick-up cails, it is induced an electromotive force in those coils
due the changing the magnetic flux, which is proportional to the magnetic moment of the

sample.?6%.261 A schematic representation of a VSM is presented in figure 3.24.

Vibration unit

Sample

3
7

Detection coils

Magnet

Figure 3.24 - Schematic representation of a VSM. From [262]. Reproduced with permission from Springer Nature.

In this work, the VSM measurements were performed using a LakeShore Controller
Model 7304 (Lake Shore Cryotronics Inc., Westerville, OH, USA) located at ISOM-UPM.
Similarly to the SQUID measurements, the M(H) curves of the produced samples were
acquired at room temperature, considering the H field applied along the parallel (H,) and

perpendicular (H.) directions in relation to the nanostructures’ long axis.
3.3.10.3. SQUID-VSM

The main disadvantage of SQUID in comparison to VSM is its reduced measurement
speed (~ 1 min per point), possessing, however, a higher sensitivity.?%®* As a result, in
order to try getting the "best of both worlds”, the SQUID-VSM was developed, which is
an instrument that combines the sensitivity of the SQUID with the data acquisition speed
associated with the VSM.2% Similarly to the SQUID, the detection system in this type of
device is based a superconducting loop containing Josephson junctions that is

connected to an identical detection coil geometry (figure 3.25).25°
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Figure 3.25 - Diagram depicting the pickup coil configuration employed in both the SQUID and SQUID VSM systems, with
current direction indicated by the arrows. The vertical (z-axis) centre of the sample is denoted by the orange box. Vertical
arrows provide an approximation of the sample’s travel length and direction during a measurement. Adapted from [265].
Copyright 2016 Authors licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license..

However, the measurement process in the SQUID-VSM is different from the one used in
a SQUID, as in the latter instrument the changing magnetic field is generated by stepping
the sample through the detection coils, while in a SQUID-VSM the sample is vibrated at
a fixed frequency and the recorded voltage amplitude is averaged over a specified
period.?%426¢ This leads to much faster acquisition rates, typically ~ 1 s per point, in

comparison to the SQUID.?¢"

The SQUID-VSM measurements carried out in this work were performed using a
Quantum Design MPMS®3 SQUID Magnetometer (Quantum Design Inc., San Diego,
CA, USA) available at IFIMUP. This equipment has a sensitivity of ~ 10® emu, being
equipment with a 7 T superconducting magnet and a SQUID detector that are cooled
using a cryogenic bath (liquid He). Additionally, measurements can be performed at
temperatures ranging from 2K to 380K, by using liquid He to cool the sample chamber.
Nevertheless, similarly to the previous magnetometry techniques, the magnetic
properties of the fabricated nanomaterials were measured at room temperature, by
applying the H field along the parallel (H,) and perpendicular (H,) directions in relation to

the nanostructures’ long axis.
3.3.10.4. Magneto-Optical Kerr Effect (MOKE)

The magneto-optical Kerr effect (MOKE) is a phenomenon that consists of the rotation
of the polarization plane of linearly polarized light, when it is reflected from a magnetic
material.?®® The angle of this rotation is designated as Kerr rotation, being proportional

to the magnetization of the sample’s surface.?°%272
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According to the orientation of the sample’s magnetization vector in relation to the
reflecting surface and plane of incidence, the MOKE can be categorized into three

geometries, which are represented in figure 3.26.27327

Reflection plane

/

Longitudinal Transverse Polar
configuration configuration configuration

Figure 3.26 - The different MOKE geometries. Reprinted from [273], Copyright (2015), with permission from Elsevier.

As can be observed in the figure above, in the longitudinal configuration the
magnetization vector is aligned parallel to the reflection surface and the plane of
incidence. On the other hand, in the transverse geometry, the magnetization vector is
perpendicular to the plane of incidence and parallel to the reflection surface. Finally,
when the magnetization vector is perpendicular to the reflection surface, the

configuration is designated as polar.2’3%

In this work, the MOKE measurements were performed in the longitudinal configuration.
This geometry leads to the appearance of an extra polarization component that is
perpendicular to the polarization of the incident light, which alters the ellipticity and
originates a rotation of the polarization plane. The extent of such rotation is proportional

to the sample’s magnetization component parallel to the plane of incidence.

In this particular arrangement, an extra polarization component perpendicular to the
incoming polarization emerges in the reflected beam. This results in alterations to the
ellipticity and a rotation of the polarization plane, with the extent of rotation being directly
proportional to the in-plane magnetization component aligned with the plane of

incidence.?276:277

A schematic representation of a MOKE magnetometer in the longitudinal configuration

is depicted in figure 3.27.
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Figure 3.27 - Schematic representation of a MOKE magnetometer with a longitudinal geometry. From [47]. Copyright
2018 Author licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.

As can be observed in the previous figure, a polarized beam emitted from a laser source
is directed and focused onto the surface of a sample, which, in turn, is exposed to an
external magnetic field that is aligned parallel to the plane of incidence, being generated
by an electromagnet. After hitting the sample’s surface, the reflected beam passes
through a quarter-wave plate, which eliminates the ellipticity of the signal, but not its
rotation. This modified signal is then filtered by an analyser and ultimately captured by a

photodiode.*7278.279

The MOKE measurements performed in this work were carried out using a NanoMOKE2
(LOTOriel Group Europe, Darmstadt, Germany). This system allows mounting the
sample to measure on a movable stage, enabling the laser spot to move over the sample
and, therefore, perform a magnetic characterization at the desired location. Additionally,
the laser spot possesses a dimension of ~ 3 um, allowing the acquisition of hysteresis
loops from very localized areas of the sample. This technique was used to measure the
magnetic hysteresis loops of the fabricated Au/Fe/Au NDs, on top of the interference
lithography templates.

3.3.10.5. Magnetic Force Microscopy (MFM)

Magnetic force microscopy (MFM) is a flexible technique used for mapping the stray field,
and/or its gradient, originating from a sample’s surface, with a high spatial resolution and
sensitivity.?®° This method is based on the magnetic interaction between a sample and a
nanometric magnetic probe, which is located at the free end of a cantilever probe and
raster-scanned in close proximity (~ 30 nm) to its surface.?’928! Such interaction leads to
a deflection of the cantilever that is typically measured by optical means, i.e. using a
laser probe (figure 3.28). Generally, the forces measured with this technique are in the
order of 30 pN, involving cantilever deflections in the order of nm. This technique typically

allows scanning areas between 1 and 200 um, with imaging times from 5 to 30 min.282283
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Figure 3.28 - MFM principle. Used with permission of Elsevier Science & Technology Journals, from [282]; permission
conveyed through Copyright Clearance Center, Inc.

Generally, a magnetic force microscope has two modes of operation, namely the static
(DC) mode, where the stray field from the sample exerts a force on the magnetic tip,
leading to the formation of a force image, and the dynamic (alternating current; AC)
mode, where the cantilever is set to vibrate close to its resonant frequency and
modifications of the phase or frequency of that oscillation, as a result of magnetostatic

force gradients, allows the formation of a force gradient image.279.283.284

In this work, MFM measurements were carried out on the produced Au/Fe/Au NDs still
on top of the interference lithography template, at ambient conditions using a custom
modified system from Nanotec Electronica S.L. (Madrid, Spain).?®®> The data analysis
was performed with WSxM software (Nanotec, Electronica, S.L., Madrid, Spain).28

The standard two-pass Amplitude Modulation (AM) mode of operation has been used to
measure magnetic interaction: in the first scan, the topography is mapped whereas in
the second pass, the probe lifts a typical distance of 40 nm away from the sample and
maps the long-range interactions, via the phase change of the oscillating cantilever. The
oscillation amplitude is ~ 20 nm. The positive MFM contrast corresponds to a repulsive
interaction, while the negative signal is due to an attractive interaction. Commercial
probes from Budget Sensors (Sofia, Bulgaria) MagneticMulti75- G, with CoCr coating

were used.
3.3.11. Specific Heat Absorption Rate (SAR) Measurements

In order to assess the heating efficiency of SPIONs and NLCs, they were exposed for 5
min to an AMF, produced by a generator, with a frequency equal to 556 kHz and a peak
intensity of 10 mT. These magnetic field values are within the safety limits established
by the Hergt and Dutz criterion, i.e. H - f <5 - 10° A/ms, regarding the clinical application
of AMF.287
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Regarding SPIONs, they were first dispersed in double-deionized water at a
concentration of [Fe] = 4 mg/mL. Subsequently, 150 pL of this dispersion was transferred
to an Eppendorf (Hamburg, Germany) tube, which was then placed inside the magnetic
coils. The temperature in the Eppendorf (Hamburg, Germany) was continuously
monitored and record at 1 s intervals, using a thermal infrared camera positioned at the
end of the coil cavity (figure 3.29). This methodology was repeated for each considered
frequency. Moreover, a similar process was used for the NLCs, with the exception that

the formulation was not diluted.

Figure 3.29 - Photograph of the MHT equipment used in this work.

Then, the heating efficiency of these NPs was evaluated through SAR, which was
calculated by the Box-Lucas method (section 1.3.1.). Additionally, to ensure a precise in
SAR calculation, the initial 5 seconds were excluded from the fitting timeframe, since
they correspond to an initial non-linear heating response that leads to a reduction in the
exponential factor in the Box-Lucas fitting, possibly leading to inaccurate SAR values.?%-

290

3.4. Micromagnetic Simulations

In order to gain a better understanding of the magnetization behaviour in the fabricated
nanostructures, micromagnetic simulations involving the produced nanoarchitectures

were carried out and compared with the experimental results.

Particularly, magnetic hysteresis loops of FePt NW arrays were simulated using the
object oriented micro-magnetic framework (OOMMF) project.?! This is a public domain
micromagnetic software developed at the National Institute of Standards and Technology
(NIST) that operates on the central processing unit (CPU) of the computer.?®22°3 OOMMF
is designed to possess portability and extensibility, featuring a user-friendly graphical
interface. The code is written in both C++ and Tcl/Tk, employing the LLG (Landau-
Lifshitz-Gilbert) equation to simulate the magnetization dynamics.?°4-2% Additionally, this

software uses the finite difference method, which involves discretizing space through a
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regular grid comprised of cuboidal cells. Within each of these cells, the magnetization,
along with other scalar and vector fields involved in the computation, are assumed to

remain constant.?97:2%

In this work, OOMMF was used to study hexagonal arrays of 7 NWs with diameters of
36 nm, centre-to-centre distances of 105 nm, and lengths of 150 nm, using a cubic mesh
with a unit cell size of 3 - 3 - 3 nm3. The saturation magnetization (Msa) and stiffness
constant (A) values were tuned depending on the Fe atomic percentage (at.%) of the
FePt NWs studied. Particularly, for NWs with a Fe at.% of 100 %, Msa = 1700 - 10° A/m
and A =21 - 102 J/m (according to the bulk values provided by OOMMF). On the other
hand, for a Fe at.% of x, Msar =x - 1700 - 10° A/mand A=x - 21 - 10*2 J/m. In all cases,

a stopping condition of |1—T| =1 deg/ns and a damping factor of 0.015 were considered.

On the other hand, hysteresis loops of individual and arrays of Au/Fe/Au NDs were
simulated using the Mumax? software. This is an open source, graphics processing unit
(GPU)-accelerated micromagnetic simulation program that can simulate both
magnetostatic and dynamic systems in time and space, through the use of a finite-
difference discretization.?®®*2% The simulations are configured by scripts written on a
language based on the Go programming language, instead of a graphical user interface,
allowing for more flexibility.>** Furthermore, it provides a web-based HTML 5 user
interface, which enables the inspection and control of the simulations from within a web

browser, whether they are being executed locally or remotely.3?

The simulation process begins by initializing a random magnetic state in the specified
geometry and capturing a snapshot of it.3% Then, the energy is minimized leading to the
establishment of the fundamental state, which is also recorded.*** Following this, the
nanostructures are exposed to a magnetic field loop, which induces positive and negative
saturation, with the corresponding data being recorded in a table. At each step, a solver
based on the Runge-Kutta iterative method is employed to advance the LLG
equation.300:393305 | this work, the selected algorithm for advancing such equation was
the RK45, also known as the Dormand-Prince method, which provides a 5™ order
convergence as well as a 4" order error estimate, being employed for adaptive time-step

control.3%

The shape and dimensions of the simulated Au/Fe/Au NDs were defined based on an
ideal geometry, i.e. perfectly circular, as well as on the acquired SEM images of those
nanostructures. In the performed simulations, the material parameters for Fe were

chosen in agreement with literature values: Msy = 1700 - 10° emu/cm?, exchange
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constant A= 2.1 - 10! erg/cm and magnetocrystalline anisotropy constant K; = 4.8 - 10*
erg/cm?3.3%:307 The XRD analysis of the deposited Fe thin film was used to establish the

orientation of the magnetocrystalline axis. Cell size was setto 5 - 5 - 5 nm?, which is
smaller than Fe exchange length [, = /u% = 8.5 nm and the Gilbert damping
0™ Sat

parameter, which determines how fast the magnetization relaxes toward the effective

magnetic field, was defined as 0.5, so as to guarantee a fast convergence.3%®

Such dimensionless parameter was introduced phenomenologically in the LLG equation
and it contains contributions from a variety of processes involved in the dissipation of
energy to the non-magnetic degrees of freedom and they are distinguished between
intrinsic (usually attributed to the spin-orbit coupling between the spins of electrons and
the lattice) and extrinsic contributions (such as the two-magnon scattering and the spin-
pumping contributions).3% This parameter plays a central role in controlling many aspects
of the magnetization dynamics, such as the required current for the spin-torque magnetic

switching, mobility of magnetic domain walls, or mobility of spin waves.310-312

However, the performed micromagnetic simulations of the hysteresis loops are quasi-
static simulations. This type of micromagnetic simulations usually use large damping
constants, like 0.5 or 1, to ensure that the magnetization reaches a well converged state
within a reasonable amount of time and without affecting the final results.®® Therefore,
and although the real magnetic damping constant of Fe should be around 0.01, a larger
damping constant, such as 0.5, is a value typically used in this kind of simulations and

without affecting the reliability of the final results.

Nevertheless, the real damping parameter is required in case we want to simulate
dynamic processes such as studying ferromagnetic resonance, mobility of magnetic

domain walls,

3.5. Cellular Studies

The suitability of the fabricated nanomaterials for biomedical applications, in particular
for novel cancer therapy strategies, was assessed through in vitro studies. These aimed
at analysing the nanomaterials’ biocompatibility, uptake, as well as their potential for
inducing cancer cell death. Therefore, in the following sections the cellular assays carried

out in this work will be addressed in detail.
3.5.1 Cell Culture

A human monocytic cell line derived from an acute monocytic leukaemia patient, i.e.
THP-1, was cultured in RPMI 1640 medium, supplemented with 10 % FBS (v/v) and 1
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% penicillin/streptomycin (v/v), having been maintained at 37 °C in a 5 % CO:
atmosphere (Unitherm CO; Incubator 3503, Uniequip, Planegg, Germany). When the
cell culture reached a confluence between 70 % and 80 %, the cells were centrifuged
with a Heraeus Multifuge X1R centrifuge (Thermo Fisher Scientific; Waltham, MA, USA)

at a speed of 300 xg for 5 min and re-suspended in fresh medium.

A human breast cancer cell line derived from a malignant pleural effusion, i.e. MCF-7,
was also used in this work, having been cultured in DMEM supplemented with 10 % (v/v)
FBS and 1 % (v/v) PenStrep. These cells were also maintained at 37 °C in a 5 % CO;
atmosphere (Unitherm CO; Incubator 3503, Uniequip, Planegg, Germany). When the
cell culture reached a confluence between 70 % and 80 %, they were washed with 10
mL of PBS, detached using 3 pL of trypsin-EDTA 0.25% (w/v), and then centrifuged with
a Heraeus Multifuge X1R centrifuge (Thermo Fisher Scientific; Waltham, MA, USA) at a
speed of 300 xg for 5 min. Subsequently, the cells were re-suspended in fresh medium.

3.5.2. Biocompatibility Assays

The biocompatibility of the produced nanomaterials was evaluated in the two considered
cell lines, using the resazurin assay, also known as Alamar Blue® assay. Resazurin is a
blue, nonfluorescent dye that, in the presence of metabolically active cells, enters the
cytosol and is reduced to a pink and highly fluorescent compound known as resorufin,
which is freely released from the cells through a process mediated by intracellular
diaphorase enzymes.?'*37 Resorufin can then be detected through fluorescence
(excitation A range = 530-570 nm; emission A range = 590-620 nm) or absorbance
(maximum absorbance A: 573 nm) measurements (figure 3.30), allowing the estimation

of the cells’ metabolic activity, which is an indicator of their viability.318-324
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Figure 3.30 - Absorbance and emission spectra of resorufin. From [320]. Copyright 2016 Author licensed under a Creative
Commons Attribution (CC BY-NC-ND 4.0 DEED) license.
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For each biocompatibility assay performed in this work, either THP-1 or MCF-7 cells were
plated in a 96-well microplate (96 wells, surface treated, sterile, VWR Tissue Culture
Plate, VWR, Radnor, Pensylvania, USA) at a density of 50.000 cells/well in 50 pL of
supplemented RPMI 1640 or DMEM, respectively, and then incubated for 3 h at 37 °C in
a 5% CO, atmosphere (Unitherm CO; Incubator 3503, Uniequip, Planegg, Germany).
The cell counting was performed using a Neubauer chamber (Improved Neubauer
Bright-line, Boeco; Hamburg, Germany). Subsequently, different concentrations of
nanomaterials, i.e. NLCs, NWs, or NDs, diluted in 50 pL of the same used medium were
added to those cells, except to the positive control, which consisted of cells only in
supplemented medium (figure 3.31). In every assay, each considered nanomaterials’

concentration was repeated 4 times.
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Figure 3.31 - Schemes of the 96-well microplates used in the cell biocompatibility assays considering (a) formulations of
NLC, NLC(pox), NLC(spions), as well as NLCpox-srions) (COncentration represents the quantity of solid lipid per pL), (b) FePt
NWs, and (c) nonfunctionalized, PEG-thiol (MW = 2000 and 6000) functionalized, and FA-PEG-SH functionalized
Au/Fe/Au NDs.

Afterwards, it was performed a 19-h incubation at 37 °C in a 5 % CO, atmosphere
(Unitherm CO. Incubator 3503, Uniequip, Planegg, Germany). Then, the cells were
incubated for 3 h with resazurin (0.01 mg/mL per well) (Unitherm CO- Incubator 3503,
Uniequip, Planegg, Germany). Subsequently, the supernatant was transferred to a 96-

well black microplate with a clear bottom (Falcon, Corning Incorporated, Corning, NY,
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USA) and the fluorescence intensity in that supernatant was read at a wavelength of 590
nm, after excitation at a wavelength equal to 560 nm, in a microplate reader (BioTek
Instruments Inc., Winooski, VT, USA).

This assay was repeated 3 times, under the same conditions, for every type of
nanomaterial considered (n = 3). The biocompatibility for each concentration tested was
then evaluated by calculating the arithmetic mean of the cell viability from the 3

independent repetitions.
3.5.3. Uptake Assays

The uptake of the synthesized nanomaterials by the two cell lines used in this study was
also assessed, since it represents an important aspect for their application in the
biomedical context. This factor was evaluated through flow cytometry, which is a
technique used to separate, quantify, examine, and categorize cells as they flow in a
fluid stream one by one through a sensing point, i.e. beam of light (typically a laser).32¢-
329 This approach allows the analysis, on a cell-by-cell basis, of different parameters
related to various cell characteristics, including relative size (forward scattered light,
FSC), relative granularity or internal complexity (side scattered light, SSC), and relative

fluorescent intensity (fluorescence).330-332

In this work, the uptake of the produced nanomaterials by the two considered cell lines
was assessed by measuring the difference in the height of the side scattered light (SSC-
H), using a BD AccuriTM C6 (BD Biosciences, Erembodegem, Belgium) flow cytometer.
For such purpose, the cells were plated in 24-well microplates (24 wells-F, surface
treated, sterile, VWR Tissue Culture Plate, VWR, Radnor, Pensylvania, USA) at a
density of 100.000 cells/well in 150 pL of supplemented RPMI 1640 or DMEM, for the
THP-1 or MCF-7 cell lines, respectively and, subsequently, they were incubated for 3 h
at 37 °C in a 5 % CO, atmosphere (Unitherm CO- Incubator 3503, Uniequip, Planegg,
Germany). For this purpose, the cell counting was performed using a Neubauer chamber
(Improved Neubauer Bright-line, Boeco; Hamburg, Germany). Then, different
concentrations of nanomaterials, i.e. NLCs, NWs, or NDs, diluted in 150 pL of the same
used medium were added to those cells, except to the positive control, which consisted
of cells only in supplemented medium (figure 3.32). In this case, for every assay each

considered nanomaterials’ concentration was repeated 2 times.
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Figure 3.32 - Schemes of the 24-well microplates used in the cell biocompatibility assays considering (a) formulations of
NLC, NLCpox), NLC(spions), as well as NLCpox-seions) (Concentration represents the quantity of solid lipid per pL), (b) FePt
NWs, and (c) nonfunctionalized, PEG-thiol (MW = 2000 and 6000) functionalized, and FA-PEG-SH functionalized
Au/Fe/Au NDs.

