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Abstract

For the past three decades, nanotechnology has been an ever-growing field,
including its application to medicine, what is known as nanomedicine. Despite the
promising potential applications of nanomedicine, translation to effective
therapeutic and diagnostic alternatives is still very low. This is in part, due to a lack
of knowledge of the mechanisms in which nanomaterials interact with the
organisms, beginning with their biointeraction at the cellular level. This information
is often over-looked when characterising new engineered nanomaterials and can
contribute to their efficient and safe development. In this scenario, the goal of this
thesis is to provide an in-depth clear perspective from a cellular point of view of
these nanomaterial bio-interactions and how they might affect their expected
therapeutic outcome. We also point out the importance of using compatible
methods to study the cytotoxicity of new nanomaterials to avoid potential assay
interferences and to evaluate the uptake and intracellular fate of nhanomaterials
quantitatively. Works presented in this thesis highlight the importance of in vitro
characterisation of the biointeraction of nanomaterials using different cell lines.
First, we proved the biocompatibility and antioxidant properties of cerium oxide
nanoparticles, achieving antioxidant results close to those obtained with
commercially available antioxidant products. Second, we demonstrated the
biocompatibility of silica nanoparticles and provided new insights into their
biointeraction using confocal laser scanning and scanning electron microscopy
techniques and a novel quantifiable analysis of the obtained internalisation data.
It also led new quantitative information on how time-dependent internalisation can
critically affect the uptake and intracellular fate of nanomaterials. Lastly, we
analysed the biointeraction, cytotoxicity, magnetic targeting capabilities and
hyperthermia-triggered therapeutic use of iron and gold magnetoplasmonic
polystyrene nanodomes to selectively treat tumoral cell lines (SKBR-3) and leave
non-tumoral cell lines (MCF10a) unaffected. The efficiency to magnetically
manipulate this kind of nanoparticles and the increase of the uptake efficiency in
cells is proved in static and flow conditions. We also highlight the differential cell
death mechanisms induced by hyperthermia after near-infrared laser irradiation
between tumoral and non-tumoral cell lines. In conclusion, the present thesis
provides new knowledge towards the development of better nanomaterials and
new generation diagnostic and therapeutic agents for the selective destruction of
malignant cells.






Resum

Durant les ultimes 3 decades, la nanotecnologia s'ha convertit en un camp en
constant creixement, incloent la seva aplicacidé a la medicina, la qual coneixem
com a nanomedicina. Tot i les prometedores aplicacions potencials de la
nanomedicina, la seva traduccié a alternatives terapeutiques i diagnostiques
efectives és encara molt baixa. Aixo és degut, en part, a la falta de coneixement
dels mecanismes amb els que els nanomaterials interaccionen amb els
organismes, aixi com la seva biointeraccio a nivell cel-lular. Aquesta informacié és
freqUentment ignorada quan es caracteritzen nous dissenys de nanomaterials i
pot contribuir substancialment al seu desenvolupament eficient i segur. En aquest
escenari, |'objectiu d'aquesta tesi és proporcionar un analisi en profunditat des
d'una perspectiva cel-lular de les nano-biointeraccions dels nanomaterials i com
aquestes poden afectar al potencial terapéutic dels mateixos. També posem en
relleu la importancia de caracteritzar amb métodes compatibles la citotoxicitat de
nanomaterials per evitar potencials interferencies amb els métodes emprats i de
la quantificacié de la internalitzacio i desti intracel-lular de nous nanomaterials.
Els estudis presentats en aquesta tesi també destaquen la rellevancia de la
caracteritzacid in vitro de les biointeraccions dels nanomaterials fent servir
diferents linies cel-lulars. Primer, hem comprovat la biocompatibilitat i propietats
antioxidants de les nanoparticules d'0xid de ceri, aconseguint resultats propers
als efectes d'antioxidants disponibles a nivell comercial. En segon lloc, hem
demostrat la biocompatibilitat de les nanoparticules d'oxid de silici i aportat nova
informacié rellevant de la seva biointeraccid amb cultius cel-lulars fent servir
microscopia laser d'escaneig confocal i microscopia electronica d'escaneig, aixi
com un analisi quantificable de les dades d'internalitzacié obtingudes. Aquest
estudi aporta nova informacié quantitativa sobre com els temps d'incubacio
poden afectar drasticament a |'eficiéncia d'internalitzacié i el desti intracel-lular
dels nanomaterials. Finalment, hem analitzat la biointeraccid, la citotoxicitat, les
possibilitats de direccié a través de manipulacié magnética i I’'Us pel tractament
per hipertermia de nanoparticules magnetoplasmoniques d'or i ferro sobre
poliestire de forma selectiva en una linia cel-lular tumoral (SKBR-3) i una linia
celllular no tumoral (MCF10a). Hem comprovat I'eficiencia de manipulacid
magnetica de les nanoparticules magnetoplasmoniques i com afecten
incrementant |'eficiencia d'internalitzacio per part de les cél-lules en condicions de
cultiu estatiques i dinamiques. També destaquem els mecanismes diferencials de
mort cel-lular entre linies tumorals i no tumorals induits pel tractament per
hipertérmia mitjancant I'estimulacié de les nanoparticules magnetoplasmoniques
amb un laser amb longitud d'ona propera al infraroig. En conclusié, la present tesi
aporta nous coneixements que ajudaran al desenvolupament de nous
nanomaterials i el desenvolupament de nous agents basats en nanomaterials pel
diagnostic i terapia contra cél-lules tumorals.
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1 Introduction