Then, a 19-h incubation was performed at 37 °C in a 5 % CO, atmosphere (Unitherm
CO; Incubator 3503, Uniequip, Planegg, Germany). After this process, the THP-1 cells
did not require any treatment before the reading since they grow in suspension. On the
other hand, the MCF-7 were washed with 300 pL of PBS, detached using 150 pL of
trypsin-EDTA, and then recovered in 300 pL of fresh supplemented DMEM, because
they are adherent. Then, the difference in the SSC-H for each considered condition was
measured using a BD AccuriTM C6 (BD Biosciences, Erembodegem, Belgium) flow
cytometer, since it provides information about the internal complexity or relative

granularity of the cells, being a widely used strategy to determine nanomaterials’ uptake.

Particularly, when cells pass through the sensing point, the light that is scattered to the
side (usually collected at an angle ~ 90 ©°), as a result of interactions with those cells, is

proportional to their internal complexity or granularity (figure 3.33).333
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Figure 3.33 - lllustration representing light-scattering by a cell in a flow cytometer. From [328]. Copyright 2019 Author
licensed under a Creative Commons Attribution (CC BY-NC-ND 4.0 DEED) license.

The SSC-H represents the peak intensity of the side scatter signal for each individual
cell, as it passes through the sensing point. Cells with higher internal complexity or
granularity tend to scatter light more intensely to the side, resulting in a greater SSC-H

Va|ue_334—336
3.5.4. Hyperthermia Assays

The hyperthermia assays performed in this study aimed at assessing the effect of the
fabricated NLCs on the viability of MCF-7 cells, when exposed to an AMF, having been
carried out at IMDEA-Nanoscience, located in the UAM campus. Naturally, only NLCs
involving SPIONS, i.e. NLCs, SPIONs, NLCspox-spions), and NLCpox-spions-PeG-Fa), Were

used for this study, since the remaining ones are not able to respond to an AMF.

These experiments were performed by first plating MCF-7 cells in 24-well microplates
(24 wells-F, surface treated, sterile, VWR Tissue Culture Plate, VWR, Radnor,
Pensylvania, USA) at a density of 100.000 cells/well. Then, after 3hat37°Cina5 %
CO; atmosphere, different concentrations of NLCs, ranging between 0 (positive control)
and 42.852 pug/mL of SPIONs, were added in duplicate to the wells, followed by an
overnight incubation, also at 37 °C in a 5 % CO; atmosphere. Subsequently, the cells
were detached and collected to Eppendorf (Hamburg, Germany) tubes. Afterwards, for
each considered concentration, one of the tubes was placed inside a coil and exposed
to an AMF for 30 min, which had a frequency of 556 kHz and a peak intensity of 10 mT.
These magnetic field values are within the safety limits established by the Hergt and Dutz
criterion, i.e. H - f < 5 - 10° A/ms, for the clinical application of AMF.3?° The cells’
temperature was monitored and recorded every 1 s by a thermal infrared camera located
at the end of the coil cavity. The second tube, possessing the same amount of cells with

internalized NLCs, was placed near the coil under the same room conditions, but it was
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not exposed to the magnetic field. Then, the cells were transferred back to the microplate
and the viability for each tested concentration was evaluated via the resazurin assay

(section 3.5.2.) at two time stamps, namely 24h and 48h after applying the AMF.
3.5.5. Magneto-Mechanical Cell Death Assays

On the other hand, the fabricated FePt NWs, as well as the functionalized and non-
functionalized Au/Fe/Au NDs with a spin-vortex ground state, were used to perform
magneto-mechanical cell death assays, using the same cell line. For this purpose, these
cells were plated in two identical 96-well microplates (96 wells-F, surface treated, sterile,
VWR Tissue Culture Plate, VWR, Radnor, Pensylvania, USA) at a density of 50.000
cells/well and, after 3 h at 37 °C in a 5 % CO_, atmosphere (Unitherm CO; Incubator
3503, Uniequip, Planegg, Germany), different concentration of nanostructures, ranging
from O (positive control) up to 4000 nanostructures/cell, were added in duplicate, followed
by an overnight incubation, also at 37 °C in a 5 % CO, atmosphere (Unitherm CO»
Incubator 3503, Uniequip, Planegg, Germany). Then, one of the microplates, containing
two wells for each tested concentration, was placed within a homemade magneto-

mechanical cell death setup, consisting of two coils facing each other (figure 3.33).

Figure 3.34 - The homemade magneto-mechanical cell death setup..

This setup, available at IFIMUP, consists of two coils facing each other that are
connected to a bipolar operational power supply/amplifier (BOP 50-2M, Kepco, Flushing,
New York, USA; 0 to £ 50 V, 0 to £ 2 A), which, in turn, is connected to a 20 MHz
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function/arbitrary waveform generator (33220A, Agilent, Santa Clara, California, USA).
This generator was used to produce a periodic waveform, i.e. sine, with different
frequencies (0.1 Hz to 10 Hz) and peak to peak voltages (5 to 10 Vyp), leading to peak
magnetic field intensities ranging from 10 to 20 mT. The waveform was monitored using
a digital oscilloscope (TDS 2024, Tektronix, Beaverton, Oregon, USA) and the magnetic
field strength was measured by placing a magnetic field probe, which was connected to
a gaussmeter (Model 425, LakeShore, Carson, California, USA), between the two coails.

The duration of the exposure to the magnetic field was established at 60 min.

The second microplate, which was identical to the one positioned between the two coils,
was placed near the setup under the same room conditions, but it was not exposed to
the magnetic field. Afterwards, both microplates were placed for 24 h in an incubator at
37 °C in a 5 % CO; atmosphere (Unitherm CO- Incubator 3503, Uniequip, Planegg,
Germany). Then, the cell viability was analysed in both plates via the resazurin assay
(section 3.5.2.).

3.5.6. Statistical Analysis

The statistical analysis was performed using Python (Python Software Foundation,
Wilmington, Delaware, USA). When there were three or more groups to compare, the
statistical significance was analysed using a one-way analysis of variance (ANOVA) test.
On the other hand, a Mann-Whitney U test was employed to evaluate the statistical
significance when only two conditions were considered. The variations were considered
statistically significant when * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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4. Superparamagnetic Iron Oxide Nanoparticles

and Nanostructured Lipid Carriers

4.1. Introduction

In this chapter, the characterization of the produced nanostructured lipid carriers (NLCs)
formulations and superparamagnetic iron oxide nanoparticles (SPIONSs) is addressed in
detail, focusing on critical aspects such as size, stability, storage stability, and
biocompatibility. Moreover, the morphological and structural characterization of such
nanomaterials is presented. Additionally, the thermal stability and pH-sensitivity of the
formulations, as well as their doxorubicin (DOX) release as a result of external stimuli,
i.e. pH, temperature, and alternating magnetic field (AMF), are also assessed.
Furthermore, the magnetic properties and specific heat absorption rate (SAR) of both
SPIONs and NLCs are analysed.

The SPIONs used in this work were fabricated using a microwave-assisted co-
precipitation technique, already optimized by the LAQV-REQUIMTE group. On the other
hand, the NLCs were produced through a hot ultrasonication method optimized by [1].
That author performed an experimental optimization of the NLCs’ manufacturing
parameters through a univariate methodology, by varying the solid lipid, pH, and
surfactant quantity. Based on the obtained results, it was implemented a response
surface methodology (RSM), using a central composite design, to evaluate if the
experimental set followed a multivariate mathematical model, to optimize the fabrication
parameters. In this analysis, the size and encapsulation efficiency (EE) were the
considered dependent variables, while the most important independent variables (as
assessed by the preliminary assays) were the pH and surfactant amount. This
optimization process led to the development of two NLCs formulations, which differed
concerning the solid lipid [gelucire 43/01 (GEL) or cetyl palmitate (PAL)], presenting
adequate parameters, i.e. stability for at least 30 days, a DOX encapsulation rate over
65%, a loading capacity (LC) > 2 %, a diameter of ~ 300 nm, and a polydispersity index
(PDI) < 0.2, for the pretended biomedical application. As a result, these two formulations

were the ones produced (section 3.2.2.) and studied in this work.

4.2. Size and Size Distribution

Using dynamic light scattering (DLS) the mean hydrodynamic diameter of the produced

NLCs was analysed and the obtained results are presented in figure 4.1.
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Figure 4.1 - The mean hydrodynamic nanoparticle (NP) size in the different produced formulations measured using DLS.
[DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL. Asterisks in bars indicate the statistical significance between the tested
conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Figure 4.2 - (a, b) NTA video frame of an NLCppox-spions) formulation with (a) GEL and (b) PAL. [DOX] = 2000 pg/mL,
[SPIONs] = 12000 pg/mL; (c) The mean hydrodynamic NP size in the different produced formulations measured using
NTA. [DOX] = 2000 pg/mL; [SPIONs] = 2000 ug/mL. Asterisks in bars indicate the statistical significance between the
tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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As can be observed, when considering DLS, the hydrodynamic diameter of the produced
NLCs was in the range of 185 nm to 310 nm, depending on the formulation. This makes
them suitable as carriers for chemotherapeutic agents, since it has been reported that,
for an increased uptake by the cancer cells, the NLCs’ diameter should range between
50 and 300 nm.% On the other hand, when using nanoparticle tracking analysis (NTA),
similar NP sizes were observed for both GEL and PAL-based NLCs formulations (figure
4.2). Additionally, no large particle aggregations were detected in the videos, suggesting
that the nanoparticles (NPs) possess high stability.

Comparing the two techniques, it is possible to verify that lower mean hydrodynamic
sizes were measured through NTA than by DLS. On the other hand, a significantly higher
standard deviation was obtained when using NTA to measure the mean hydrodynamic
size of the NLCs. This result can be attributed to the fact that the intensity of scattered
light in DLS is directly proportional to the sixth power of the particle diameter. Such
aspect makes that technique particularly sensitive to the existence of large patrticles in
the sample, which represents a significant limitation for precise size determination.®In
contrast, NTA relies on tracking individual particles and it is expected to be more
accurate and reliable, since it has a lower sensitivity to the presence of a small number
of large NPs.*>* Regarding standard deviation, DLS provides an ensemble average over
a larger number of particles (2 - 4 orders of magnitude more particles), contributing to a
more stable and reliable statistical representation, leading to a lower standard

deviation.>®

The NLCs’ size as a function of the DOX and SPIONs concentration was also analysed
for the NLCpox-srions) formulations (figure 4.3), to examine if there was a synergistic

effect between them that would affect the NP size.
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Figure 4.3 - The mean hydrodynamic NP size in the fabricated NLC pox-srions) formulations measured through (a, ¢) DLS
and (b, d) NTA, as a function of the (a, b) DOX and (c, d) SPIONs concentration. Asterisks in bars indicate the statistical
significance between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

From the analysis of figure 4.3, it is possible to conclude that there is no significant
relationship between the concentration of DOX or SPIONs and the mean hydrodynamic

NP size, since the concentration of those two constituents is relatively low.

Additionally, to gain a better understanding of the particles’ size distribution and the
respective contributions of each population to the overall concentration, three
parameters were derived from the NTA data, namely the mode, representing the most
frequent particle size; D50, which is the size below which 50% of the particles are
contained; and D90, denoting the size below which 90% of the particles are included
(figure 4.4).
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Figure 4.4 - The mode, D50, and D90 of the produced NLCs formulations considering (a) GEL and (b) PAL as the solid
lipid.
Across all samples, it is evident that the majority of NPs possess sizes below 200 nm in

all formulations. Additionally, every D90 value was consistently below 300 nm, falling

within the optimal diameter range for uptake by cancer cells.?

Furthermore, using DLS, the PDI of the synthesized formulations was studied as well

and the obtained results are presented in figure 4.5.
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Figure 4.5 - The PDI on the fabricated NLC formulations. [DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL. Asterisks in
bars indicate the statistical significance between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be noted, for all the formulations a PDI lower than 0.25 was obtained, which,
according to the literature, indicates that the NPs are relatively homogeneous with a
narrow size distribution.”® Additionally, these values point to a uniform functionalization
process. Moreover, the GEL-based NLCs formulations typically exhibit a slightly larger
PDI than those based on PAL.

4.3. Stability

The stability of the fabricated NLCs formulations was assessed through their zeta
potential (figures 4.6 and 4.7).
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Figure 4.6 - The zeta potential of the fabricated NLC formulations. [DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL.
Asterisks in bars indicate the statistical significance between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001;
****pP <0.0001).
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Figure 4.7 - The zeta potential of the fabricated NLCpox-spions) formulations as a function of the (a) DOX and (b) SPIONs
concentration. Asterisks in bars indicate the statistical significance between the tested conditions (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001).

From the presented results, it is possible to verify that the zeta potential of all the
analysed NLCs was not only lower than -20 mV, but also independent of the DOX or
SPIONSs concentration, indicating that they are relatively stable.® Additionally, the PAL-
based NLCs presented a slightly higher zeta potential in comparison to the GEL-based
ones. Nevertheless, it is accepted that particle aggregation or flocculation is prevented
when the zeta potential is < |20] mV, especially for NPs modified with a steric stabilization
agent, such as polyethylene glycol (PEG), polysorbate 80 (Tween® 80), or oleic acid.®*3

Moreover, a negative zeta potential indicates that the analysed NPs have a negative
charge, which may be attributed to the presence of ionized oleic acid in the formulation
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composition.!* This aspect suggests that the synthesized NLCs are suitable for
biomedical applications since it has been reported that negatively charged particles
exhibit a lower cytotoxicity compared to cationic particles, which are associated to
increased cell membrane disruption, causing, consequently, greater cell death.®
Furthermore, NPs with a negative charge have a higher tendency to accumulate more
efficiently in tumour tissues, as they are associated with a longer blood circulation time

compared to positively charged ones of a similar size.®

4.4. Encapsulation Efficiency (EE) and Loading Capacity (LC)
The EE and LC of the produced drug-loaded NLCs are presented in figure 4.8.
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Figure 4.8 - (a) EE (%) and (b) LC (%) of the fabricated drug-loaded NLCs. Asterisks in bars indicate the statistical
significance between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, the used preparation methodology allows for achieving an EE of ~
85 % and a LC of ~ 3.5 % for DOX. Moreover, minimal differences were noted in both
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EE and LC values when comparing NLCs without SPIONs. On the other hand, it is
possible to verify that the co-encapsulation of DOX and SPIONs promoted the DOX
encapsulation, leading to higher EE (%) and LC (%). This may occur due to multiple
reasons namely, SPIONs could interact synergistically with DOX or the lipid matrix of the
NLCs, possibly through mechanisms like electrostatic attraction or hydrophobic
interactions, which might lead to a stronger association between DOX and the NPs,
resulting in higher EE and LC.1"-® Additionally, SPIONs could contribute to the overall
stability of the lipid matrix, potentially preventing premature drug release and supporting
an increased encapsulation efficiency.?° The specific mechanisms may include improved
drug-lipid interactions, enhanced lipid bilayer integrity, and modifications to the particle

characteristics influenced by the presence of SPIONs.2021

4.5. Morphological Characterization

To analyse the morphology of the produced NLCs formulations, they were observed in

suspension using transmission electron microscopy (TEM,; figures 4.9 and 4.10).

Figure 4.9 - TEM images of the (a, b) GEL-based and (c, d) PAL-based (a, c) NLC and (b, d) NLCpox-pec-Fa)-

230



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

Figure 4.10 - TEM images of GEL-based (a) NLC(SPIONs); (b) NLC(Dox.sp|oN5); and (C) NLC(DOX-SPIONS-PEG-FA)-

For all the formulations, the TEM images revealed that the NLCs’ had a spherical shape,
which was not significantly affected by the functionalization process. Furthermore, it was
verified that such NPs presented some aggregation, which could be attributed to the
drying required for their analysis through this technique, modifying their behaviour.
Additionally, using ImageJ, the diameters of the NLCs were analysed, having been
obtained sizes slightly different to those measured through DLS or NTA. Particularly, for
GEL-based NLC and NLCpox-rec-ray average dimensions of 146 = 70 nm and 213 = 81
nm (n = 6), respectively, were acquired, while mean sizes equal to 137 + 25 nm and 151
* 64 nm (n = 6) were obtained for PAL-based NLC and NLCpox-pec-ra), COrrespondingly.
On the other hand, for GEL-based formulations involving SPIONs, namely NLCspions),
NLCpox-spions), and NLCpox-spions-pec-Fa), average diameters of 143 + 79 nm, 129 + 54

nm, and 201 + 67 nm (n = 6), respectively, were determined through this method.

These differences can be attributed to the fact that DLS and NTA provide the mean
hydrodynamic diameter of the NPs over an ensemble, while this approach allows the
measurement of their average core diameter (figure 4.11), but over a much smaller
sample size (~ 1-10 NPs). As a result, the reduced number of acquired images and low

count of NLCs per image did not allow the execution of a statistical analysis.

TEM DLS

Figure 4.11 - The different diameters measured through TEM and DLS. Reprinted from [22], with permission from Elsevier.

The presence of the PEG-folic acid (FA) conjugate [figure 4.9(b, d) and figure 4.10(c)]
could be detected by the existence of a distinct outline, or halo, around the NP, which is
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commonly observed in pegylated functionalized surfaces.?® On the other hand, SPIONs
could not be clearly identified inside the NLCs based on the acquired images, which can
be attributed to the thickness of their lipid membrane as well as to the presence of uranyl

contrast agent.?
4.5.1. Superparamagnetic Iron Oxide Nanoparticles’ (SPIONs) Size Distribution

The dimensions of the synthesized SPIONs fell below the detection limit of NTA for this
type of NPs, i.e. ~ 30 nm.?® Given this limitation and considering the DLS’s high
sensitivity to the existence of agglomerates, which can result from attractive van der
Waals forces as well as hydrophobic and magnetic interactions between SPIONs when
in suspension, the assessment of the size and size distribution of these NPs was
conducted using TEM, which is known for its high resolution (~ 0.2 nm).22
Subsequently, ImageJ was employed to analyse a TEM micrograph, enabling a precise
measurement of the SPIONs’ dimensions. This approach was selected to overcome the
limitations of NTA and DLS, ensuring an accurate characterization of the produced
SPIONs. The selected TEM image and respective size distribution histogram are

presented in figure 4.12.

Total number of SPIONs: 204
Mean diameter: 12,7 nm
Standard deviation: 1,8 nm

24
Diameter (nm)

Figure 4.12 - (a) the TEM image selected for analysing the size of the SPIONSs fabricated in this work and (b) the obtained
size distribution histogram with a normal distribution fit.

As can be observed, the mean diameter of the produced SPIONs was 12.7 + 1.8 nm,
falling within the estimated particle size required to achieve superparamagnetism in

magnetite/maghemite NPs, i.e. 20 nm.?8:2°

From the presented histogram, it is possible to verify that the synthesized SPIONs
possess a moderately broad size distribution. This fact represents one of the main
limitations associated with the co-precipitation synthesis method, which is its tendency

to yield SPIONs with a larger standard deviation in mean size compared to alternative
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methods. The motives for such poor mono-dispersity in co-precipitated SPIONs are
thought to be the extremely large reactivity of Fe ions under high pH conditions, as well

as the low controllability of supersaturation in a dynamic reaction environment.*°

4.6. Structural Characterization

The structural characterization of the fabricated SPIONs and NLCs was performed using
X-ray diffraction (XRD). In this context, the structure of the SPIONs was first analysed
(figure 4.13).

sl LD
1007 ol ! H A SPIONs
3 SO—WW lanaivit
2 ! e C ,
g ' : | s 0 Magnetite
C - 1 20 1 1 1l |
9 iy T ) 4P0)  (adpyi | (533)
E 1 1 ] 1 I| 1 | L
504 G . |
i (2:0) i i (5:“)(4‘:}0) Maghemite
i T @b0)  (422yy |
-100 ! [ (?i)l ‘l
1 1 1 1 1 I 1

Figure 4.13 - XRD pattern of the SPIONs produced in this work.

From the obtained results, it was concluded that the resulting XRD pattern of the SPIONs
corresponded to a spinel structure characteristic of magnetic Fe oxides, i.e. maghemite
(y-Fe203) and magnetite (FesO.). Particularly, the peaks located at 26 ~ 30.1°, 35.4°,
43.1°, 53.4°, 57.1°, and 62.6° can be indexed to the (220), (311), (400), (422), (511) and
(440) lattice planes of the cubic magnetite phase, correspondingly.®! In this context, due
to the similarities between the inverse spinel structure and comparable patterns at the
nm scale observed in y-Fe;Oz and FeszO4, as illustrated in figure 4.13, the lattice
parameter can be used to differentiate them. Nevertheless, alternative techniques, like
extended X-ray absorption fine structure (EXAFS), Mossbauer spectroscopy, X-ray
photoelectron spectroscopy (XPS), or magnetic measurements would be required to

distinguish between those two Fe oxides.3>33

Regardless of that aspect, the mean X-ray crystallite diameter of SPIONs was
determined using Scherrer’s equation (Eq. 3.7), considering the peak values of the (311),

(511), (440), and (220) crystallographic planes. As a result, it was obtained an average
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diameter of 12.5 + 1 nm, aligning well with the NP size derived from the TEM images of
SPIONSs, i.e. 13 + 3 nm, and the dimensions of SPIONs fabricated through alternative

techniques.®

In addition to SPIONs, NLCs were also structurally characterized through XRD (figure
4.14).
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Figure 4.14 - XRD pattern of the (a) GEL-based and (b) Pal-based NLC formulations produced in this work ([DOX] = 2000
pg/mL; [SPIONs] = 12000 pg/mL). The characteristic peaks of the solid lipid and magnetite/maghemite are indicated by
the orange and black lines, respectively.



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

As can be observed in the figure above, all the NLC formulations presented a crystalline
structure. Particularly, regarding the GEL-based NLCs [figure 4.14(a)], it was possible to
identify two characteristic peaks of GEL located at 26 = 21.04° and 23.28°, which were
already reported in other studies.®*-3® Additionally, when PEG-FA was present, the peak
at 260 = 19.39°, which had a low intensity in the other formulations, disappeared,
suggesting that the crystalline structure of these lipid carriers was altered by this surface
conjugate. Moreover, the characteristic crystalline peaks of DOX were not detected in all
the analysed formulations, indicating the successful encapsulation of DOX in the NLCs,
which remained in its molecular form within the lipid matrix.® On the other hand, it was
possible to distinguish five peaks characteristic of SPIONs, for the formulations involving

those nanomaterials.

Regarding PAL-based NLCs [figure 4.14(b)], it was observed a better-defined crystalline
structure in comparison to the GEL-based ones. Additionally, in all the analysed
formulations, characteristic peaks of PAL located at 26 = 11.38°, 21.68°, 23.87°, and
39.31° were detected, suggesting that neither DOX nor PEG-FA modified the crystalline
structure of these lipid carriers.3"4%-42 However, by comparing those peaks with crystal
data of PAL, no correlation with its monoclinic structure was found, suggesting that this
type of NLCs are composed of crystallites of a different modification of PAL.4344
Regardless of that fact, for the formulations with SPIONS, it was possible to distinguish

five peaks that are characteristic of those NPs.

As a result, the XRD analysis of the produced NLCs confirmed the presence of SPIONs
in all the predicted formulations. Furthermore, the characteristic peaks of the solid lipid
were not altered by the presence of SPIONs and/or DOX, indicating that those two
constituents do not affect the crystalline structure of the NLC shell and, consequently, do
not compromise its stability. Moreover, the diffraction peaks associated with DOX were
not identified in any formulation. This confirms that the drug is either dispersed in a
molecular form within the lipid matrix or exists in an amorphous state, which is highly

desirable for enhancing solubility and bioavailability in drug delivery systems.*

4.7. GEL-based vs PAL-based NLCs
To determine the most suitable type of NLCs (GEL-based or PAL-based) for the desired

biomedical application, i.e. the combination of magnetic hyperthermia (MHT) with
targeted anticancer drug delivery for inducing the death of cancer cells at a target site,
further studies were performed. These experiments aimed at assessing the NLCs’
thermal stability and pH-sensitivity, the DOX release triggered by an AMF, under

conditions that mimic those found in a physiological environment, as well as their
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biocompatibility in the absence of any stimulus. For such purpose, GEL-based and PAL-
based NLCs loaded with DOX ([DOX] = 2000 ug/mL) and SPIONs ([SPIONs] = 12000

pg/mL) were the selected ones, since they are the most relevant for the goal of this study.
4.7.1. Thermal Stability and pH-Sensitivity

The influence of temperature (25 - 70 °C) and pH (5 — 7.4) on the stability of the
considered NLCs was evaluated by analysing the particle size through DLS (figure 4.15).
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Figure 4.15 - Variation of the NLCs’ hydrodynamic diameter with temperature for (a) GEL-based NLCpox-spions) at pH 5
and at pH 7.4 and (b) PAL-based nicpox-spions) @t pH 5 and at pH 7.4.

From the presented results, it is possible to conclude that the GEL-based NLCs and PAL-
based NLCs are sensitive to the temperature, as well as to the pH of the environment.
Particularly, in the pH 7.4 buffer solution [figure 4.15(a)], both types of NLCs
demonstrated a good stability across the tested temperature range, despite experiencing
some fluctuations in the hydrodynamic diameter, with a tendency for decreasing size
with increasing temperature. On the other hand, when the NLCs were dispersed in the
buffer solution with a pH of 5 [figure 4.15(b)], they exhibited an unstable behaviour,
having been observed more significant differences in their hydrodynamic size as the

temperature increased.

Overall, the NLCs based on PAL presented a greater hydrodynamic diameter than those
based on GEL, which indicates the potential existence of particle aggregations. In
contrast, NLCs based on GEL maintained a nearly constant diameter at lower
temperatures but experienced a sudden increase in size at 60°C, likely due to the
thermally-induced breakdown of the lipid membrane. As a result, it was concluded that
the GEL-based NLCs have a higher temperature sensitivity, which can be associated
with the fusion point of the solid lipid as GEL possesses a lower fusion temperature (43

°C) than PAL (~ 53 °C).%64’ This greater sensitivity to temperature is highly advantageous
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for drug release systems, as it enables a control over the release of the loaded
therapeutic agents, allowing a targeted and efficient delivery under specific physiological

conditions.
4.7.2. pH-Triggered DOX Release

Another critical aspect, regarding the use of drug-loaded NLCs for the previously
mentioned biomedical application, is the ability to not only prevent the drug release in
healthy tissues, but also control its delivery to the target site, through the application of
an AMF. Consequently, drug release tests from the aforementioned NLC formulations,
using an AMF stimulus (556 kHz, 10 mT) for 30 min, were performed under different pH
conditions, so as to simulate distinct physiological environments. The obtained results

are presented in figure 4.16.
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Figure 4.16 - Drug release % of GEL-based and PAL-based NLCpox-spions) at pH 5 and at pH 7, when exposed to an AMF
(556 kHz, 10 mT) for 30 min. Asterisks in bars indicate the statistical significance between the tested conditions (*P <
0.05; **P < 0.01; **P < 0.001; ****P < 0.0001).

As can be observed in the figure 4.16, it was verified that, under the same conditions,
the release of DOX from the two types of considered formulations increased at lower pH,

which is characteristic of a tumour environment.*®

These results suggested that the used NLCs possess an effective pH-responsive
behaviour. Consequently, both formulations could be employed for AMF-triggered DOX
release, as the localized heating produced by SPIONs was sufficient for facilitating the
drug release process. Nevertheless, no macroscopic heating was observed through the
thermal infrared camera. This indicates the existence of a "hot spot” effect, where the

nanoscopic temperature increase within the lipid carriers, caused by the localized
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heating of SPIONSs, that can be sufficient to promote the DOX release, as a result of their
thermal sensitivity.*®%° Furthermore, the GEL-based NLCs exhibited a lower DOX
release when in an environment simulating normal physiological conditions (pH = 7.4).5!
Therefore, these NPs may be less harmful for the healthy tissues, when administered in

vivo.
4.7.3. Temperature-Triggered DOX Release

Moreover, to estimate the local temperature within the NLCs, further drug release
experiments were conducted in a water bath, utilizing identical samples, sample

volumes, and dialysis procedures (figure 4.17).
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Figure 4.17 - Drug release % of GEL-based and PAL-based NLCpox.srions)at pH 5 and at pH 7.4, triggered by water bath
at 35, 40, 45, and 50 °C. Asterisks in bars indicate the statistical significance between the tested conditions (*P < 0.05;
**P <0.01; ***P < 0.001; ***P < 0.0001).

By comparing the results of both assays, it is possible to conclude that, during the AMF-
triggered DOX release experiments, a local temperature of up to 50 °C, at pH 5, may
have been attained inside the NLCs. On the other hand, at a pH of 7, a lower temperature
was reached, indicating that the heating capacity of SPIONs was suppressed. This
suggests that the pH of the external medium can affect the surface properties of the
NLCs, which, in turn, may influence their interactions with SPIONs, altering the
distribution and mobility of those magnetic NPs within the lipid matrix and, as a result,

impacting their efficiency for generating heat when exposed to an AMF.5%%°

Nevertheless, by comparing the results obtained for the GEL-based and PAL-based

NLCs, it was possible to conclude that the first ones exhibited a greater sensitivity to the
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temperature increase. This translates into a smaller DOX release at lower temperatures
and a higher DOX release when the temperature in the NLC increases, allowing a more

precise control over the anticancer drug release.
4.7.4. Biocompatibility

The biocompatibility of the aforementioned formulations and free DOX, in the absence
of external stimuli, was evaluated on MCF-7 cells, so as to analyse the suitability of each

type of NLC, for the desired biomedical application. The obtained results are presented

in figure 4.18.
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Figure 4.18 - Viability of MCF-7 cells after a 19-h incubation with free DOX, as well as with GEL-based and PAL-based
NLCpox-srions). Asterisks in short bars indicate statistical significance in relation to control and asterisks in long bars
indicate statistical between the tested conditions (*P < 0.05; **P < 0.01; ***P <0.001; ****P < 0.0001).

As a result, it was verified a concentration-dependent reduction in the viability of the
MCF-7 cells for all the considered conditions. Particularly, as the concentration of DOX
increased, the number of viable cells decreased. By comparing the various evaluated
scenarios, it is possible to conclude that free DOX had the lowest cytotoxicity. On the
other hand, the lipid carriers presented the highest cytotoxicity, suggesting that the DOX
loaded in the NLCs together with the SPIONs, which may interfere with the drug release
process, are the main reasons for the observed cell death, as NLCs are generally

regarded as biocompatible.>®

Nevertheless, the presented results indicate that the DOX uptake by the cancer cells is
higher when such compound is loaded into NLCs, revealing its promising potential for

targeted anticancer drug delivery. Furthermore, by comparing the results obtained for
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the two types of NLCs considered, it is possible to conclude that the GEL-based ones
have a slightly lower cytotoxicity, although the difference is typically within the standard

deviation value.
4.7.5. Conclusion

From the results presented in the previous sections, it was concluded that the GEL-
based NLCs were more suitable for the desired biomedical application, i.e. the
combination of MHT with targeted anticancer drug delivery for inducing the death of
cancer cells at a target site. Therefore, these were the selected NPs for the subsequent

studies.

4.8. Magnetic Characterization

A fundamental aspect for using nanomaterials towards this type of biomedical application
is their magnetic properties. Therefore, in this section we will address the magnetic
characterization of not only the NLCs, but also the SPIONs, that was performed in this

work.
4.8.1. Superparamagnetic Iron Oxide Nanopatrticles

The fabricated SPIONs exhibited a magnetic behaviour in suspension that could be
observed by the naked eye (figure 4.19). Particularly, before the exposure to the
magnetic field, the suspension was well-dispersed, presenting a homogeneous black
colour. However, after approaching a magnet to that suspension, it was possible to
observe that the majority of SPIONs concentrated close to the magnet, originating a

black precipitate with a nearly transparent supernatant.

Figure 4.19 - Magnetic response of SPIONSs in suspension to a magnet. (a) The SPIONs suspension prior to the magnetic
field exposure; (b) the same suspension 10 s after exposure to the magnetic field.
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Nevertheless, this test does not constitute a rigorous analysis of the magnetic properties
of these NPs. For that purpose, the magnetic characterization of these SPIONSs, in
powder form, was performed by measuring their magnetic hysteresis loops at various
temperatures, i.e. 5, 150, and 320 k, using a superconducting quantum interference

device (SQUID). The obtained results are represented in figure 4.20.
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Figure 4.20 - (a) Hysteresis loops of SPIONs measured at 5, 150 and 320 K, using a SQUID. Inset: magnified view of the
magnetization behaviour at lower magnetic fields. (b) Coercive field (Hc) and remanent magnetization (M,) of SPIONs as
a function of temperature. Inset: variation of the SPIONs squareness (M,/Msa) With the temperature.

From figure 4.20(a), it is possible to verify that the SPIONs have a significantly larger
coercivity (Hc) and remanent magnetization (M;) at a temperature of 5 K, which was
anticipated because, at that temperature, they are in a magnetically blocked state.®’
Nevertheless, as represented in figure 4.20(b), the values of those two parameters
decreased fast with increasing temperature, having been observed negligible H. and M;
beyond 280 K, indicating that the SPIONSs are in a superparamagnetic state. Additionally,
it was noticed that Msa was reached at a relatively low external magnetic field, indicating

a high magnetic susceptibility.

The specific Msa obtained for these SPIONSs, at 320 K, was 70 emu/g, a value that is
quite reasonable when compared to the saturation magnetization (Msa) of bulk
magnetite, which is ~ 85-100 emu/g, or that of maghemite, i.e. ~ 76 emu/g.%8>°
Nevertheless, this slight decrease can be attributed to the nature of monodispersed and
ultrafine particles, surface disorder, and cation distribution.®® Furthermore, it is reported
that magnetite undergoes spontaneous oxidation when in contact with air, forming
maghemite, which has a Msa of ~ 80 % of that observed in magnetite, leading to the
existence of a mixture between magnetite and maghemite NPs.®® Therefore, the
analysed sample may also contain that compound, leading to a further reduction of its
Msat.
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Additionally, it was concluded that Msa: decreased as the temperature got higher. This
behaviour can be attributed to the increasing thermal energy, which tends to disrupt the
alignment of the magnetic dipoles along the applied magnetic field, consequently

reducing the magnetization of the sample.5!

Regarding the squareness [figure 4.20(b)], a value below 0.5 was obtained for all the
considered temperatures, suggesting that these were indeed single-domain NPs

possessing a randomly oriented easy axis of magnetization and a uniaxial anisotropy.

To further validate the existence of a superparamagnetic behaviour in the synthesized
SPIONSs, as well as their diameter, the Langevin function was fitted to the M(H) curves
measured at 320 K [figure 4.21(a)].
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Figure 4.21 - (a) Fitting of the Langevin function to the SPIONs’ hysteresis loop measured at 320 K, using a SQUID. (b)
ZFC and FC curves of the produced SPIONs measured under an H field equal to 50 Oe.

The fitting of the Langevin function to the M(H) curve of the fabricated SPIONSs,
measured at 320 K, originated a coefficient of determination (R?) of 0.998, indicating that
such function fitted well to the experimental data. However, it is important to mention that
this function does not take into account the size distribution of the NPs, as it assumes
that they possess homogeneous dimensions. Nevertheless, this result indicated that
these NPs possess a superparamagnetic behaviour, at the considered temperature.
Moreover, taking into account that the magnetic moment per NP, i.e. y, is defined as p

= Msa - V, where Msy is the saturation magnetization of the bulk material and V
3
represents the NP’s volume (for a spherical NP: V = %, where D is the NP diameter) it

was possible to estimate the mean diameter of these SPIONs, having been obtained a
value of 7.14 + 3 nm, which is lower than that determined through TEM.®% Such
difference can be associated with the potential presence of a nonmagnetic (or

"magnetically dead”) layer on the magnetic NPs’ surface, resulting from the employed
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fabrication process.®® This issue might be reduced through surface modification, to an
extent that depends on the specific interactions or bonding between the surface capping

agent and the NP surface.®®7°

Additionally, the zero-field cooled (ZFC) and field cooled (FC) curves obtained for these
SPIONSs are represented in figure 4.21(b). Regarding the latter, it is possible to observe
a well-defined plateau of the magnetization with varying temperature, revealing the
existence of strong dipolar interactions between the NPs.”* These interactions can also
explain the resulting ZFC curve, which presents a quasi-linear behaviour without
pronounced inflections. Particularly, at low temperatures, the overall magnetization
presents its lowest values, suggesting that the magnetic moments of the SPIONs are
blocked along a random direction, since the thermal energy is lower than the magnetic
anisotropy energy.’>”® Then, as the temperature increases, the thermal energy get
higher and, consequently, more magnetic moments are able to align along the external
magnetic field, leading to an increasing magnetization.”* The magnetization reaches its
maximum value when the thermal energy surpasses the magnetic anisotropy energy
and, therefore, all the magnetic moments are able to align with the external magnetic
field, corresponding to the blocking temperature (Tg). A further increase of the
temperature results in a reduction of the magnetization, as the thermal energy tends to

disrupt the alignment of the magnetic dipoles along the external magnetic field.”7®

Consequently, in the ZFC curve, the Tg corresponds to its maximum, or inflection point.”
From the presented results, it is possible to verify that such curve did not present a
maximum, indicating the existence of a Tg over 330 K. This may be attributed to the
strong dipolar interactions among the NPs, causing a shift of Tg to a higher value.”’
Another indication of those interactions is the divergence between the ZFC and the FC
curves across the entire temperature range.’”® As a result, this analysis does not allow to
conclusively determine whether the analysed NPs are, indeed, superparamagnetic,
despite the evidence obtained by their hysteresis loop and the fitting of the Langevin

function.

Nevertheless, it is possible to notice a subtle change in the ZFC curve’s slope at ~ 25
and ~ 150 K, which may represent the "unblocking” of smaller NPs within the sample, as
it was previously concluded that these SPIONs had a moderately broad size

distribution.”
4.8.2. Nanostructured Lipid Carriers

The magnetic behaviour of the produced NLCpox-spions) iS presented in figure 4.22.
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Figure 4.22 - (a) Hysteresis loop of NLCpox-seions) ([DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL) measured at 320 K,
using a SQUID. Inset: magnified view of the magnetization behaviour at lower magnetic fields. (b) ZFC and FC curves of
the NLCpox-spions) ([DOX] = 2000 pg/mL; [SPIONs] = 12000 pg/mL) measured under an H field equal to 50 Oe.

From the measured hysteresis loop, a Hc and M, of ~ 3.33 Oe and ~ 0.69 emu/g,
respectively, were determined. These relatively low values, i.e. H; < 10 Oe and M; < 1
emu/g, indicate the existence of a superparamagnetic state, suggesting that the
presence of NLCs and DOX did not impact the intrinsic superparamagnetic properties of
the SPIONSs.8-82 On the other hand, regarding Msa: it was obtained a value similar to that
observed in the SPIONSs, i.e. 70.2 emu/g. Therefore, it was concluded that the
encapsulation of SPIONs within NLCs did not affect their magnetic behaviour, revealing

the potential of this system as a combined drug delivery and MHT platform.

The obtained ZFC and FC curves [figure 4.21(b)] further suggested the existence of a
superparamagnetic behaviour in the SPIONs-loaded NLCs, as the FC curve exhibits a
continuous decrease as the temperature increases, while the ZFC curve increases up
until reaching an inflection point, corresponding to T, after which it starts to decrease.
At higher temperatures, both curves converge, exhibiting identical temperature
dependence as temperature increases.®® In this case, the Tg was ~
300 K, being lower than that observed for the free SPIONSs, i.e. > 330 K. This suggests
a decrease in the magnetic dipolar interactions between the SPIONs when encapsulated

within lipid carriers.

4.9. Specific Heat Absorption Rate (SAR)

Subsequently, the heating capacity of the produced SPIONs and NLCs was assessed
by determining their SAR. Regarding the first, the temperature increase during their

exposure to the AMF with a frequency of 556 kHz is depicted in figure 4.23.
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Figure 4.23 - Variation of temperature (AT) as a function of time for a SPIONs’ sample, with a volume of 150 pL ([Fe] = 4
mg/mL), exposed to a 10 mT AMF with a frequency of 556 kHz. Inset: thermal image, captured by a thermal camera, of
a SPIONs’ sample inside the magnetic coils, after a 5 min of exposure to the AMF.

The Box-Lucas fit to the experimental data led to an R? ~ 0.996, indicating a good level
of correlation between the model and the observed data. Then, based on equation 1.25
and the A and B values acquired from the performed fit, i.e. 14.18289 + 0.14416 and
0.00402 + 6.3318 - 105 respectively, the SAR of these SPIONs was calculated, having
been obtained a value of ~ 59.89 W/g, which is within the range reported for most
commercially available SPION dispersions (4 - 100 W/g).8*

Regarding NLCs and similarly to the results presented in section 4.7.2., no macroscopic
temperature increase was detected, indicating a low heat generation from the SPIONs
within the lipid NPs. As indicated in section 1.2.1., the heat resulting from this type of
NPs, when exposed to an AMF, and, therefore, their SAR, is mainly attributed to
relaxation losses, particularly Néel and Brownian relaxation processes. However, the
Brownian relaxation of the SPIONs may be affected when they are enclosed within the
NLCs. This can be attributed to a greater movement restriction when the NPs are inside
the lipid carriers, due to the viscosity of the lipid matrix, and, simultaneously, to the
increased dipolar interactions between SPIONSs, as they are in closer proximity in the

lipid matrix.8®

Nevertheless, in addition to the sample volume, SAR is also influenced by the AMF
parameters, i.e. strength and frequency, as well as the geometry (size and shape),

crystal structure, and magnetic properties (magnetic anisotropy and temperature
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dependence of the magnetization) of the NPs.8 Therefore, a meaningful comparison can
only be made when considering samples of identical volume and concentration, which
are composed of nanomaterials with the same size, shape, and composition that are

placed in a sample vessel of the same size, shape, and material.®’

4.10. pH- and Temperature-Triggered DOX Release

In addition to the AMF-triggered drug release (section 4.7.2.), the drug release from the
GEL-based NLCpox-spions) formulation, with [DOX] = 2000 pug/mL and [SPIONs] = 12000
pg/mL), under different pH (5 and 7.4) and temperature (35, 40, 45 and 50 °C) conditions
as a function of time was also analysed, to get a more comprehensive understanding of
the release profiles of those nanomaterials. The obtained results are presented in figure
4.24.
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Figure 4.24 - Cumulative DOX release profiles (%) as a function of time for the GEL-based NLCpox-spions) ([DOX] = 2000
ug/mL; [SPIONs] = 12000 pg/mL) in a PBS buffer solution (pH 5 or 7) at different temperatures (35, 40, 45, and 50°C).