Cancer is not a single disease, but a group of malignancies characterised by the uncontrolled
growth and propagation of abnormal cells through the body. It remains one of the world’s worst
diseases and a great challenge for those working in the health sciences community. It strikes our
population at an alarming growing pace, increasing an 36,9 % its incidence from 14.1 million in
2012 (Ferlay et al., 2015) to 19.3 million in 2020 (Sung et al., 2021). This trend was projected in 2020
to continue growing, with the number of new cases expected to rise a further 47%, enlarging the
number of cancer cases to 28,4 million over the next two decades worldwide (Sung et al., 2021).
According to estimates from the World Health Organization (WHO) in 2019, cancer was the first or
second leading cause of death before the age of 70 years in 112 of 183 countries and ranks third
or fourth in a further 23 countries (Sung et al., 2021) representing a 16,7 % of the total deaths world-
wide in 2019.

Although the incidence and mortality of certain kind of cancers is being lowered by the development
of pre-clinical diagnostic methods and good habits in highly developed countries, it is observed
that this trend might not be equal in low- and in-development countries where preventive measures
fail to extend in the population (Sung et al., 2021). In low- and in-development countries, incidence
of particular tumours may be relatively low, but corresponding mortality data often reflect late-stage

diagnosis as the norm and consequently poor clinical outcomes.

Aggregated data from 2020 shows that the prevalence of colorectal cancer is the 3rd highest among
the population, regardless of gender with over 1.9 million cases representing a 10% of total cancer
cases. It ranks 2nd in terms of mortality (Sung et al., 2021). It is the 3rd (10,6%) most prevalent kind
of cancer in men, only under lung (14.3%) and prostate cancer (14,1%). Meanwhile, in women, the
prevalence rank is led by breast cancer (24,5%), followed by colorectal cancer (9,4%), lung (8,4 %)
and being the cervical-uteri cancer the 4th in place (6,5%) (Sung et al., 2021). The diagnosis and
prognosis of all of these types of cancer is heavily affected by pre-clinical policies and screenings.
New, highly specific and cheaper strategies that enhance the early detection of cancer are of fun-
damental need, especially in low-resource countries where investment in pre-clinical policies is

scarce and treatable cancers are often overlooked with fatal consequences.

Traditional therapies against cancer include surgery, radiation and the use of chemotherapeutic
drugs which are usually associated with undesired side-effects to surrounding and/or distant nor-
mal tissues. This is the reason why the development of alternative therapeutic strategies that over-

come these drawbacks is of fundamental need.



In 2004, the National Cancer Institute committed $144 million toward the development of novel
nanotechnologies for improving cancer mortality focusing on six areas that included (1) detection
of molecular changes responsible for disease pathogenesis; (2) disease diagnosis and imaging; (3)
drug delivery and therapy; (4) multifunctional systems for combined therapeutic and diagnostic ap-
plications; (5) vehicles to report the in vivo efficacy of a therapeutic agent; and (6) nanoscale ena-

bling technologies, which will accelerate scientific discovery and basic research (RF, 2005).

One of the desired goals of the application of nanotechnology into medicine is the early detection
of pathological changes in the organism at a molecular level thanks to individually engineered nan-
otheranostic tools that offer an unambiguous method to diagnose, monitor and treat the disease in

a single non-invasive procedure.