As can be observed in the figure above, the release of DOX from NLCpox-spions) at 35
°C was considerably lower compared to higher temperatures, suggesting that they are
stable below the body temperature. On the other hand, it was verified a significant
increase of the DOX release % at temperatures over 40 °C. Furthermore, for the same
temperature, an increased DOX release consistently occurred under lower pH conditions
(pH 5), which represents an advantage for cancer therapy as such pH value is similar to
that found in the acidic microenvironment for cancer cells (pH 4.5 - 6.5).%° Particularly,

the maximum DOX release, i.e. 79.8%, was attained at 50°C under a pH of 5.0.
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4.11. Storage Stability

The physical stability of the produced GEL-based NLC formulations, with [DOX] = 2000
pg/mL and/or [SPIONs] = 12000 pug/mL, which are the most relevant for the desired
biomedical application, was analysed for 10 weeks, so as to assess their long-term
structural integrity over a long storage period. This examination was performed by
measuring weekly the hydrodynamic diameter, PDI, zeta potential, EE, and LC of each

considered formulation, stored at 4 °C. The acquired results are depicted in figure 4.25.
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Figure 4.25 - Physical stability of the GEL-based formulations during 10 weeks: (a) hydrodynamic diameter, (b) PDI, (c)
zeta potential, (d) EE, and (e) LC. The values represent the mean of three readings (n = 3) + standard deviation. Asterisks
in bars indicate the statistical significance between the considered time points (*P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001).
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The statistical analyses detected some statistically significant differences in the studied
parameters, for each considered formulation. Furthermore, regarding EE and LC, it was
verified that the DOX release was higher during the initial two weeks, but, after 8 weeks,

the values of those two parameters appear to have stabilized.

Consequently, from the presented results, it is possible to conclude that the produced
DOX- an/or SPIONs-loaded NLCs based on GEL are relatively stable over time, being
suitable for therapeutic administration during, at least, 10 weeks after synthetization,

when stored under the tested conditions.

4.12. Conclusions

In this chapter, it was presented the characterization of a novel biocompatible and multi-
responsive drug delivery system composed of NLCs co-loaded with DOX and SPIONSs.
This platform was produced with the aim of developing a dual cancer treatment strategy,
involving the delivery and targeting of cancer cells, through lipid carriers and surface
modifications, in combination with MHT. In this context, it was verified that it was possible
to control the anticancer drug release by an external AMF stimulus, as a result of the

heat-generating properties of SPIONSs.

Particularly, the NLCs characterization carried out revealed physicochemical properties
that make them suitable for the desired biomedical application, as they presented an
adequate hydrodynamic diameter, a PDI suggesting homogeneous NPs with a narrow
size distribution, and a zeta potential indicating that they are relatively stable.
Additionally, through XRD, it was possible to identify characteristic peaks of
maghemite/magnetite in both SPIONs and SPIONs-loaded NLCs. Regarding the latter,
the presence of DOX and PEG-FA conjugate was also detected by this technique.

Moreover, by comparing the thermal stability, AMF-triggered DOX release, and
biocompatibility of GEL-based and PAL-based NLCs, it was concluded that the GEL-
based NPs were more suitable for the pretended application, consequently these were
the ones selected for the subsequent studies. These involved a magnetic
characterization that revealed the existence of a superparamagnetic behaviour, at room
temperature, for both SPIONs and GEL-based NLCs. Furthermore, it was measured a
SAR value of 62.41 W/g for the NLCs co-loaded with DOX and SPIONSs, under a 10 mT
AMF with a frequency of 556 kHz, which makes them potential candidates for MHT.
These NLCs also demonstrated pH and thermal sensitivity, leading to an increased

release of DOX under greater temperatures and lower pH conditions. Additionally, the
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synthesized GEL-based NLCs presented good stability for a period of, at least, 10 weeks,
when stored at 4 °C.
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5. FePt Nanowires

5.1. Introduction

In this chapter, it is introduced a detailed characterization of the obtained FePt nanowires
(NWs) that were produced through different electrodeposition techniques into
nanoporous anodic aluminium oxide (AAO) templates. The used electrolyte was
composed of Fe and Pt precursors, FeSO,4:-7H,0 and H2PtCls-6H-0, as well as H3zBOs3,
which works as a buffer to constrain the pH change resulting from the reduction of the
H* ions at the working electrode, consequently limiting the formation of metal hydroxides
and hydrogen evolution.*3

Particularly, the effect of different fabrication parameters on the composition of the
resulting nanoarchitectures is analysed. These include the AAO barrier layer thickness
and the electrodeposition current density for the NWs with a tree-like branched structure
and, for the nanostructures without those formations, the electrodeposition approach,
voltage (-0.8 —-2.0 V), Pt (1 — 5 g/L) and Fe (20 — 120 g/L) precursors concentration,
duration of the deposition pulse (ton; 4 — 40 ms) and rest pulse (tofr; 4 — 40 ms), as well
as the ton/tor ratio (0.1 — 10). Moreover, a magnetic characterization at room temperature
of the synthetized nanoarchitectures is presented, to analyse the impact of the NWs
composition on their hysteresis loop. Moreover, micro-magnetic simulations of FePt NW
arrays are compared with the experimental results, in order to gain a better

understanding of the magnetization behaviour in these nanostructures.

5.2. FePt Nanowires (NWSs) with a Tree-Like Branched Structure

FePt NWs with a tree-like branched structure were fabricated through pulsed
electrodeposition into AAO templates. In the following sections, a detailed analysis of
this type of nanostructures, ranging from their synthesis to a thorough analysis of their

magnetic properties, is presented.
5.2.1. Porous Anodic Alumina Template with a Tree-Like Branched Structure

First, AAO templates with a thickness of 20 um, an interpore distance equal to 105 nm,
and nanopores with 35 nm in diameter were produced and then, used to vertically grow
FePt NWs through PED. The porosity of this type of membranes, which determines the
effective electrodeposition area, was studied by [4], who found that the self-ordering in
AAO produced through electrochemical anodization requires a porosity of 10 %
regardless of the considered anodization conditions, which is known as the 10 % porosity

rule. This porosity value is associated with a volume expansion of Al to Al oxide equal to
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~ 1.2. However, before the electrodeposition, the thick insulating Al oxide layer existing
between each nanopore and the Al substrate, which is formed after the second
anodization (figure 5.1), has to be thinned, so that electrons can tunnel through it. The
thickness of such layer determines the electron flux that occurs during the pulsed
electrodeposition (PED) process, which allows the metal ions reduction.® Therefore, it is

possible to control the deposition by adjusting such parameter.
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Figure 5.1 - (a) Scanning electron microscopy (SEM) cross-sectional image of a AAO membrane after the second

anodization and (b) corresponding variation of the current with time during its formation. Inset: magnified view of the initial
behaviour of the curve.

In this work, the Al oxide barrier layer was thinned by exponentially decreasing the
anodization potential from 40 V down to 8 V or 7 V, to reduce its thickness from ~ 52 nm
to ~ 10.4 nm or ~ 9.1 nm (figure 5.2), respectively, and, consequently, analyse the
influence of such parameter on the resulting nanostructures. Moreover, this process

originated a reproducible tree-like branched structure (also known as dendritic structure)
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at the bottom of each nanopore. The porosity, P, of the resulting template can be

calculated through the following equation:®

Dp
2
Dint

where D,, is the pore diameter and D, is the interpore distance.
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Figure 5.2 - (a) SEM cross-sectional image of a AAO template filled with electrodeposited FePt NWs evidencing the
dendritic structures at the bottom of the nanopores, which resulted from the barrier layer thinning process, and (b) variation
of the current with time during the exponential decrease of the anodization potential (from 40 V down to 7 V). Inset:
magnified view of the curve behaviour.

In the particular case of AAO templates anodized in oxalic acid under 40 V, followed by
an anodization potential reduction down to 7 V, their porosity varies from 8 to 10% in the

pore region up to 32% in the last generation of dendrites.®
5.2.2. Electrodeposition Behaviour

Such modification in the porosity along the various generations of dendrites directly
influences the effective electrodeposition area during the NWs growth. Particularly, as
observed in figure 5.3, during the filling of the template section with a constant porosity,
which corresponds to stage I, the electrodeposition potential (Vgep) hardly changes,
being since the

rather independent of the deposited nanostructures’ length,

electroplating area remains constant.
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Figure 5.3 - Behaviour of the Ve, during PED into AAO templates, which possess dendritic structures at the bottom of the
nanopores that were generated in a non-steady-state anodization process.

However, during the filling of the dendritic structures at the bottom of the nanopores
(figure 5.3; stage I), it is possible to verify that there is an increase of Vgep. This occurs
due to the change of the effective electrodeposition area associated with the decrease
of the local porosity from 32 % to 10 %. Moreover, if the deposited nanoarchitectures
reach the surface of the template, the deposition area increases rapidly, which translates
into a sudden reduction of Vgep.® Furthermore, if deposition continues, hemispherical
caps on top of each NW start to develop, which will ultimately merge, originating a thin

film at the surface of the template.

Taking this into account and after fabricating the AAO templates, FePt nanostructures
were synthesized through PED, at a constant current density, into the nanopores of those
membranes. In this process, the formation of the desired nanoarchitectures can be

divided into four steps:’®

Transfer of the metal ions from the bulk electrolyte to the electrode interface;
Adsorption of the metal ions on the electrode surface;

Charge transfer, originating metal atoms;

N~

Nucleation and growth of the nanostructures.

The nanoporous structure of the template does not influence the last three steps;
however, the first one is a mass transport process and, consequently, it is affected by
the diameter and length of the nanopores.”® As a result, the electrodeposition into
nanoporous structures is diffusion-limited, since the mass transport within the nanopores
is limited by the diffusion of metal ions to the electrode surface.®*! Furthermore, as
previously mentioned (section 1.2.2.1.3.), the electrodeposition of less noble metals,
such as Fe, is typically accompanied by hydrogen evolution at the cathode surface,

leading to the formation of gaseous H. bubbles.??*3 In the case of nanoporous templates,
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this reaction can inhibit the NW growth, since a bubble can completely fill the pore and,

as a result, prevent more metal ions from reaching the electrode surface.’

Taking into account these effects, different current densities, AAO barrier thicknesses,
and electrodeposition time pulses were considered in order to analyse the impact of such

parameter on the resulting nanoarchitectures.
5.2.3. Morphological Characterization

The obtained samples were analysed through SEM to evaluate the NWs length and
homogeneity. As observed in figure 5.2(a), despite the dendrites at the template’s bottom
being homogeneously filled, the electrodeposited nanostructures presented varying
lengths. This result was more evident for the cases where current densities lower than
40 mA/cm? were considered [figure 5.4(a)], where non-continuous nanostructures were
obtained. On the other hand, for higher current densities, the template filling was

considerably more homogeneous [figure 5.4(b)].

(b)

Figure 5.4 - SEM images of the samples electrodeposited at (a) 6 mA/cm? and (b) 40 mA/cm?, considering a barrier layer
thickness of ~ 9.1 nm.

Additionally, from the acquired SEM images, average sizes of 106.4 + 404 nm and
4456.0 + 1055.3 nm for the NWs fabricated using a current density of 6 mA/cm? or 40
mA/cm?, respectively, were determined. Moreover, considering that a deposition time of
15 min was used for fabricating these samples, it was possible to calculate the deposition
rate of the produced NWs, having been obtained values equal to ~ 7.09 nm/min and ~
296.07 nm/min for the nanostructures synthesized under a current density of 6 mA/cm?
or 40 mA/cm?, correspondingly.

263



FCUP
MagMed - Novel Magnetic Nanostructures as Multimodal Nanocarriers for Cancer Therapies

5.2.4. Composition Analysis

Then, the fabricated samples were analysed by energy-dispersive X-ray spectroscopy
(EDS), to determine the composition of the electrodeposited nanoarchitectures. For the
same electrolyte composition, when using a barrier layer thickness of ~ 10.4 nm, it was
verified that only Pt was present in the resulting nanoarchitectures, regardless of the
applied current density (12 — 70 mA/cm?). On the other hand, when thinning the barrier
layer down to ~ 9.1 nm, the EDS analysis (figure 5.5) revealed that at lower current
densities only Pt was electrodeposited, but as the current density increased, the
percentage of that element in the fabricated samples decreased and the Fe percentage

increased until only Fe was electrodeposited at the higher current densities.
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Figure 5.5 - Atomic percentage of Fe and Pt as a function of the electrodeposition current density, with a barrier layer
thickness of ~ 9.1 nm. The dashed red line is a polynomial trend line fitted to the acquired data and a guide to the eye.

From figure 5.5, we can verify that for current densities lower than 7 mA/cm? only Pt is
deposited, at very low deposition rates (15 min to grow 227 nm). Moreover, the
percentage of Fe in the NWs increases quasi linearly with this parameter up to FegoPtyo;
however, for current densities higher than 40 mA/cm? only Fe is deposited. This is an
expected result, as lower voltages typically favour the reduction of the more noble metal,
i.e. Pt, since it has a higher reduction potential, meaning that it requires a weaker electric

field to undergo reduction compared to less noble metal.4

Therefore, it is possible to conclude that both the barrier layer thickness and the current
density applied during the electrodeposition process influence the composition of the
resulting FePt nanostructures, allowing a control over the atomic percentage of the two

elements involved.
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5.2.5. Magnetic Characterization

Afterwards, the parallel and perpendicular hysteresis loops of the synthesized NW
arrays, with a Fe at.% of 28.07, 20.47, 37, 55.46, 78, and 100, were measured at room
temperature using a Vvibrating-sample magnetometer (VSM), as well as a
superconducting quantum interference device (SQUID) (figure 5.6). In that figure, the
anisotropy field distribution (AFD) curves are also represented. These were determined,
for each sample, by performing a cubic b-spline interpolation of the descendant branch
of the hard axis hysteresis loop (perpendicular orientation) from the positive saturation
down to the remanence value, then calculating the second derivative of the resulting

data, and finally performing the following operation for each point (H,):*>1®

2

d
O'(HA) = _HW < M(H) > _— (52)

where o(H,) is the AFD value at the point Hu, H is the external magnetic field, and M(H)

is the magnetization of the sample under an applied magnetic field of H.
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Figure 5.6 - Parallel and perpendicular hysteresis loops and AFD curves of the NWs electrodeposited at 8, 12, 15, 20, 25,
and 40 mA/cm?, which possessed an Fe at.% of 28.07, 20.47, 37, 55.46, 78, and 100, respectively.

Based on the acquired data, it is possible to conclude that the nanostructures’ easy
magnetization axis is parallel to their longitudinal axis. Additionally, it is observed a
significant increase of the magnetic hysteresis as the current density applied during the
fabrication process gets higher. Furthermore, we can also verify that the increase of such
electrodeposition parameter originates samples with a larger remanent magnetization

(M)) in both orientations, being, such dependence, more significant in the parallel
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orientation. Another relevant property of these materials is their coercivity (Hc). From
figure 5.6, it is noticeable that the H. of the samples synthesized under higher current
densities is larger in the two considered orientations, when compared to those produced
by applying a lower current density. Additionally, and in similar fashion to the remanent
magnetization, the variation of the coercivity is more pronounced for the parallel

orientation.

These results, regarding the magnetic hysteresis, M;, and Hc of the fabricated
nanoarchitectures, can be attributed to the fact that the Fe at.% in the nanostructures is
larger when higher current densities are applied, as observed in the EDS analysis (figure
5.5).

Another important parameter of the fabricated samples is the mean anisotropy field (<
H, >), or perpendicular saturation field (HZ,.), which is the minimum magnetic field
required to saturate the magnetization of a material along its hard axis direction.1’-2°
Such field can be determined from the calculated AFD curves, since it corresponds to
the magnetic field at which that curve reaches its maximum.*62! The Hg,, values obtained
through this method are illustrated in figure 5.8(a), where it is possible to verify that such

field increases as the Fe at.% in the fabricated nanostructures gets higher.
5.2.6. Micromagnetic Simulations

Additionally, the magnetic hysteresis loops of an array of 7 NWs with different FePt;«
stoichiometries were also simulated by applying the magnetic field parallel and
perpendicular to the NWs’ long axis. The Fe at.% values simulated were 30 %, 55 %,

and 100 %, always considering a uniform distribution of Fe along the NWs’ length.

As a result, it was verified that the hysteresis loops simulated for the 100 % Fe NWs
arrays illustrated a similar behaviour when compared to the ones experimentally
measured [figure 5.7(a)]. Furthermore, as the Fe at.% got lower, it was observed a
reduction of the perpendicular saturation field values in both the simulated and
experimentally measured hysteresis loops [figure 5.8(a)]. However, when analysing the
simulated parallel hysteresis loops for Fe at.% of 55 % and 30 % and comparing them
to the experimental ones, the differences were noticeable. Specifically, much higher
coercivity values were obtained in the calculated loops [figure 5.8(b)]. This might be
ascribed to the inhomogeneous length distribution of the NWs array deposited at smaller
current densities, as observed in the SEM images (figure 5.4). In addition, slight
differences in the FePt stoichiometry along the NWs’ length were also found by EDS, as

usually occurs when using PED techniques inside long and narrow nhanoporous
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templates. In particular, the dendrites present at the bottom of the wires appeared to

have less Fe at.% than the rest of the nanostructure.
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Figure 5.7 - Simulated magnetic hysteresis loops of an array of 7 FePt NWs with an Fe at.% of (a) 100% and (b) 10-20-
30-40-50% (gradient), obtained by applying the magnetic field parallel and perpendicular to the NWs’ long axis. Insets
show cross-sectional views of the magnetic configurations at specific applied fields, with a colour scale of red (M"/Msy =
1), white (M"/Msa = 0), and blue (M"/Msz = -1), where M’ is the magnetization along the NWs’ long axis..
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Figure 5.8 - Experimental and simulated (a) Héat, and (b) parallel coercive feld, Hé/.

To better understand the effect of a possible change in stoichiometry along the
nanostructures, a NW array with a change in stoichiometry along the wires’ length was
also simulated. In this case, the NWSs length was divided into 5 equal parts (each with 30

nm in thickness) and the Fe at.% was set to 10 %, 20 %, 30 %, 40 %, and 50 % at each
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consecutive segment. As a result, the simulated parallel hysteresis loop evidenced a
decrease in coercivity when compared to the ones simulated for Fe at.% of 30 % and 55
% [figure 5.8(b)]. This result confirms the important effect that stoichiometry has in the
magnetization reversal process of FePt NWs. Further analysis of their magnetic
configuration using the object oriented micro-magnetic framework (OOMMF) revealed
that the reversal of the magnetization in FePt NW arrays with a gradient stoichiometry
occurred by the nucleation of a transverse domain wall at the segment with the lowest
Fe at.%, which then propagated along the neighbouring segments [figure 5.7(b)]. This
led to a reduction of the parallel coercivity, as observed in the simulated parallel
hysteresis loops [figure 5.7(b)].

In summary, the micromagnetic simulation results suggest that FePt NWs deposited at
lower current densities might have regions with lower Fe at.%, which induce the reversal
of the NWs magnetization at smaller magnetic field values. Therefore, the much lower
parallel coercivities experimentally measured might be ascribed to existence of

nucleation sites along the NWs’ length with a lower Fe at.%.

By comparing these results with those from a study where micromagnetic simulations of
NWs composed of two different Fe alloys were performed, it is possible to verify the
existence of some similarities. Particularly, [22] verified that the magnetic moment and
coercive field of FeuxMyx (M=Co/Ni) NWs monotonically decreased with the content of
Co or Ni. A similar effect was observed in our work, where the lowering of the Fe at.% in
the FePt nanostructures reduced those two properties of the NWs. The authors of such
paper also verified that the Co, or Ni, content influenced the orientation of the easy axis
of magnetization of the analysed nanoarchitectures, however, in this work, Pt did not

seem have such effect.

5.3. FePt NWs without a Tree-Like Branched Structure
The FePt NWs produced through PED into AAO templates presented in the previous

sections are potential candidates for biomedical applications. However, aspects like non-
uniform length, heterogeneous composition along their length, and presence of dendritic
structures at one end, which modify their properties and are undesirable in biomedicine,
make them not suitable for cancer therapy strategies.?®*?* As a result, it emerged an
interest for overcoming those limitations by synthesizing FePt NWs through a different
strategy. This fabrication approach involved combining hard anodization templates with
direct current (DC) electrodeposition, in either the continuous or pulsed mode.
Consequently, in the following section, it is presented a detailed characterization of the

nanostructures obtained through this process.
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5.3.1. Hard Anodization Template

The fabrication of FePt NWs without dendritic structures started with the production of
hard anodization templates, using the process described in sections 3.2.3.2.2.1. and
3.2.3.2.2.2. As aresult, nanoporous templates with a thickness of ~ 50 um, an interpore
distance equal to 300 nm, and nanopores with ~ 130 nm in diameter, possessing a

conducting Au layer in place of the insulating Al oxide layer at the bottom, were obtained
(figure 5.9).
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Figure 5.9 - SEM micrographs showing the (a) top, (b) bottom, and (c) cross-section of a hard anodization template, with
an Au layer sputtered at the bottom.

The variation of the current density (J) as a function of time (t) during a hard anodization

process is represented in figure 5.10.
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Figure 5.10 - Variation of the current density (J) during a hard anodization process. I: pre-anodization; II: anodization; IlI:
after-anodization.

As can be observed in the figure above, a hard anodization curve can be divided in three
phases. The first section corresponds to the pre-anodization, where it is possible to
notice, in the first 5 min, a behaviour similar what is verified in a mild anodization curve
[figure 5.1(b)], involving a steep decrease of the current density followed by its gradual
increase. However, after that period, the current density increases at a significantly faster
rate, as a result of the potential increase from 40 V to 140 V, in a stepwise manner. After
reaching 140 V, it follows the second step, where such voltage is maintained for 60 min.
As can be observed, there is a current density plateau, but, after about 17 min, it starts
to decrease in an approximately exponential fashion. This can be attributed to the
diffusion-limited electrochemical oxidation of Al at the bottom of the nanopores, due to
the extremely fast and uniform growth of the oxide film (50 - 70 um/h) across the entire
sample area. Particularly, it is considered that the anodization current is primarily
associated with the movement of ionic species (0%, OH-, AP*) through the oxide layer at
the nanopores’ bottom. Consequently, the current density throughout the anodization is
governed by the mass transport of oxygen-containing anions from the bulk reservaoir, i.e.
the electrolyte, to the oxide/metal interface. Therefore, as the diffusion path gets longer,
due to the growing nanopores, the ionic current gradually decreases over time.?%2°
Finally, the third phase corresponds to the after-anodization, where the anodization
potential is abruptly reduced to 40 V and a drop in the current density is naturally

observed.

In contrast to the AAO templates produced through mild anodization, hard anodization
membranes possess a significantly lower porosity, ranging between 3.4 and 3.5 %,

deviating from the 10 % porosity rule.?® Moreover, as a result of the higher anodization
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potential, the volume expansion from Al to Al oxide increases from ~ 1.2 at 40 V up to ~
1.7 at 140 V.%

5.2.3. Electrodeposition Behaviour

FePt NWs were grown inside the produced AAO templates through DC
electrodeposition, in either continuous or pulsed mode, under potentiostatic conditions,
so as to obtain a uniform composition along their length. Similarly, to the previous
electroplating approach, these fabrication techniques are diffusion-limited, as a result of

the nanopores’ shape.?%°
In the following sections, such synthetization strategies will be addressed in detail.
5.2.3.1. Continuous Direct Current (DC) Electrodeposition

A typical continuous DC electrodeposition curve, obtained under potentiostatic

conditions, is presented in figure 5.11(a).
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Figure 5.11 - Variation of the current with time, during the electrodeposition of FePt NWs into hard anodization AAO
templates through a (a) continuous or (b) pulsed DC approach, considering the application of a deposition potential of 1
V ([H2PtCls-6H,0] = 1 g/L; [FeSO,4-7H,0] = 20 g/L).
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As can be observed, in the initial moments of electrodeposition, there is a steep
decrease, in modulus, of the current density. This behaviour is commonly associated
with a diffusion-limited growth, where the reduction in that parameter is indicative of a
limited availability of ions or reactants at the electrode surface.®*3! Therefore, the rate of
mass transport from the bulk electrolyte to the electrolyte/electrode interface becomes a

limiting factor, influencing the electrodeposition process.*?

Moreover, it is not observed an initial increase of the current density modulus, which was
anticipated as it corresponds to the nucleation process where there is a 3D expansion
and/or the formation of additional nuclei in the initial stages of electrodeposition, resulting
in an increase of the electroplating surface area.?>*® In this case, the absence of such
behaviour can be attributed to the FePt high deposition rate, as a result of the large Vep
applied, leading to an instantaneous nucleation, wherein the nucleation sites become

saturated after a very brief period.334-%6

In this work, the effect of different Vq4ep and concentrations of precursors in the electrolyte
on the composition of the resulting NWSs, when considering continuous DC

electrodeposition, was assessed.
5.3.2.2. Pulsed DC Electrodeposition

In addition to the DC electrodeposition in the continuous mode, FePt NWs were also
produced through a pulsed DC electroplating technique into the same type of templates.
An electrodeposition curve, obtained using this fabrication strategy, is presented in figure
5.11(b).

By comparing this curve with the one presented in the one of continuous DC approach,
it is possible to verify that, in both cases, the current decreases steeply with time, in the
initial moments of electrodeposition. However, as the process progresses, that
parameter presents a slower reduction in the pulsed strategy, which can be attributed to
fact that the introduction of a rest pulse allows the renewal of the concentration of metal
ions at the deposition interface and limits hydrogen evolution, as opposed to the

continuous DC electroplating technique.338

Regarding this fabrication strategy, besides the influence of different Vg and
concentrations of precursors in the electrolyte on the composition of the produced
nanostructures, it was also analysed the role played by the ton, to, ton/ toff ratio, and prior

Au electrodeposition, on that same physical property.
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5.3.3. Morphological Characterization and Composition Analysis

After fabricating the FePt through DC electrodeposition, their morphology and
composition was evaluated using SEM and EDS, respectively, in order to analyse the
effect of each varied parameter on those two physical properties. In the following

sections, the influence of each fabrication parameter will be addressed in detail.

5.3.3.1. Electrodeposition Potential

For the two DC approaches considered, it was evaluated the effect of Vgep On the
composition and quality of the resulting NWs (figure 5.12).
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Figure 5.12 - Composition of the NWs fabricated through (a) continuous and (b) pulsed DC electrodeposition as a function
on the applied Vgep ([H2PtCls-6H.0] = 1 g/L; [FeSO4-7H,0] = 20 g/L; ton = 4 mMS; tor = 40 ms).
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Regarding the DC electrodeposition in the continuous mode [figure 5.12(a)], it is possible
to conclude that varying V4ep, does not change the composition of the resulting NWs,
which are composed of only Fe. Moreover, reducing, in modulus, Ve appears to
produce lower-quality NWs, leading to the formation of a tubular structure at the bottom
of the nanopore that grows into a NW with a tapered end. This can be attributed to the
intricate interplay between several factors involved in the NWs’ development, such as
the nanopore geometry, ion diffusion and transport dynamics, as well as the kinetics

governing their growth.3%42

On the other hand, from results obtained with pulsed DC electrodeposition [figure
5.12(b)], it is verified that, despite the existence of a composition variation with Vgep, the
electroplating quality is low, particularly when considering lower potentials, in modulus.
Naturally, due to the fact that in some samples only a residual amount of material is
deposited, the EDS measurements are not precise. Therefore, the presented Fe at.%

values may not correspond to the values in those sample with a lower deposition quality.
5.3.3.2. Concentration of Pt and Fe Precursors in the Electrolyte

In addition to Vgep, the influence of the concentration of FeSO4-7H,0 and H.PtCls-6H.0
in the electrolyte on the morphology and composition of the resulting FePt NWs was also
analysed. Regarding continuous DC electrodeposition, the obtained results are

presented below (figure 5.13).
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Figure 5.13 - Composition of the NWs fabricated through continuous DC electrodeposition as a function of the

concentration of (a) [FeSO,4-7H,0] (H.PtClg-6H,0] = 1 g/L and (b) H,PtCls-6H,0] ([FeSO4-7H,0O] = 20 g/L) in the
electrolyte, (Vgep = -2.0 V).

As can be observed, the concentration of the two metal precursors in the electrolyte does

not affect the composition or the morphology of the resulting NWs, which are composed
of only Fe.

This study was also performed for pulsed DC electrodeposition and the acquired results
are represented in figure 5.14.
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Figure 5.14 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of the concentration
of (a) [FeSO,-7H,0] ([H.PtCls-6H.0] = 1 g/L and (b) H.PtCls-6H.0] ([FeSO,-7H,0] = 20 g/L) in the electrolyte, (Vaep = -
2.0 V; ton = 20 ms; tor = 20 ms).

From the presented results, it is possible to verify that the concentration of FeSO4-7H,0
does not influence the composition of the resulting NWs, which are only composed of
Fe. Nevertheless, regarding their morphology, higher [FeSO.-7H,0O] leads to an
improved deposition quality, resulting in longer NWs presenting more homogeneous
lengths. Conversely, increasing the concentration of H,PtCls-6H,O appears to have a
similar effect, i.e. the electrodeposition quality improves, but the quantity of material
deposited is reduced. This may occur as a result of the increase of H* ions in the
electrolyte, due to the higher quantity of Pt precursor, leading to a modification in the

chemical environment of the Pt ions during the deposition process, which may inhibit the
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nanostructures’ growth.*® Nevertheless, similarly to the previous section, in this case the
EDS results should not be considered completely precise, due to the low amount of

material grown inside the nanopores.
5.3.3.3 Duration of the Deposition Pulse (ton)

Based on the results acquired in the two previous studies, it was decided that the use of
pulsed DC electrodeposition for the fabrication of FePt NWs was the most promising
approach, as it appeared to allow a higher control of the composition of the resulting
nanostructures, despite leading to a worse deposition quality. Therefore, to try improving
those two aspects, the influence of other electrodeposition parameters, namely ton and
tor Was analysed. Regarding the first, the obtained results are presented below (figure
5.15).
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Figure 5.15 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of to, ([FeSO,4-7H,0]
=20 g/L; [H2PtClg-6H,0] = 1 g/L; Vaep = -2.0 V; tor = 20 ms).

As can be observed, changing ton up until 160 ms does not appear to have a significant
impact on the composition of the NWSs, leading, nevertheless, to an improved
morphology. However, it was verified that, when using a ton of 320 ms, no material was
deposited, suggesting that this parameter has an impact on the successful deposition of
the FePt NWs. This suggests a complex interplay of factors, where the pulse duration in
pulsed DC electrodeposition acts as a critical parameter influencing the nucleation,
growth, and precursor reactivity, ultimately leading to a lack of FePt deposition with
longer pulses.* Particularly, a longer ton in combination with a relatively short toff may

promote unfavourable reactions, such as excessive precursor decomposition or
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competing reactions, that disrupt the conditions required for the formation of the FePt
NWs, 44-46
5.3.3.4. Duration of the Rest Pulse (tof)

In addition to ton, the influence of tor on the FePt NWs produced through pulsed DC
electrodeposition was assessed as well (figure 5.16).
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Figure 5.16 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of to ([FeSO,4-7H,0]
=20 g/L; [H,PtClg-6H,0] = 1 g/L; Vaep = -2.0 V; on = 20 mMs).

From the presented results, it is possible to verify that, for a sufficiently long to (160 ms,
in this case), the resulting FePt NWs present a relatively homogeneous length.
Additionally, a further increase of tor does not appear to have a significant impact on the
morphology or composition of the deposited nanostructures. This result may be
attributed to the fact that longer tor values allow the concentration of metal ions at the

deposition interface to be properly renewed before the following deposition pulse.323’
5.3.3.5. Prior Au Electrodeposition

In order to try improving the quality of the fabricated NWs, it was analysed the effect of
electrodepositing ~ 250 nm of Au before growing the FePt NWs, as it was hypothesized
that it could enhance the nucleation and growth processes of the FePt NWs, ultimately
leading to improved structural integrity, crystallinity, and magnetic properties (figure
17)_47,48
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Figure 5.17 - NWs fabricated through pulsed DC electrodeposition after depositing a ~ 250 nm-thick Au layer at the bottom
of the nanopores ([FeSO,-7H,0] = 20 g/L; [H-PtCls-6H.0] = 1 g/L; Vaep = -2.0 V; ton = 20 mS; torf = 20 ms).

By comparing this sample with the one previous obtained under the same conditions,
but without depositing the Au layer inside the nanopores (e.g. figure 5.14), it is possible
to verify that the Au layer appears to originate nanostructures with slightly less defects.
Furthermore, in terms of composition, it was observed a slight reduction of the Fe at.%
in this sample (90.98 %).

Consequently, for the subsequent experiments, it was decided to deposit a ~ 250 nm-

thick Au layer at the bottom of the nanopores before the deposition of FePt.

Based on the results acquired up until this point, it is verified that both ton and to play a
role on the ability to produce FePt NWs through this approach. Consequently, in order
to better comprehend such relation and, therefore, improve the electrodeposition quality
as well as the control over the nanotructures’ composition, it was decided to analyse the

impact of the ton/tors ratio on those two aspects (figure 5.18).
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Figure 5.18 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of the ton/to ratio
([FeSO47H20] =20 g/L, [HthCIBGHzo] =1 g/L, Vdepz -2.0 V)

From the presented results, it is possible to conclude that the Fe at.% increases with
increasing tonf/tors ratio. Therefore, this appears to be a parameter that controls the
composition of the FePt NWs. However, as the Fe at.% in the nanostructures decreases,

the electrodeposition quality significantly degrades.

To try overcoming this limitation, a similar experiment was performed under the same
conditions, but considering a higher concentration (3 g/L) of H.PtCls-6H,O in the
electrolyte (figure 5.19).
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Figure 5.19 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of the ton/to ratio
([FeS0,-7H,0] = 20 g/L; [H,PtCls-:6H20] = 3 g/L; Vep = -2.0 V).
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As can be observed, increasing the concentration of Pt in the electrolyte significantly
improved the quality of the electrodeposited NWs with lower Fe at.%, which were
obtained for to times longer than to, times. This may occur for various reasons, such as,
for example, reduction of the likelihood of impurities or competing ions being
incorporated into the nanostructures, thus minimizing structural irregularities.**-3
Furthermore, a higher concentration of Pt in the electrolyte means that there are more
Pt ions available for nucleation, allowing more uniform nucleation and growth

processes.’°

Additionally, the Fe at.% appears to follow a trend similar to that presented in figure 5.19,
where that parameter increases with increasing ton/tor. Consequently, this ratio appears

to be the main factor for controlling the FePt NWs composition.

To further validate this fact, it was analysed the influence of the Vq4ep On the composition
and morphology of FePt NWs, obtained under the same conditions used for fabricating
the NWs presented in figure 5.19 with a ton/tor ratio equal to 0.1 (figure 5.20).
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Figure 5.20 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of the applied Vgep
([H2PtCls-6H,0] = 3 g/L; [FeSO,4-7H,0] = 20 g/L; ton/torr = 0.1).

The obtained results seem to indicate that Vgep is not, in fact, the main parameter for
controlling the composition of the electrodeposited FePt NWs, as the variation of their
Fe at.% over the considered potential range is low. Nevertheless, the Fe content in the
produced nanostructures appears to slightly increase with increasing Vaep, in modulus.
This is an expected result, as the Pt concentration is considerably lower than the Fe

concentration in the electrolyte. As a result, since Pt has a greater reduction potential,
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larger voltages lead to a faster depletion of the Pt ions allowing, therefore, a higher

deposition of Fe.>45¢

Since it was demonstrated that higher concentration of H>PtCls-6H20 in the electrolyte
improved the homogeneity of the resulting nanostructures, it was decided to analyse the
impact of the to/tor ratio on a new batch of samples, where a concentration of

H2PtCls-6H.0 equal to 6 g/L was considered in the fabrication process (figure 5.21).
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Figure 5.21 - Composition of the NWs fabricated through pulsed DC electrodeposition as a function of the ton/tor ratio
([FeSO47H20] =20 g/L, [HthClsGHzo] =6 g/L, Vdep =-2.0 V)

From the presented results, it is possible to conclude that the Fe at.% increases with
increasing ton/torf ratio, ranging between ~ 0.1 Fe at.% at ton/tor = 0.1 to ~ 100 Fe at.% at
ton/torr = 2.67. Moreover, it was performed a sigmoidal fit, using the Boltzmann function,
to the acquired data, having been obtained a R? of 0.99925, indicating a good fit to the
experimental data. This suggests the existence of a threshold (possibly related to the
ton/torr ratio) at which the Fe at.% starts to significantly increase. Such behaviour may
indicate a modification in the underlying mechanisms governing the growth of the FePt
NWS_57-59

Additionally, the morphology of the produced NWs is significantly improved in
comparison to the ones previously synthesized, which can be attributed to the increase

of the concentration of H2PtCls-6H-0 in the used electrolyte.
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5.3.4. Magnetic Characterization

After optimizing the fabrication process of FePt NWs, the parallel and perpendicular

hysteresis loops of FePt NW arrays possessing different Fe at.% were acquired at room
temperature, using a SQUID-VSM (figures 5.22 and 5.23).
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Figure 5.22 - Parallel and perpendicular hysteresis loops and AFD curves of the produced FePt NWs with different Fe
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Similarly to the results obtained for the NWs fabricated through PED, it is possible to
verify that the easy magnetization axis of these nanostructures is parallel to their
longitudinal axis. Furthermore, it is observed a decrease of the magnetic hysteresis, as

well as of the M, in both orientations, as the Fe at.% gets lower. Additionally, regarding
their Hé/ [figure 5.23(a)] it is noticeable that such parameter also has a smaller value for

lower Fe at.%. This variation of M, and H¢ appears to be more evident for the parallel

orientation.

As in the case of FePt NWs with dendritic structures, this variation of the magnetic
hysteresis, M, and Hc can be ascribed to the different Fe at.% in the nanostructures,
which was previously determined through EDS. Moreover, the Hg,, values [figure
5.23(b)], obtained from the calculated AFD curves, present a similar behaviour, where

lower Fe at.% lead to a smaller Hg,,.

In order to verify if there was a stoichiometry change along the length of these
nanostructures that could affect their magnetic properties, it was decided to remove from
the AAO template and disperse FePt NWs with a Fe at.% of ~ 80 %, previously
determined through EDS, and then perform a morphological and compositional
characterization of individual nanoarchitectures, using SEM and EDS (figure 5.23).
These were the selected nanomaterials because their biocompatibility, together with
magnetic properties and oxidation resistance, makes them the most promising
candidates for the desired biomedical application.5%-62 Moreover, this analysis was not
carried out for the FePt nanostructures produced through PED, as it is not possible to

remove them from the template without breaking the dendritic structures.
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Figure 5.24 - (a, b) SEM images of dispersed FePt NWs; (c) morphological and (d) compositional analysis of a single FePt
NW.

From the presented results, it is possible to verify that both the diameter and composition
of the FePt NWs vary along their longitudinal axis. Particularly, the nanostructures
become narrower and the Fe at.% increases as they get longer. Regarding their
composition, the obtained results indicate that during the initial stages of
electrodeposition, the more noble metal, i.e. Pt, is preferentially deposited, as it
possesses a higher reduction potential. However, since the concentration of Pt ions in
the electrolyte is considerably lower than that of Fe ions, the preferential deposition of Pt
diminishes over time as Fe ions become even more predominant in that solution.
Consequently, as the electrodeposition process progresses, there is a shift towards a
higher Fe at.% in the FePt NWs. This problem should be addressed in the future, through
the design of an electrolyte where the reduction potentials of Fe and Pt are brought closer
together using a selective complexing agent, i.e. one that only forms complexes with Pt
ions but not Fe ions, narrowing the gap between the reduction potentials of those two
cations. ®3% Examples of those compounds include 5,5-dimethylhydantoin (DMH) or

ethylenediamine.®56¢
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Nevertheless, for biomedical applications the dimensions of these nanoarchitectures
should not exceed 1 um, so as to prevent a partial or even total occlusion of the
capillaries.®”®® In this context, as presented in figure 5.24(c, d), it is possible to obtain
FePt NWs with a homogeneous morphology and possessing the desired composition for
lengths up until ~ 200 nm. Consequently, by calculating the electrodeposition rate, i.e.
~ 3.103 nm/min, it is possible to produce FePt nanostructures with an adequate length

for pretended biomedical application.

5.4. Conclusion

In this chapter, two methods for fabricating FePt NWs, based on pulsed or DC
electrodeposition into AAO templates, were demonstrated. Regarding the first approach,
it was concluded that the composition of the resulting nanostructures could be controlled
by adjusting the thickness of the barrier layer at the bottom of the template, as well as
the current density applied during the electroplating process. However, the length of the
resulting nanoarchitectures grown at lower current densities was not homogeneous.
Furthermore, the magnetic characterization of the obtained samples revealed that there
is an increase of the magnetic hysteresis, remanent magnetization, coercivity, and Hg,,
with the increase of the Fe at.%. Additionally, micromagnetic simulations of FePt NW
arrays with various stoichiometries indicated that the nanostructures produced at lower

current densities may possess a varying stoichiometry along their length.