1.1 Engineered nanomaterials in medicine

Nanomaterials are defined by their inner and/or outer dimensions, being either of them of up to 100
nm. Nanoparticles (NPs) are commonly defined by its outer dimensions only, and therefore should
not exceed the range of 1-100 nm in diameter. Despite this classic cut-off of the upper limit in size,
depending on the NPs’ material the so-called quantum effect of their size starts at a higher size.
Therefore, depending on the application of the engineered nanomaterials (ENMs), sizes that slightly
surpass the upper size limit can also be considered and described as NPs. Examples on the non-
triviality of the size and shape of these materials are gold NPs, which heavily change their properties
around 100 nm in size (their excitation and emission changes at this critical size) (Eustis & El-Sayed,
2006) or titanium NPs which change their properties from inert to explosive at 300-500 nm in size
(Boilard et al., 2013). Therefore, toxicologists and pharmacologists commonly refer to particles be-
low 250 nm in size as NPs and federal institutions like the Food and Drug Administration (FDA) of
the United States of America classify as NPs those particles that are up to 1000 nm in size if the
particle exhibits distinct physical, chemical or biological properties to that of the bulk material(Ad-
ministration, 2014). Currently, there are more than 1800 consumer products according to the Pro-
ject on Emerging Nanotechnologies inventory that are made of or contain NPs since 2005, with a
wide range of applications and industries such as energy, automotive, electronics and computing,
food and beverages, health and construction materials (Vance et al., 2015). With such a product
penetration level on products already on the market and their promising application to medicine,
ENMs characterisation and analysis of their biointeraction with biological systems is of fundamental
need, to assess not only the risks of their application, but also the plethora of benefits they could

represent to our society.

Due to the ability to manipulate these ENMs it is possible to choose what properties they should
have depending on their use in nanomedicine. For example, depending on the chosen diagnostic
or therapeutic strategy according to the tumour biology and location, multiple active moieties can
be added to the ENMs surface. One of the most common surface modification is the ENMs conju-
gation to targeting molecules such as antibodies against malignant molecules on target (Kirpotin et
al., 2006) or ligands to receptors over-expressed in malignant cells(Ishida et al., 2001) to increase
the chances and specificity of the ENMs’ interaction with targeted cells. Other modifications include
stability stealth molecules such as Polyethilene glycol (PEG) (Wang & Thanou, 2010), glucans as
dextran (Coty et al., 2017) or dendrimers (which expand the active surface of NPs) (Aurelia Chis et
al., 2020) to increase their circulation times by hampering unspecific protein interactions, protein
corona formation and ENMs opsonisation. Several strategies focus on the addition of charged mol-
ecules, for example polyethylenimine (PEI) (Patifio et al., 2012) (a vector molecule commonly used

in DNA transfection strategies), as surface modifications that mask the polarity and charges of the



therapeutic compounds inside the ENMs and allow a programmed internalisation when in contact

with the plasma membrane of targeted cells.

These modifications help nanomedicine-oriented ENMs to reach their target site with their full ther-
apeutic potential intact and therefore contribute to unravel the potential benefits of their use (listed
in Table 1).

Table 1. Main advantages of nanotechnology in diagnosis, imaging and cancer therapy.

Advantages of nanotechnology in diagnos-
tics and imaging

Advantages of nanotechnology for cancer
therapy

Increased sensitivity and specificity which re-
sults in optimised patient sample needs.

Increased drug delivery to tumour cells

Early bird detection of cancer biomarkers in pa-
tient samples (RNA/DNA, exosomes, proteins...)

Increased tumoral specificity through tumour
cell targeting moieties decoration

Ability to monitor treatment response via bi-
omarker detection and/or imaging using
theranostic probes.

Potential to decrease off-target systemic drug
toxicity and side effects

Increased sensitivity to detect small local and
distant metastases or circulating tumour cells.

Potential to deliver virtually any therapeutics to
target cells protecting their composition. and
activity

Potential to target and non-invasively differenti-
ate between tumoral and surrounding healthy
tissue

Provide increase solubility, stability and circula-
tion half-life for existing chemotherapeutic
drugs.

Profiting from the array of advantages presented in Table 1, ENMs can be used as nano-diagnostic
tools and/or nano-carriers for new and existing chemotherapeutic drugs (to mask their hydropho-
bicity, protect their active moieties, protect them from metabolisation...), solving some of their pre-

sent limitations in delivery and enhancing their therapeutic outcome.

Despite the promise ENMs represent in health sciences, their translation from basic research to the
clinic has been poor. As of 2020, the number of nanomaterials approved as nanomedicines for
human use by the United States' FDA was approximately 250 either on the market or in clinical trial
phase (Albalawi et al., 2021). The majority of these approved products are polymeric, liposomal and
nanocrystal formulations, despite the current interest in the production of more complex ENMs like
micelles, protein-based NPs and metallic and inorganic NPs. Some of the limitations’ scientist face
in the translation of nanoparticle-based therapies to the clinic are the diversity of geometries, ma-
terials, coatings, surface modifications and chemistries that complicate the standardisation of their

validation for human use and raise safety concerns.