On the other hand, when using continuous and pulsed DC electrodeposition, it was
demonstrated that the composition of the synthesized NWs was controlled by the ton/tos
ratio considered in the pulsed mode, while the continuous approach did not lead to any
significant modification of their composition. In comparison to the pulsed strategy, it was
possible to obtain NWs with a more uniform length when Pt was deposited. Regarding
their magnetic properties, as similar result was obtained, where the magnetic hysteresis,
remanent magnetization, coercivity, and HZ,, values increased with increasing Fe at.%
in the nanostructures. However, the analysis of the morphology and composition of
individual FePt NWs obtained through this approach revealed that both their diameter
and composition vary along their longitudinal axis, becoming narrower and possessing
a higher Fe content as they got longer. This fact should be addressed in the future by
further improving the electrodeposition conditions. Nevertheless, for the desired
biomedical application, such fact does not play a significant role, as it is possible to obtain
nanostructures with suitable dimensions that present a relatively homogeneous length,

diameter, and composition.
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6. Au/Fe/Au Nanodiscs

6.1. Introduction

In this chapter, it is presented a detailed characterization of the Au/Fe/Au nanodiscs
(NDs) fabrication by thermal evaporation into Si templates, which were pre-patterned by
laser interference lithography. Particularly, these nanoarchitectures were analysed
through scanning electron microcopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), superconducting quantum interference device (SQUID),
magneto-optical Kerr effect (MOKE), and magnetic force microscopy (MFM).
Additionally, micromagnetic simulations were performed to get a better comprehension

and support the experimental results.

6.2. Interference Lithography Template
As it was previously described, the Au/Fe/Au NDs were fabricated through thermal
evaporation on the interference lithography templates. An example template is

represented in figure 6.1.

Figure 6.1 - SEM image of an interference lithography template after the developing process.

As can be observed, the dots’ shape is not a perfect circle, being more like a lozenge

with two axes of slightly different dimensions (figure 6.2).

x =570.983 nm
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Figure 6.2 - Dimensions of a single dot along the considered x- and y-axis.
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This is an expected result due to the nature of the interference lithography process,

namely the superposition of the two diffraction patterns offset by 90° [figure 6.3(a)].
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Figure 6.3 - Numerically simulated 2D optical field distribution for different exposures in an interference lithography system:
(a) two exposures considering a 90° rotation of the sample between them; or (b) three exposures considering a 60° rotation
of the sample between them. Adapted from [1].

Such effect could be reduced by performing 3 exposures, offset by 60° [figure 6.3(b)],
instead the two considered in these templates. Nevertheless, taking this into account,
histograms representing the size distribution along each axis of the dots were elaborated
(figure 6.4).

X-axis Y-axis

(@) “ 1oy
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Dimensions (nm} Dimensions (nm)
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Figure 6.4 - Histograms representing the dimensions of the dots along the (a) x- and (b) y-axis.

Based on this analysis, it was possible to conclude that the mean dot size along the x-
axis was equal to 576.980 nm, with a standard deviation of 24.360 nm, whilst along the
y-axis the analysed dots presented a mean size of 559.577 nm, with a standard deviation
of 22.969 nm.
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6.3. Morphological Characterization

Afterwards, the NDs were thermally evaporated [figure 6.5(a)] and the photoresist was
removed through a lift-off process, leading to the nanostructures presented in figure
6.5(b).

(b)

X-axis Y-axis

460 480 500 520 540 560 580 600 400 420 440 480 480 500 520
Dimensions (nm) Dimensions (nm)

Figure 6.5 - (a, b) SEM images of NDs thermally evaporated on the pre-patterned Si wafer (a) before and (b) after the lift-
off process; (c, d) histograms representing the dimensions of the fabricated NDs along the (c) x- and (d) y-axis.

Subsequently, histograms depicting the size of the obtained NDs along their two main
axes were created [figure 6.5(c, d)]. As a result, it was estimated that the average
dimensions of the fabricated NDs were (490 = 30) nm and (430 + 30) nm along the x-

and y-axis, respectively.

Additionally, an EDS analysis was performed, which allowed to confirm the presence of

the deposited metals (figure 6.6).
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Figure 6.6 - EDS analysis of the NDs over the Si template.

6.4. Structural Characterization

Then, the fabricated nanostructures, as well as the continuous thin film, or reference
sample, were structurally characterized through XRD in the 6 - 26 mode. The obtained

scans and respective analysis are presented in figure 6.7.
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Figure 6.7 - XRD patterns obtained for the NDs and thin film samples, together with the respective analysis.

Through this technique, it was possible to confirm the presence of Al, Au, and Fe in the
synthesized samples, and it was confirmed that Fe shows a body-centred cubic (bcc)
structure with a preferred growth along the (110) direction. Additionally, it was verified
that the peaks of both the thin film and the NDs were identical. However, there was an

overlapping of the Fe peaks with those of Au and Al, which not only impeded a
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gquantitative analysis, but also impossibilities the determination of the grain size. Hence,
alternative techniques, like extended X-ray absorption fine structure (EXAFS) or
Mdssbauer spectroscopy, should be employed to confirm the Fe's texture. However, it
was still possible to gather some information about that aspect through careful analysis
of the presented spectrum. For instance, by examining the peaks’ relative intensity and
shape, clues about the crystalline structure and preferred orientation of Fe were
obtained. Additionally, by comparing the observed XRD pattern with reference patterns
for known Fe textures qualitative insights were also acquired. Nevertheless, due to the
overlapping peaks, these results required a cautious interpretation. Moreover, some
peaks were not identified, which could indicate the presence of Fe oxides or other

contaminants resulting from the thermal evaporation process.

6.5. Magnetic Characterization
Afterwards, the magnetic characterization of these nanoarchitectures was performed,
having been used various techniques, namely SQUID, MOKE, and MFM. In the following

sections, the results obtained with each one of those methods will be addressed.
6.5.1. SQUID

The SQUID measurements were carried out by applying the external magnetic field in
the parallel and perpendicular direction in relation to the sample plane. An obtained
hysteresis loop is represented in figure 6.8, where it is possible to observe the existence
of a diamagnetic behaviour, which results from the large contribution of the Si substrate,

whose thickness is multiple times that of the active sample.
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Figure 6.8 - Hysteresis loop of a NDs sample, measured with a SQUID magnetometer where the external magnetic field
was applied along the sample plane.
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To account for this effect, the linear parts of the obtained hysteresis loops were fitted
and, subsequently, this diamagnetic contribution was subtracted from the real behaviour

of the active sample in all the measured curves. Examples of hysteresis loops obtained

after this process are represented in figure 6.9.
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Figure 6.9 - SQUID measurements of a NDs sample, after removing the Si diamagnetic contribution, considering the
external magnetic field applied along the (a) parallel and (b) perpendicular directions in relation to the sample’s plane.

As a result, it was verified that the obtained hysteresis loops did not demonstrate the
expected behaviour, when applying the external magnetic field parallel to the sample
plane (figure 1.6). This could be attributed to the fact that the Si substrate, which had a
thickness that was many times larger than that of the NDs, was hindering, or masking,

the measurements of the NDs’ hysteresis loops.
6.5.2. MOKE

In order to overcome such problem, MOKE measurements of the Fe NDs array and the
Fe thin film were performed and the obtained hysteresis loops are presented in figure
6.10.
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Figure 6.10 - MOKE hysteresis loops of the Fe thin film (red line) and the Fe NDs array (black line).

As can be observed, the hysteresis loop of the reference sample shows the typical
shape of a soft magnetic material with small coercive field (H. = 73 Oe) and large reduced
remanence value (M/Msa = 0.13). Meanwhile, the hysteresis loop of the Fe ND array
clearly indicates the presence of a spin-vortex ground state with a vortex annihilation
field (Ha= 1200 Oe), i.e. the magnetic field at which the ND transitions to a single-domain
state, the vortex nucleation field (H,» = 650 Oe), i.e. the magnetic field at which the
nanostructure transitions back to a spin-vortex state, and the remanence value as low
as 2.5% of the saturation magnetization.? This confirms that such spin arrangement is
adequate for biomedical applications, as it provides us with nanostructures with a
reduced total magnetic moment in remanence, which prevents the magnetic aggregation

of the NDs in the absence of magnetic fields.

Nevertheless, it is important to consider that any potential in-plane texture variations
in the Fe can also influence these results, as they affect how the nanostructures respond
to magnetic fields and light, which are fundamental to this type of measurements. This
fact should be more evident in epitaxial thin films, such as those prepared by molecular
beam epitaxy (MBE), where the bcc crystal structure of Fe is well-defined and the
magnetocrystalline anisotropy should be an important term. However, our Au/Fe/Au NDs
were prepared by thermal evaporation, which results in the growth of polycrystalline thin
films. In this case, the contribution of magnetocrystalline anisotropy can be neglected

and the magnetic behaviour is basically controlled by the shape anisotropy.
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Additionally, the direction of the applied external magnetic field should influence the
results of the MOKE hysteresis loops. However, these differences must be small
discrepancies in both the nucleation and annihilation fields of the vortex state. For the
purpose of this work, which was to obtain nanostructures with magnetic configuration in
vortex state under the application of a zero external magnetic field, these differences

were neglected.

Furthermore, it is possible to verify that there is a similarity between the MOKE loops
of the blanket Fe film and the NDs array, despite the absence of a vortex in the first. This
suggests a deviation of the magnetic behaviour of the nanostructures, from the expected
magnetic state, and/or that the MOKE sensitivity is not sufficient for obtaining an accurate

hysteresis loop of the produced nanostructures.
6.5.3. MFM

To further confirm the presence of a spin-vortex ground state in the synthesized NDs,

MFM measurements were performed (figure 6.11).
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Figure 6.11 - Topography and MFM micrographs of a ND possessing a vortex core pointing (a) down or (b) up, in relation
to the ND’s plane. The black arrow indicates the location of the spin-vortex core.

In the acquired images, it is possible to distinguish the MFM contrast corresponding to
four in-plane domains with clockwise or counterclockwise rotation, i.e. in-plane flux-
closure magnetic state, encircling a point near the disc centre where magnetization
points in the up or down direction (black or white contrast, respectively at remnant state),
which is known as the vortex core.® The orientation of the core magnetization appears to

oscillate arbitrarily between up and down for different discs in the array. This behaviour
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is consistent with the idea that both states are energetically equivalent in the absence of
an external magnetic field, explaining why they can arbitrarily appear in our samples. It
is also relevant to notice that the MFM technique is mainly sensitive to the magnetic pole

density that concentrates around the domain walls and the vortex core.

Furthermore, it is possible to calculate a numerical estimate of the minimum vortex core

radius, r., through the following expression:*

3’ lng
= 6.1
fe 12KB ( )

where 12, is the exchange length of Fe, i.e. 2.4 nm, R is the nanodisc radius (~ 250 nm),

k is a numerical constant equal to 4.12 x 102, and f is the aspect ratio, i.e. radius/length,
of the nanostructure (~ 5).° Using this formula, it was obtained a minimum vortex core

radius of ~ 8.35 nm.

Nevertheless, through MFM, it was also verified that not only the vortex core was not
located exactly at the centre of the nanostructure, but there were also some defects in
those nanoarchitectures, such as different grain sizes, which may result from the thermal
evaporation process. These aspects may influence overall magnetic behaviour of the
produced NDs, leading to the similarities with the blanket Fe film observed in the MOKE

measurement (figure 6.10).

6.6. Micromagnetic Simulations

The study of the magnetic properties of these nanostructures was completed by
performing micromagnetic simulations using the mumax® software.® The geometries of
the nanostructures considered in these simulations were defined based on the acquired
SEM images of the NDs [figure 6.12(a)]. Additionally, periodic boundary conditions were
established, as in the real sample.
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Figure 6.12 - Geometry of (a) a single disc and (b) an array of NDs, defined using the obtained SEM images, which was
used in the micromagnetic simulations carried out (black - magnetic region; white - non-magnetic region). (c) 3D scheme
of a spin-vortex ground state.

As it was experimentally observed, when the external magnetic field was parallel to the
ND’s plane, two clear and abrupt transitions exist, corresponding to H, and H..
Additionally, there is a linear section that represents the movement of the vortex core.
Particularly, when the magnetic field is decreased from the saturation, a magnetic vortex
nucleates (Hn), which is accompanied by an abrupt decrease in magnetization. Then, as
the applied magnetic field is further reduced, the magnetization accompanies that
variation until another abrupt transition is observed, corresponding to the point where the
spin-vortex is annihilated (H.) or ejected from disc. In good agreement with the
experimental data, the simulated vortex characteristic fields along the x-axis were H, =
698 Oe and Ha = 1290 Oe and, along the y-axis were H,= 1129 Oe, Ha = 1718 Oe.

Additionally, it is possible to observe differences between the experimental and

simulated hysteresis loop, which can not only be attributed to defects in the fabricated
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nanostructures, but also to the sensitivity and resolution of the MOKE technique used to
measure the loops. Particularly, differences in sensitivity or resolution between the
experimental setup and the simulation method could lead to discrepancies in the

observed features.

Subsequently, micromagnetic simulations of a NDs array with periodic boundary
conditions were performed and compared against those carried out for an individual ND.
From this comparison, it was observed that the differences between the two cases were
negligible, supporting the assumption that the inter-dot distances observed in the
fabricated samples, i.e. ~250 nm, did not play a significant role. On the other hand, in
figure 6.13, there are represented snapshots of an array of nine NDs at six different
magnetic fields, not considering periodic boundary conditions, so as to demonstrate the

spin-vortex nucleation process.

B=0.067T B=0.056T B=0.011T

Figure 6.13 - Simulated field evolution of an array of 9 Fe NDs, each with 50 nm in thickness, without periodic boundary
conditions.

6.7. Conclusions

In this chapter, it was demonstrated a method for synthesizing Au/Fe/Au NDs with a spin-
vortex ground state. Moreover, their morphological and structural characterization was
presented and, to confirm the presence of that magnetic state in those nanostructures,
their magnetic characterization was detailed. Additionally, micromagnetic simulations
were performed to better understand and support the experimental results confirming the

formation of a spin-vortex state.
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7. Biomedical Applications

7.1. Introduction

In this chapter, it is analysed the suitability of the previously characterized nanomaterials
for different biomedical applications. Particularly, regarding nanostructured lipid carriers
(NLCs), it is evaluated their potential for a dual cancer treatment approach, involving the
delivery of anticancer drugs in combination with magnetic hyperthermia (MHT). On the
other hand, the applicability of nanowires (NWs) and nanodiscs (NDs) in a different
oncological therapeutic strategy, i.e. magneto-mechanical induction of cancer cell death,

considering both functionalized and non-functionalized nanostructures is also assessed.

Nevertheless, before such studies, a critical preliminary examination is performed, which
involves conducting cytotoxicity studies and uptake assays on the nanomaterial-
incubated cells. This investigation aimed at assessing not only the safety of those

nanomaterials but also their behaviour in the absence of an external magnetic field.

7.2. Nanostructured Lipid Carriers (NLCSs)

The suitability of the fabricated NLCs, previously described in chapter 4, for a biomedical
application that can be designated as dual chemo-MHT therapy was evaluated. This
treatment approach is based on a combined action at the target site, involving MHT
together with anticancer drug release promoted by the temperature increase. The
produced NLCs, loaded with superparamagnetic iron oxide nanopatrticles (SPIONs) and
anticancer compounds, are particularly promising for this type of application, since they
can selectively accumulate in tumour sites due to the enhanced permeability and
retention (EPR) effect. Moreover, as previously demonstrated, when they are exposed
to an alternating magnetic field (AMF), the localized heating caused by the SPIONs
facilitates the anticancer drug release, possibly further increasing the cancer cells’
death.'® Additionally, it is possible to functionalize their surface with compounds that
enhance their ability to overcome various biological barriers and accumulate at the target

site.?

To confirm such proof of concept, various in vitro cell assays were performed, which will

be addressed in the subsequent sections.
7.2.1. In Vitro Cytotoxicity Studies

First, the biocompatibility of different types of gelucire 43/01 (GEL)-based NLCs, i.e.
NLC, NLCpox), NLCsprions), and NLCpox-srions), Was analysed, to evaluate their safety

and potential impact on cellular systems, in the absence of an external magnetic field.
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For such purpose, the MCF-7 cell line was considered and it was decided to initially
evaluate the cell viability as a function of the doxorubicin (DOX) concentration, for the
GEL-based NLCpox-spions), as it is the most relevant formulation for this specific

application. The obtained results are presented in figure 7.1.
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Figure 7.1 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with various concentrations of distinct
NLCpox-spions) formulations that possess different DOX concentrations ([NLCs] = 45 mg/mL, [DOX] = 100 - 2000 pg/mL,
[SPIONs] = 12000 pg/mL). Asterisks in short bars indicate statistical significance in relation to control and asterisks in
long bars indicate statistical between the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, there is a concentration-dependent reduction of the cell viability for
all the considered scenarios. Additionally, formulations with a higher DOX concentration
exhibited a lower toxicity. This result suggests that formulations with lower DOX
concentrations may exhibit an improved stability, leading to a higher cellular uptake and
cytotoxicity compared to less stable formulations possessing a greater drug
concentration. The effect of polyethylene glycol (PEG) functionalization of the NLCs on
cell viability was also assessed (figure 7.2), considering the formulation with a DOX
concentration of 400 yg/mL. This was the selected concentration because, based on the
previous, it is the one that allows the highest concentration of NLCs, while still presenting
a relatively high biocompatibility for the tested conditions, representing the best balance
between those two aspects. As a result, it was verified an small increased
biocompatibility for the functionalized NPs, although without statistical significance
(figure 7.2).
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tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Based on the acquired results, it was decided to assess the biocompatibility of a new set
of formulations, possessing [DOX] = 280 pyg/mL and [SPIONs] = 1000 pg/mL (figure 7.3),

to try increasing the number of NLCs per cell without causing significant death and to

better understand the toxicity of that type of nanoparticles (NPs).
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Figure 7.3 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with various concentrations of (a) NLC;
(b) NLCpox); (€) NLC(spions); (d) NLCpox-srions) ([DOX] = 280 pg/mL; [SPIONs] = 1000 pg/mL). Asterisks in short bars

[DOX] (pg/ml)
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indicate statistical significance in relation to control and asterisks in long bars indicate statistical between the tested
conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, the cytotoxic effect of different concentrations of NLCs (160.725 —
746.28 pg/mL), DOX (1 — 5 pg/mL), and SPIONSs (3.571 — 17.858 ug/mL) was analysed.
Similarly to the previous case, there is a concentration-dependent reduction of the cell
viability for every analysed situation. Particularly, it is possible to observe, for sufficiently
high concentrations of NLCs, i.e. over 321.39 ug/mL, a significant reduction in cell
viability. This suggests the existence of a threshold concentration for that type of NPs,
above which a considerable reduction in cell viability is observed. Nevertheless, that
behaviour is more pronounced for NPs loaded with DOX and/or SPIONSs, particularly for
concentrations greater than 2 ug/mL or 7.142 ug/mL, respectively. This indicates that the
presence of either or both these agents within the NLCs, leads to the existence of
additional effects on the cells, that promotes their death. Nevertheless, it is possible to
verify an adequate biocompatibility for the two lowest concentrations of NLCs, i.e.
160.725 pg/mL and 321.39 ug/mL, which are associated with DOX concentrations of 1
and 2 pg/mL, respectively, and SPIONs concentrations equal to 3.571 and 7.142 ug/mL,
correspondingly.

Considering these results, it was decided to perform the subsequent studies considering
the GEL-based formulations with [DOX] = 280 ug/mL and [SPIONs] = 1000 pg/mL.

7.2.2. Morphological Characterization after Incubation

Using an optical microscope, the morphological modifications on MCF-7 cells resulting
from their 19-h incubation with the GEL-based NLCs were analysed (figure 7.4).
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Figure 7.4 - Images of optical microscopy of MCF-7 cells after a 19-h incubation with different concentrations of (a, d)
Free DOX; (b, €) NLC(pox); and (c, f) NLCpox-spions-PEG-FA)-
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From the images above, it is possible to observe that, for a DOX concentration of 1
pg/mL, the MCF-7 cells displayed a similar morphology when incubated with free DOX
or NLCpox-spions-pEG-FA), Presenting a healthy structure. On the other hand, the cells
incubated with NLCpox), considering the same DOX concentration, exhibited specific
apoptotic characteristics, including cell rounding and shrinkage, suggesting that this

formulation had an increased cytotoxicity [figure 7.4(b)].>®

When increasing the DOX concentration to 6 pg/mL, a greater toxicity was verified,
leading to distinct apoptotic characteristics, as depicted in figures 7.4(e, f). Additionally,
the black spots are observed in figure 7.4(e), which correspond to SPIONs located

around and inside the MCF-7 cells.
7.2.3. In Vitro Magnetic Hyperthermia Assays

MHT assays were performed considering the GEL-based NLC formulations involving
only SPIONs and SPIONSs together with DOX ([NLCs] = 45 mg/mL; [DOX] = 280 pg/mL;
[SPIONs] = 1000 pg/mL), to evaluate if there was a synergistic effect between MHT and
drug-release on cell viability. These conditions correspond to the two lowest
concentrations of NPs determined as safe in the biocompatibility assays (figure 7.3) were
the ones selected, as any eventual viability reduction would probably result from the
assisted drug delivery due to the MHT. The results of those assays are presented in

figure 7.5.
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Figure 7.5 - Viability of MCF-7 cells incubated with various types of SPIONs-loaded NLCs at a concentration of (a, b)
3.571 pg/mL or (c, d) 7.142 pg/mL, (a, c) 24 h or (b, d) 48 h after being placed, for 30 min, under similar conditions that
differed in regard to the absence (non-exposed) or presence (exposed) of an AMF with a frequency of 556 kHz and a
peak intensity equal to 10 mT. Asterisks in short bars indicate statistical significance in relation to the respective control,
i.e. exposed or non-exposed, and asterisks in long bars indicate the statistical significance between the tested conditions
for each formulation (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, for all the tested conditions there appears to be a cell viability
reduction when the MCF-7 cells are exposed to the AMF, even for those not incubated
with NPs. This fact suggests that the AMF is capable of directly affecting the MCF-7 cells'
viability through other mechanisms not considered in this work, possibly by interfering

with essential biological pathways.”®

On the other hand, when considering the NLCs-incubated cells, it was verified a
significant viability reduction for either the non-exposed or exposed cases. Such result
possibly suggests that the heating of the coils during operation, which was also mimicked
for the not exposed sample, originates a temperature increase in the sample that may
be sufficient to promote some DOX-release from the NLCs. In fact, as concluded in
section 4.7.3., a temperature as low as 35 °C can promote DOX release from the
considered lipid NPs, which may lead to an increased cell death. This can be a result of
using a non-adiabatic sample holder in the performed MHT assays, since good isolated
holders are difficult and complex to implement, consequently making environmental

interferences hard to avoid.®1?
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Nevertheless, by comparing the viability reduction for both the non-exposed and exposed
NLCs-incubated cells, it was possible to observe a slightly higher cell death in the second
case. Particularly, a lower number of viable cells was observed when they were
incubated with NLCs loaded with SPIONs and DOX, rather than only SPIONSs, indicating
the existence of a combined action involving MHT together with DOX release promoted

by the hyperthermia temperature increase.

Additionally, a greater cell death was verified 48 h after the assays, suggesting that the
cellular response to the combined action of MHT and drug release evolves over time, as

a result of the activation of cellular stress response pathways.'?14

7.3. FePt Nanowires

After fully characterizing the produced FePt NWs without dendritic structures, obtained
through DC electrodeposition, it was decided to analyse their suitability for a biomedical
application known as magneto-mechanical induction of cancer cell death (section 1.3.4).
For such purpose, and based on the obtained results, it was concluded that
nanostructures with a Fe at.% of ~ 80 % would be the most adequate, due to their
promising magnetic properties combined with an oxidation resistance capacity (section
5.3.4.).15:16

Consequently, multiple anodic aluminum oxide (AAO) templates with electrodeposited
FesoPt2o NWs were produced, based on the previously optimized fabrication process
(section 5.3.3.), and then the resulting nanostructures, presenting a diameter of 165.2 +
6 nm and a length equal to 199.3 + 31 nm, were removed from the templates (section
3.2.3.2.2.4.) and suspended in double-deionized water. Subsequently, and before the
magneto-mechanical cell death assays, the cytotoxicity and uptake of these
nanoarchitectures was analysed, in the absence of a magnetic field. All these cell

experiments performed using the MCF-7 cell line.
7.3.1. In Vitro Cytotoxicity Studies

According to the literature, for the induction of the death of cancer cells through magneto-
mechanical action, significantly lower concentrations of nanostructures per cell are
required in comparison to MHT, allowing, therefore, a reduction of any potential side
effects. Particularly, experiments with concentrations ranging from 10 up to 2000
nanoarchitectures per cell, depending on the type of nanomaterial, have been
reported.1’'8 Considering this range, it was determined that, for the magneto-mechanical
cell death assays conducted in this study, concentrations of nanomaterials ranging from

80 to 4000 nanostructures per cell would be investigated.
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In this context, first it was analysed the biocompatibility of FePt NWs in that concentration

range, so as to assess their suitability for biomedical applications (figure 7.6).
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Figure 7.6 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with various concentrations of FegoPtz
NWs. Asterisks in short bars indicate statistical significance in relation to control and asterisks in long bars indicate
statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As represented, for all the FePt NWs’ concentrations tested it was observed a cell
viability of over 90 %, indicating that these nanostructures have a biocompatibility that
makes them promising candidates for not only magneto-mechanical induction of cancer
cell death, but also other biomedical applications, e.g. imaging contrast agents or cell

manipulation and separation.
7.3.2. In Vitro Uptake Assays

In addition to their biocompatibility, the internalization of these nanoarchitectures by the

MCEF-7 cells was also analysed (figure 7.7).
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Figure 7.7 - Height of the side scattered light (SSC-H; %) of MCF-7 cells after a 19-h incubation with various concentrations
of Fe80Pt20 NWs. Asterisks in short bars indicate statistical significance in relation to control and asterisks in long bars
indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

From the presented results, it is possible to verify that the FegoPt.o NWs were internalized
by the MCF-7 cells. Particularly, there was an increasing SSC-H as higher
concentrations of nanostructures were employed, suggesting that the cells possessed
greater relative granularity or internal complexity when more NWs were present in the
medium. This result can be attributed to the uptake of a larger number of

nanoarchitectures per cell, as higher quantities of hanostructures are considered.
7.3.3. In Vitro Magneto-Mechanical Cell Death Assays

After analyzing the biocompatibility and uptake of the fabricated FegoPt;o NWs in MCF-7
cells, magneto-mechanical cell death assays were conducted. These assays were
performed on the same cell line to evaluate the suitability of these magnetic
nanostructures for the specific biomedical application. According to the magnetic field
values reported in the literature for this type of application, it was decided to first perform

a 1 h exposure of the NWs-incubated cells to a 10 mT AMF with a frequency of 1 Hz
(figure 7.8).%7
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Figure 7.8 - Viability of MCF-7 cells after being placed, for 1 h, under similar conditions, which differ in regard to the (a)
absence or (b) presence of a 10 mT magnetic with a frequency of 1 Hz. Asterisks in short bars indicate statistical
significance in relation to control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001).

The demonstrated results clearly suggest the induction of cell death in the cells exposed
to the magnetic field, which increased with increasing NWs’ concentration. This indicates
that the produced nanostructures were indeed capable of inducing cancer cell death
through magneto-mechanical actuation, when exposed to a relatively weak and low-
frequency magnetic field in comparison to the magnetic fields required for MHT, which

represents an advantage of this treatment approach.

Since the maximum magnetic field strength in the homemade setup was 10 mT, for the
coil separation required to fit the 96 well-microplate, it was analysed the effect of reducing

the frequency of that field to 0.1 Hz on the cell viability (figure 7.9).
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Figure 7.9 - Viability of MCF-7 cells, previously incubated with FePt NWSs, after being placed, for 1 h, under similar
conditions that differed in regard to the (a) absence or (b) presence of a 10 mT magnetic field with a frequency of 0.1 Hz.
Asterisks in short bars indicate statistical significance in relation to control and asterisks in long bars indicate statistical
the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

The results obtained by reducing the magnetic field frequency from 1 Hz to 0.1 Hz are

quite similar, although small differences were observed that, however, are within the
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standard deviation range. Therefore, it is possible to conclude that the magnetic field
frequency does not have a significant effect on the magneto-mechanical induction of
cancer cell death. Nevertheless, lower magnetic field frequencies may be more adequate
for applications in the clinical practice, as the equipment requirements are less
demanding and those magnetic fields are associated with a lower H - f, which is important
for complying with the limit established by the Hergt and Dutz criterion.'>? Additionally,
based on the hysteresis loops of these nanostructures, which are presented in figure
5.22, it was determined that, at 10 mT, the magnetization in the NWs, along their easy
and hard magnetization axes, was 5.34 + 3.85% or 1.99 £ 1.61 % that of their saturation
magnetization, respectively. This indicates that the application of stronger magnetic
fields would be a promising way to increase cell death, as it would allow to further exploit
the magnetic properties of those nanoarchitectures, which presented a saturation
magnetization of 702.74 £ 4.69 mT (figure 5.23), enhancing their effectiveness in this
biomedical application. However, since it was not possible to increase the applied
magnetic field due to the setup limitations, another approach would involve improving
the magnetic properties of the NWs so that it would be required a weaker magnetic field

to reach their saturation magnetization.

7.4. Au/Fe/Au Nanodiscs

After characterizing the produced Au/Fe/Au NDs, they were removed from the Si
template and suspended in double-deionized water for the subsequent cell assays. In
this case, and in contrast to the previous study involving FePt NWs, it was first assessed
their cytotoxicity and cellular uptake in the absence of a magnetic field by a macrophage
cell-line, i.e. THP-1. For such purpose, both non-functionalized and PEG methyl ether
thiol (PEG-SH)-functionalized NDs were considered, so as to evaluate the effect of the

surface functionalization on those two aspects.

Then, similarly to the FePt NWs, it was assessed their suitability for the induction of the
death of cancer cells through magneto-mechanical action. However, in this case such
analysis was performed for both non-functionalized and folic acid (FA)-PEG-SH-
functionalized NDs, to evaluate the influence of a cancer-targeting agent on the potential
of those nanostructures for this specific biomedical application. As in the previous study,
before those assays, the cytotoxicity and uptake of these nanoarchitectures was
analysed, in the absence of a magnetic field. These cell experiments were performed

using the MCF-7 cell line.
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7.4.1. Macrophage Assays

When nanomaterials are introduced into a biological system they face a complex series
of biological barriers that considerably hinder the site-specific bioavailability, preventing
adequate diagnostic and/or therapeutic results.?*?? In this context, one of the main
obstacles is related to their opsonization and successive sequestration by the
mononuclear phagocyte system (MPS).2*2* Several strategies are been explored to
avoid this limitation, such as the functionalization of the nanostructures by using PEG.?®
This approach has been carried out with great success for small NPs with sizes lower
than 50 nm.?! However, the functionalization of larger nanostructures, such as the

Au/Fe/Au NDs produced in this work (with sizes greater than 200 nm), is still a challenge.

Therefore, to assess the cytotoxicity and cellular uptake of these nanostructures in the
absence of a magnetic field by cells of the MPS, cell assays using the THP-1 cell line
were conducted. These experiments involved employing different concentrations of NDs
with no functionalization, as well as with two distinct PEG-SH functionalizations, which
differed in regard to their average molecular weight (MW), i.e. 2000 (PEG2000) or 6000
(PEGso00) g/mol.

7.4.1.1. Functionalization Analysis

Before carrying out the cytotoxicity and cellular uptake assays with the THP-1 cell line, it
was necessary to analyse and confirm the presence of the functionalization on the
surface of the nanostructures. This analysis was performed through through two distinct

methods, namely Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).
7.4.1.1.1. Raman Spectroscopy

Regarding Raman Spectroscopy, the spectra obtained for the two types of PEG-SH used
(in powder), the functionalized magnetic nanostructures (still attached to the Si substrate)
with the two different functionalizations, and the Si template without NDs are represented
in figure 7.10.
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Figure 7.10 - Raman spectra of the two types of PEG-SH considered (PEGzq00 and PEGenoo powder), the functionalized Si
template without NDs (Si + PEGsoo0), @and the nanostructures with the two different functionalizations (NDs + PEG ;000 and
NDs + PEGeooo).

As can be observed, the PEG-SH powder, for both molecular weights, presents four
peaks in the 2800 to 3000 cm™ range, which are related to symmetric (us) and anti-
symmetric (ua) stretches of CH.. Particularly, these Raman spectra present peaks at
2841 cm™, 2888 cm?, 2908 cm™?, and 2941 cm?, corresponding to combination modes

from the bending region, us(CH.), CH. stretch mode, and u.(CH>), respectively.?528

From the comparison of the NDs + PEG spectrum with the spectra of PEG2000 and
PEGso0o represented in figure 7.10, it is possible to verify that 3 peaks appear in the
nanostructures (represented by the vertical lines), from which the two with the lowest
frequency are also present in the compound of interest, indicating that the NDs were
indeed functionalized. Those two peaks are located at Raman shifts of about 2908 and
2937 cm™, being related with a CH, stretch mode influenced by solvent interactions and
Ua(CH>), correspondingly. The remaining peak can be attributed to the Raman signal of

the nanostructures, suggesting a successful selective functionalization.

By further analysing the spectra of the NDs + PEG2000 and NDs + PEGeooo, it is possible
to verify that the shift of the peaks in the C-H stretching region can be a result of intensity
shifts towards higher wavenumbers, particularly an increase of the intensity of the peak

located at 2941 cm™ and a reduction of the intensity of the peak at 2888 cm™.26 This
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results from a change of the analysed PEG environment.?® Furthermore, similar spectra
were reported by Arib et al.?° for COOH-terminated PEG-coated Au NPs in the 2800 cm
1 to 3000 cm™ region. Consequently, from the Raman analysis, we can claim that there

is strong evidence that our nanostructures are functionalized.
7.4.1.1.2. X-Ray Photoelectron Spectroscopy (XPS)

To increase our confidence in such result, an XPS analysis of the NDs over the Si
template was also performed considering three conditions, namely NDs without
functionalization, functionalized with PEG2000, and functionalized with PEGeooo. The
detailed spectra for the expected elements, corrected for adventitious C at 284.8 eV in

binding energy, are represented in figure 7.11.
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Figure 7.11 - XPS spectra (counts per second, cps vs. binding energy) of (a) Au4f, (b) Cls, (c) O1s, and (d) S2p regions
for the NDs without functionalization (NDs), functionalized with PEGz000 (NDs + PEG 2000), and functionalized with
PEGso00 (NDS + PEG 6000)

Regarding figure 7.11(a), it is possible to observe two peaks for the non-functionalized
NDs, namely at 84.3 eV and 88.0 eV, corresponding to 4f7, and 4fs, spin orbitals.
Furthermore, these two peaks are relatively narrow, indicating that Au is present in the

Au® metallic form and, consequently, is highly stable.®**! On the other hand, after the
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functionalization process, these two peaks are shifted towards lower binding energies,
i.e. 83.8 eV and 87.5 eV. Such negative shift can be explained by the interaction between
PEG-SH and Au, namely, according to the hard-soft acid-base (HSAB) principle, S is a
soft base with a high affinity for Au, since it is a soft acid, forming a strong interaction.
Consequently, S atoms share their electrons with the Au atoms, which increases the

electron density and, therefore, originates a negative shift in the binding energy.*?

In the C1s spectra [figure 7.11(b)], it is possible to observe that the non-functionalized
nanoarchitectures exhibit a spectrum characteristic of adventitious C, which is expected
and unavoidable due to the exposure of the sample to air before its transfer to the XPS
instrument.®® In turn, the functionalized NDs present Cls spectra that can be
deconvoluted in three peaks: 284.6 eV, which could represent the mean value of the
binding energies associated with the different C atom types on the functionalized surface,
including C atoms of aliphatic groups (C—C/C-H at 284.6 eV) from PEG-SH; 286.5 eV,
indicating the presence of the ether-carbon bonds from the PEG backbone; and 288.4,

which is associated with carbon—-oxygen bonds.34%7

The O1s spectra was also analysed for all the considered nanostructures [figure 7.11(c)],
having been observed, for the non-functionalized NDs, a single peak at around 532.3
eV, which, according to the literature, corresponds to adsorbed oxygen species, such as
H20 and C02.%3% On the other hand, the Ols spectra of the functionalized
nanostructures appears to be shifted towards lower binding energies, presenting a peak
at ~ 531.8 eV. This result is consistent with the removal of hydroxyl groups resulting from

the functionalization with PEG-SH.4041

From these three XPS spectra, it is possible to conclude that the shifting of the peaks
only occurs when functionalization is performed, indicating that the local chemical
environment of the surface is indeed altered during that procedure.*?** However, in order
to confirm the presence of the PEG-SH molecules on the surface of the NDs, it is
necessary to assess the presence of S, which was not observed in the survey spectra
due to its inherently low concentration in the PEG-SH molecules. Therefore, the high

resolution S2p spectra of these nanostructures were also acquired [figure 7.11(d)].

Regarding the functionalized NDs, their S2p spectra can be deconvoluted into three
peaks, i.e. 161.5 eV, which, according to the literature, corresponds to thiols covalently
bonded to Au atoms at the ND surface; 163.8 eV, representing physisorbed RS-H thiol
groups; and 168.4 eV that indicates the presence of high oxidation state S species, such

as sulfonate groups.*+4’
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In summary, the acquired XPS data also indicated that the NDs were successfully
functionalized with PEG-SH.

7.4.1.2. In Vitro Cytotoxicity Studies

Following these results, we were interested in assessing the interaction of these
nanostructures by some cells of the MPS. In this context, it was first assessed the
cytotoxicity of both functionalized and non-functionalized nanostructures in the THP-1

cell line (figure 7.12).
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Figure 7.12 - Cell viability as a function of the number of non-functionalized (NDs) and functionalized NDs (NDs + PEG zq00;
NDs + PEGeoo0) per cell (n=3). Asterisks in short bars indicate statistical significance in relation to control and asterisks in
long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, for all the concentrations of non-functionalized NDs tested, less
than 5% of the cells were dead. Consequently, it was concluded that these
nanostructures, without the functionalization, are innocuous to THP-1 cells in the
absence of an external magnetic field. Regarding the functionalized nanostructures, they
also present high biocompatibility, with the lowest cell viability achieved being 98%.
Furthermore, the NDs functionalized with PEG-SH possessing an average molecular

weight of 2000 (p-value = 0.02) appear to have a slightly lower level of cytotoxicity.
7.4.1.3. In Vitro Uptake Assays

Subsequently, the uptake of both functionalized and non-functionalized NDs was

assessed, using the same cell line (figure 7.13).
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Figure 7.13 - SSC-H as a function of the number of non-functionalized (NDs) and functionalized NDs (NDs + PEG xqq0;
NDs + PEGgon0) per cell (n=3). Asterisks in short bars indicate statistical significance in relation to control and asterisks in
long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Regarding the cellular uptake of the non-functionalized NDs, it was verified that they
were internalized by the considered cells, having been observed an increase of the SSC-
H with the concentration of nanostructures. On the other hand, regarding the
functionalized nanoarchitectures, it is possible to observe that the internalization by the
THP-1 cells is, generally, lower when compared to the non-functionalized ones. Such
result is particularly pronounced for the NDs functionalized with the PEG-SH possessing
a higher average molecular weight. The reason for this observation can be attributed to
the fact that such functionalization introduces modifications in the surface properties of
the NDs, such as charge and hydrophilicity. These modifications may affect the
interaction between the functionalized nanoarchitectures and the THP-1 cell membrane,

making them less favourable for internalization.*®

Consequently, it is possible to conclude that this functionalization has the potential to
reduce the opsonisation of these nanostructures by the cells of the MPS, while

maintaining their biocompatibility.
7.4.2. Magneto-Mechanical Cell Death Assays

After studying the cytotoxicity and uptake of the produced Au/Fe/Au NDs by the THP-1
cell line, and confirming that the PEG-SH functionalization led to a reduction of their
opsonization, it was analysed the potential of those magnetic nanostructures for inducing
the death of cancer cells through magneto-mechanical actuation. For such purpose, both
non-functionalized and PEG-SH-functionalized NDs were considered. Moreover,

another functionalization of those nanostructures with FA-PEG-SH (section 3.2.2.1.) was
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also tested, since the folate receptor is overexpressed on numerous tumours, serving as

a biomarker for cancer cells.*®

Nevertheless, similarly to the previously performed experiments with FePt NWs, before
the magneto-mechanical cell death assays, the cytotoxicity and uptake of these
nanoarchitectures was analysed, in the absence of a magnetic field. These experiments

were performed considering the MCF-7 cell line, as well.
7.4.2.1. In Vitro Biocompatibility Assays

First, in order to assess the biocompatibility of both non-functionalized and functionalized
Au/Fe/Au NDs on the selected cell line, in the absence of an external magnetic field, their
cytotoxicity was assessed. As in the previous involving FePt NWs, concentrations

ranging between 80 and 4000 nanostructures per cell were tested (figure 7.14).
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Figure 7.14 - Viability of MCF-7 cells, in relation to control, after a 19-h incubation with various concentrations of (NDs)
and functionalized NDs (NDs + PEGjg00; NDs + PEGgoo0; NDs + PEG-FA) per cell (n=3). Asterisks in short bars indicate
statistical significance in relation to control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05;
**P <0.01; ***P < 0.001; ****P < 0.0001).

From the presented results, it is possible to verify that for all the concentrations of both
non-functionalized and functionalized NDs, less than 4% of the cells were dead.
Consequently, it was concluded that these nanostructures, in the absence of an external

magnetic field, do not have a significant cytotoxic effect on the MCF-7 cells.
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7.4.2.2. In Vitro Uptake Assays

The uptake of these nanostructures by the MCF-7, without an applied magnetic field
(figure 7.15), was also assessed before the magneto-mechanical cell death assays, to

better understand the interactions between the NDs and those cancer cells.
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Figure 7.15 - SSC-H as a function of the number of non-functionalized (NDs) and functionalized NDs (NDs + PEG x00;
NDs + PEGeno0; NDs + PEG-FA) per cell (n=3). Asterisks in short bars indicate statistical significance in relation to control
and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, both functionalized and non-functionalized NDs were internalized
by the MCF-7, having been verified a concentration-dependent increase of the SSC-H
with increasing concentration of nanostructures. Nevertheless, the functionalized
nanoarchitectures were significantly more internalized than the non-functionalized ones,
particularly those with FA-PEG-SH at the surface. This result may be attributed to the
enhanced stability and reduced aggregation of the PEG-SH-functionalized
nanostructures, which can make them more suitable for interaction with the cancer cells’
membranes.®®%2 On the other hand, the increased uptake of the FA-PEG-SH-
functionalized NDs may result from the overexpression of folate receptors on the surface
of the MCF-7 cells.>*** Nevertheless, it is possible to observe that the difference between
the presence or absence of FA on the surface of the NDs is small, which can be attributed
to the fact that most PEG-functionalized nanostructures are internalized, leading to a
reduced number of NDs outside the cells. This originates a reduced increase in the
internalization of the FA-PEG-SH-functionalized nanostructures by the cancer cells, as

most nanoarchitectures were already internalized when functionalized with PEG-SH.
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7.4.2.3. In Vitro Magneto-Mechanical Cell Death Assays

After analysing the biocompatibility and internalization of both functionalized and non-
functionalized Au/Fe/Au NDs, the induction of the death of MCF-7 cells through magneto-
mechanical actuation using those nanostructures. In this context, it was assessed the
influence of several parameters, namely the magnetic field strength and frequency, as

well as the concentration of NDs and their functionalization, on the resulting cell death.

As a result, NDs without any functionalization were selected for the initial assays.
Additionally, based on the magnetic field strength and frequency reported in the literature
for this type of biomedical application and nanomaterials, it was used a magnetic field
with a strength of 10 mT and a frequency of 1 Hz for these first assays.’ The obtained

results are presented in figure 7.16.
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Figure 7.16 - Viability of MCF-7 cells incubated with different concentrations of non-functionalized Au/Fe/Au NDs, after
being placed, for 1 h, under similar conditions that differed in regard to the (a) absence or (b) presence of a 10 mT
magnetic field with a frequency of 1 Hz. Asterisks in short bars indicate statistical significance in relation to control and
asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

From the presented results, it is possible to verify that, for the non-exposed cells, no
significant cytotoxicity was observed. On the other hand, regarding the cells exposed to
the external AMF, a concentration-dependent decrease of cell viability was noticed,

where higher concentrations of nanostructures led to a greater cell death.

Subsequently, it was analysed the impact of reducing the frequency of the external

magnetic field from 1 Hz to 0.1 Hz on the cell viability (figure 7.17).
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Figure 7.17 - Viability of MCF-7 cells incubated with different concentrations of non-functionalized Au/Fe/Au NDs, after
being placed, for 1 h, under similar conditions that differed in regard to the (a) absence or (b) presence of a 10 mT
magnetic field with a frequency of 0.1 Hz. Asterisks in short bars indicate statistical significance in relation to control and
asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Similarly to the previous experiment, it was observed that, for the cells exposed to the
AMF, higher concentrations of NDs led to a greater cell death, while, for the non-exposed
cells, no considerable reduction in cell viability was verified. Additionally, by comparing
the two assays, no significant differences in cell death were observed when employing
a 10 mT magnetic field with a frequency of 1 or 0.1 Hz, suggesting that, by reducing this
parameter, the cytotoxic effect of the NDs exposed to an AMF is not considerably
influenced. Moreover, the effect of increasing the frequency of the magnetic field was
not tested as it was not possible to achieve higher frequencies with the same field

strength in the homemade setup, due to the response time of the system.

In addition to the frequency, the influence of the magnetic field strength on the induction
of cell death through this approach was also analysed. However, since the maximum
attainable magnetic field in the homemade setup, for a frequency of 1 Hz, was 10 mT, it
was decided to use a frequency of 0.1 Hz to perform this study, as it allowed to achieve
a maximum magnetic field strength of 20 mT and, as previously concluded, decreasing
the frequency of the field did not significantly affect the resulting cell death. The acquired

results are represented in figure 7.18.
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Figure 7.18 - Viability of MCF-7 cells incubated with different concentrations of non-functionalized Au/Fe/Au NDs, after
being placed, for 1 h, under similar conditions that differed in regard to the (a) absence or (b) presence of a 20 mT
magnetic field with a frequency of 0.1 Hz. Asterisks in short bars indicate statistical significance in relation to control and
asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

As can be observed, no noticeable cell death was verified for the non-exposed cells,
while those exposed to the AMF presented a viability reduction that depended on the
concentration of nanostructrures considered. By comparing these results with those
obtained in the previous experiment, a similar concentration-dependent behaviour of the
viability of the AMF-exposed MCF-7 cells was observed. Nevertheless, such reduction
was slightly more significant when considering a 20 mT AMF (~ 4 %), suggesting that
higher magnetic fields promote the cytotoxic effect of these NDs. By analysing the
hysteresis loop of this type of nanostructures, presented in figure 6.10, it was possible to
verify that, under a magnetic field of 10 mT, their magnetization corresponds to 9.86 +
3.8 % of their saturation magnetization, while under a magnetic field equal to 20 mT, that
value increases to 23.10 + 3.92 %. In this context, stronger magnetic fields should be
applied to further exploit the magnetic properties of these nanostructures to increase the
resulting cell death, with their saturation magnetization being reached at 103.67 + 13.67
mT.

Based on the obtained results, it was concluded that the optimal magnetic field
parameters for inducing cell death through magneto-mechanical actuation in this
homemade setup, using Au/Fe/Au NDs, were a strength of 20 mT and a frequency equal
to 0.1 Hz. Subsequently, considering an AMF with those characteristics, it was assessed
the effect of the NDs functionalization with two types of PEG-SH, i.e. PEGay0 and
PEGsoo0o0, ON their ability to induce the death of MCF-7 cells through magneto-mechanical

actuation (figure 7.19).
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Figure 7.19 - Viability of MCF-7 cells incubated with different concentrations of (a, b) PEGz0 Or (¢, d) PEGegono
functionalized Au/Fe/Au NDs, after being placed, for 1 h, under similar conditions that differed in regard to the (a, c)
absence or (b, d) presence of a 20 mT magnetic field with a frequency of 0.1 Hz. Asterisks in short bars indicate statistical
significance in relation to control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001).

As previously concluded in the biocompatibility assays, no significant cytotoxicity was
observed in the cells not exposed to the AMF. Conversely, for those exposed to the AMF,
a considerable increase in cell death, which depended on the concentration of the
functionalized NDs, was verified. Comparing the two PEG-SH functionalizations,
negligible differences were observed between them, indicating that the type of PEG-SH
molecule does not significantly affect the cytotoxic effect of these nanostructures.
However, a cell death increase of 7.75 + 1.26 % or 8.41 + 1.56 % was attained when
using the PEG2oo- or PEGsnoe-functionalized NDs, in comparison to the non-
functionalized ones, suggesting that such functionalization contributes to an enhanced
cytotoxicity of those nanoarchitectures, when under an AMF. This result may be
attributed to the increased internalization of PEG-functionalized NDs observed in the
uptake assays (figure 7.15), which leads to a higher concentration of these
nanostructures within the cells and, consequently, causes a greater magneto-

mechanically-induced damage in those biological entities.
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Afterwards, similar assays were performed using FA-PEG-SH-functionalized NDs, so as
to evaluate the effect of that functionalization on the nanostructures’ capacity to promote

cell death through magneto-mechanical action (figure 7.20).
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Figure 7.20 - Viability of MCF-7 cells incubated with different concentrations of FA-PEG-SH functionalized Au/Fe/Au
NDs, after being placed, for 1 h, under similar conditions that differed in regard to the (a) absence or (b) presence of
a 20 mT magnetic field with a frequency of 0.1 Hz. Asterisks in short bars indicate statistical significance in relation
to control and asterisks in long bars indicate statistical the tested conditions (*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001).

As can be observed, the non-exposed cells did not exhibit any significant viability
reduction, while those exposed to the AMF presented a death percentage that depended
on the concentration of NDs considered in the assay. In comparison to the PEG-SH-
functionalized nanostructures, the FA-PEG-SH functionalization led to higher cell death
for the same concentration of nanoarchitectures, specifically 6.38 + 0.33 % larger. This
can be attributed to their greater internalization by the cancer cells, as concluded in the
uptake assays (figure 7.15). This increased internalization of the FA-PEG-SH NDs can

be a result of the overexpression of folate receptors on the surface of the MCF-7 cells.%®

7.5. Conclusions

In this chapter, the suitability of the produced nanomaterials for different biomedical
applications was analysed. Patrticularly, it was assessed the potential of the produced
NLCs for a dual cancer treatment approach involving MHT together with a targeted
anticancer drug release. For such purpose, the nano-formulations composition and
concentration for this application was first optimized, based on biocompatibility studies
and morphology evaluation after incubating cancer cells with those nanomaterials. Then,
MHT assays with those NPs were performed, having been obtained evidence of a
successful dual action on cancer cells involving MHT together with DOX release

promoted by the temperature increase.
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The potential of FePt NWs and Au/Fe/Au NDs for a different biomedical application
known as magneto-mechanical induction of cell death was also studied. Regarding the
first, biocompatibility studies revealed that they were innocuous to cancer cells in the
absence of an external AMF, while uptake assays suggested that those biological entities
were capable of internalizing the FePt NWs. Then, magneto-mechanical cell death
assays indicated a concentration-dependent decrease of the cell viability, where cell
death increased with increasing concentration of nanostructures. Furthermore, it was
concluded that reducing the frequency of the applied AMF led to a negligible effect on

the number of viable cells, after exposure to the AMF.

Subsequently, the potential of the synthesized Au/Fe/Au NDs for this same application
was evaluated. However, in this case, it was first assessed their recognition by cells of
the MPS. For such purpose, the nanostructures were functionalized with two types of
PEG-SH possessing distinct MWs. Raman spectroscopy and XPS allowed to confirm the
presence of those compounds in the NDs. Afterwards, cell assays with the non-
functionalized and functionalized NDs led to the conclusion that both types of
nanostructures are biocompatible and, through PEG-SH functionalization, it is possible
to reduce their uptake by the cells of the MPS. Then, it was assessed the suitability of
these nanostructures for the previously mentioned biomedical application, using non-
functionalized, PEG-SH functionalized, as well as FA-PEG-SH-functionalized NDs. In
this context, biocompatibility assays in the absence of an external AMF, revealed that all
these nanoarchitectures possessed an adequate biocompatibility. On the other hand, by
performing uptake assays, also without an external AMF, it was verified that the
functionalized NDs were internalized at a higher degree by the cancer cells than the non-
functionalized ones. Subsequently, cells incubated with different concentrations of
nanoarchitectures were exposed to AMFs with various parameters, having been
concluded that reducing the magnetic field frequency did not significantly impact the
cytotoxic ability of these NDs, while increasing the strength of that field led to increased
cell death. Additionally, it was verified that functionalized nanostructures were capable

of inducing greater cell death, specially those involving FA-PEG-SH.
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8. Final Remarks and Future Work

The work developed in this thesis falls within three main research lines: (i) development
of core-shell magnetic-lipid nanoparticles (NPs) bi-functionalized with an anticancer drug
and folic acid (FA); (ii) synthesis and characterization of biocompatible high-aspect-ratio
magnetic nanostructures by template-assisted methods; and (iii) assessment of the
suitability of those nanomaterials for magneto-stimulated chemotherapy and magneto-

mechanical induction of cancer cells death, respectively.

Regarding the first topic, a biocompatible and multi-responsive drug delivery system
involving core-shell magnetic-lipid NPs, with different solid lipids (gelucire 43/01: GEL or
cetyl palmitate: PAL), bi-functionalized with an anticancer drug, doxorubicin (DOX) and
FA was successfully developed. The characterization of those nanomaterials indicated
that they possess adequate physicochemical properties for biomedical applications,
presenting a suitable hydrodynamic diameter, a narrow size distribution, and a relatively
high stability. Moreover, no significant change in those properties was observed after
incorporation of superparamagnetic iron oxide nanoparticles (SPIONs) and/or the
functionalization process. Nevertheless, it was verified that the co-encapsulation of DOX
and SPIONs increased the DOX encapsulation in the NPs. A morphological analysis of
the core-shell magnetic-lipid NPs allowed to confirm the presence of the polyethylene
glycol-FA (PEG-FA) functionalization on their surface. The morphology of the produced
SPIONSs was also studied, having been concluded that their size fell within the estimated
particle size required to achieve superparamagnetism in magnetite/maghemite NPs.
Furthermore, a structural characterization allowed the identification of characteristic
peaks of maghemite/magnetite in both SPIONs and magnetic-lipid NPs. Regarding the

latter, such analysis also allowed the detection of DOX and PEG-FA conjugate.

Through comparison of the thermal stability, AMF-triggered DOX release, and
biocompatibility between GEL-based and PAL-based magnetic-lipid NPs, it was
determined that the former were more appropriate for the intended biomedical
application. This application involves a dual cancer treatment strategy, wherein
anticancer drugs are targetedly delivered to cancer cells in conjunction with magnetic
hyperthermia (MHT). Nevertheless, independently of the considered solid lipid, it was
confirmed the possibility to control the DOX release by an external AMF stimulus, as a
result of the heat-generating properties of SPIONs. Subsequently, the magnetic
characterization of the GEL-based NPs and SPIONs confirmed the existence of a
superparamagnetic behaviour, at room temperature, for both. Additionally, the SAR of

those magnetic-lipid NPs loaded with SPIONs was measured, having been obtained a
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value that makes them potential candidates for MHT. The GEL-based NPs also
demonstrated pH and thermal sensitivity, leading to an increased release of DOX under
greater temperatures and at lower pH conditions. Moreover, they presented a good

stability for a period of, at least, 10 weeks, when stored at 4 °C.

In addition to those NPs, biocompatible high aspect ratio magnetic nanostructures were
also synthesized and characterized. Particularly, FePt nanowires (NWs) were produced
through two different approaches involving either pulsed or DC electrodeposition into
anodic aluminium oxide (AAO) templates. The first strategy allowed the control of the
resulting nanoarchitectures composition by adjusting two parameters, namely the
thickness of the barrier layer at the bottom of the template and the current density applied
during the electroplating process. Nevertheless, it was verified that the length of the NWs
possessing Pt in their composition was not homogeneous. The magnetic
characterization of the obtained nanostructures indicated an increase of the magnetic
hysteresis, remanent magnetization, coercivity, and perpendicular saturation field (Hg,,)
as the Fe at.% got higher. Furthermore, micromagnetic simulations of FePt NW arrays
with various stoichiometries suggested that the nanostructures produced at lower current

densities may possess a varying stoichiometry along their length.

Besides the non-uniform length and stoichiometry of these nanoarchitectures, they also
present dendritic structures at one end, which alter their properties and are undesirable
in biomedicine. Consequently, another synthesis approach for FePt NWs was
developed, involving direct current (DC) electrodeposition, in either static or pulsed
mode, into AAO templates obtained through hard anodization. In this context, it was
analysed the effect of different parameters on the composition of the resulting
nanostructures, such as electrodeposition potential (V4ep), CONncentrations of precursors
in the electrolyte, deposition pulse (ton), rest pulse (toff), ton/torr ratio, and prior Au
electrodeposition. As a result, it was verified that the composition of the produced FePt
NWs was controlled by the ton/torr ratio considered in the pulsed mode, while the static
approach did not lead to any significant modification of their stoichiometry. In comparison
to the pulsed strategy, it was possible to obtain NWs with a more uniform length when
Pt was deposited through the DC approach. Moreover, regarding their magnetic
characterization, a similar result was obtained, where it was observed higher magnetic
hysteresis, remanent magnetization, coercivity, and Hg,, values as the Fe at.% in the
nanostructures increased. Moreover, the morphology and composition of individual FePt
NWs, obtained by dissolving the hard anodization AAO template after the pulsed DC

electrodeposition process, revealed that both their diameter and composition vary along
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their longitudinal axis. Particularly, it was noticed that those nanostructures become
narrower and their Fe content increases as they get longer. Nevertheless, it is possible
to obtain nanostructures with suitable dimensions for biomedical applications that

present a relatively homogeneous length, diameter, and composition.

Apart from the FePt NWs, Au/Fe/Au nanodiscs (NDs) with a spin-vortex ground state
were also produced through a different approach, based on thermal evaporation into
templates pre-patterned by laser interference lithography. Then, it was performed a
morphological and structural characterization of these nanostructures and, to confirm the
presence of the spin-vortex ground state, a detailed magnetic characterization involving
various techniques was detailed. Moreover, micromagnetic simulations were performed
to better understand and support the obtained experimental results, also validating the

formation of a spin-vortex state in the synthesized NDs.

Then, the potential of the produced core-shell magnetic-lipid NPs and high aspect ratio
nanostructures for chemo-MHT and magneto-mechanical induction of cancer cell death,
respectively, was evaluated. Regarding the first biomedical application, the composition
and concentration of the nano-formulations composed of magnetic-lipid NPs were first
optimized for this specific use-case. This was performed by carrying out biocompatibility
and morphological studies using the MCF-7 breast cancer cell line. Subsequently, MHT
assays were conducted using these nanoparticles, having been verified an increase of
the cell death due to the synergistic effect between the DOX chemotherapeutic effect

and the heating promoted by the external magnetic field.

The suitability of the produced high aspect ratio magnetic nanoarchitectures for a
different biomedical application, i.e. magneto-mechanical induction of cancer cell death,
was also assessed. When considering FePt NWs, biocompatibility studies indicated that
these nanomaterials were harmless to cancer cells when not exposed to an external
AMF. Additionally, uptake assays indicated that these biological entities were able to
internalize the FePt NWs. Subsequent magneto-mechanical cell death assays
demonstrated a concentration-dependent reduction in cell viability, with increasing cell
death observed as the concentration of nanostructures increased. Additionally, it was
observed that reducing the frequency of the applied AMF had a negligible impact on the

number of viable cells following an exposure to the AMF.

The potential of the produced Au/Fe/Au NDs for this same biomedical application was
analysed as well. Nevertheless, in contrast to the previous case, their recognition by cells
of the mononuclear phagocyte system (MPS) either with no functionalization or

functionalized with PEG-SH was first evaluated. The confirmation of the presence of the
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PEG-SH on the surface of the nanoarchitectures was obtained through Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) analyses. Then, cell assays
with non-functionalized and functionalized NDs indicated that both types of
nanostructures are biocompatible. Furthermore, it was observed that the PEG-SH
functionalization led to a reduction of the NDs uptake of the NDs by the MPS’ cells. After
this study, the potential of these nanoarchitectures for the magneto-mechanical induction
of cancer cell death was assessed, using non-functionalized, PEG-SH functionalized, as
well as FA-PEG-SH-functionalized NDs. The biocompatibility assays, conducted
absence of an external AMF, revealed an adequate biocompatibility for all the considered
nanostructures. Uptake assays were also performed under the same conditions, having
been concluded that the functionalized NDs were internalized to a greater extent by
cancer cells compared to the non-functionalized ones. Afterwards, cells incubated with
different concentrations of non-functionalized and functionalized were exposed to AMFs
with distinct parameters. As a result, it was concluded that reducing the magnetic field
frequency did not significantly affect the cytotoxic ability of these NDs, whereas
increasing the strength of the field led to higher cell death. Additionally, it was observed
that functionalized nanostructures, particularly those involving FA-PEG-SH, could induce

greater cell death.

In this thesis, various multifunctional nanoplatforms for the development of novel cancer
therapy strategies were successfully produced and characterized in detail. These can

constitute the basis for new research in various topics, such as:

e Optimization of new formulations of NLCs with different anticancer drugs or a
combination of drugs;

e Optimization of the NLCs so as to prevent anticancer drug release at lower
temperatures (< 40 °C);

¢ Optimization of the AMF parameters for inducing the cancer cell death using the
formulations studied in this work;

e Improvement of the MHT setup for better analysing the in vitro induction of cell
death using the produced NLC formulations;

e In vivo chemo-MHT assays using the studied NLC formulations;

e Development of new NLC formulations, involving the fabricated high aspect ratio
magnetic nanostructures together with anticancer drugs and functionalized with
targeting agents, for a treatment approach involving magneto-mechanical

actuation combined with anticancer drug release at the target site;
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In vivo magneto-mechanical assays for the induction of cancer cell death using
the produced high aspect ratio nanostructures;

Development of a more versatile setup for in vitro magneto-mechanical cell death
assays;

Synthesis and characterization of magnetic nanostructures with other shape
and/or composition for inducing the cell death through magneto-mechanical
actuation;

Further optimization of the FePt NWs electrodeposition conditions;

Study of the properties of Au/Fe/Au NDs as a function of their dimensions.
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