The versatility of ENMs in terms of chemistry and structure makes them a perfect tool to achieve a
multi-modal/multi-plexed tool that combines multiple functions that can be useful along their transit

through the system up to their final destination.



The chemistry and chassis of these materials can be critical in their therapeutic action. ENMs can
be engineered taking advantage of the elemental properties of their primary components like the
reactive oxygen species (ROS)-quenching activity of lantanides (Podolski-renic et al., 2015) like
cerium, which can add antioxidant properties to the ENMs. Or use more common elements like iron
and take advantage of its ability to trigger cell death due to an accumulation of iron in cells (a
process known as ferroptosis (Yan et al., 2020)). Or explore their magnetic abilities to drive and
retain them at the targeted point of action thanks to the magnetic properties of iron in their compo-
sition. It is common to not only focus on one chemistry to generate new NPs, but to combine ele-
ments in their structure to take advantage of their isolated or combined properties. Therefore, add-
ing metal elements like gold or iron to the NP core/chassis to add plasmonic and magnetic capa-
bilities to them is easily achievable. This would allow to trigger an hyperthermic effect right were
nanoparticles accumulate due to the plasmon surface resonance ability of gold when electromag-

netically stimulated with specific light wavelengths or magnetic fields exciting the iron in their core.

As explained before, ENMs can be chemically tuned and decorated with a wide variety of moieties
from chemical groups like PEG that increase their circulation times, to antibodies or receptor lig-

ands that enhance their internalisation once they reach their target's cell membrane.

Nanomaterials offer a large surface area despite their small volume, this opens the possibility of
targeted drug delivery, by adding targeting molecules to their surface to enhance their selectivity
and internalisation that promote what’s described as active targeting or receptor-ligand kind of
interaction between the cell and the drug delivery systems. This improvement helps to reduce the
dosage needed for the therapy to be effective as well as its side-effects, as less active substance
is spread through the healthy tissues of the organism. However, recent publications have doubted
of the efficiency of this method and concluded that only 0.7% of the injected dose reaches the

tumour mass (Wilhelm et al., 2016).

With the ever-expanding research of nanotechnology propelled by the new characterisation tech-
niques, the 1980s was a key decade for the ideation and expansion of nanomedicine. The use of
nanocompounds in medicine was proposed as a 2nd generation of drug delivery systems that takes
the place of oral and transdermal drug release systems. Even though their application in nanomed-
icine is still fighting over the traditional therapies that have been used for long, they are currently
used in diagnostics from at-home pregnancy test to clinical procedures as contrast agents in diag-
nostic techniques like magnetic resonance imaging or intra-operational contrast agents for tumoral

and cardiovascular affectations.

The first nanomedicine approved by the FDA in 1995 was Doxil®, after approximately 15 years of

development. It consists on a reformulation of the classic doxorubicin compound into PEGylated



liposomes. The main reason for its approval was the improvement in cardiotoxicity while maintain-
ing an equivalent efficiency in ovarian cancer treatment of Doxorubicin in its free form (Barenholz,
2012).

Abraxane®, another FDA-approved nanomedicine for the treatment of Non-small-cell lung carci-
noma and breast cancer, consists on albumin-coated Placlitaxel NPs obtained after the evaporation
of its oil/water emulsion. The main reason for its approval was the enhanced biodistribution of the

hydrophobic compound Paclitaxel enhancing its therapeutic effect (Gradishar et al., 2005).

Previously-mentioned nanotherapeutic drugs led the way and increased the interest of scientists
and the pharmaceutical industry in generating new therapies and new strategies to deliver their
available products taking advantage of new delivery strategies and formulations. Some examples
are the anti-emetic Emend® (the nanocrystaline form of a previously commercialised anti-emetic
drug Aprepitant®), the PEGylated blocker of tumour necrosis factor alpha (TNF-a) Cimzia® used
for autoimmune and inflammatory diseases (like Chron's disease, psoriatic arthritis or ankylosing
spondylitis), Feraheme® an intravenous drug formulation with neutral pH for treatment of anemia
(Farjadian et al., 2019) or the recent use of nanosized liposomes in COVID-19 mRNA vaccines from
Pfizer/BioNTec® and Moderna® (Buschmann et al., 2021).

The truth is that even though nanoparticle formulations showed an 100-400% increase of drug
accumulation in the tumour area, more than a 95% of the nanopatrticles end up at sites other than

the tumouir.

Once most drugs are administrated, it is common to lose track and perspective on their biodistri-
bution and location. This hinders the scientists’ ability to understand their behaviour and crucial
information for their enhancement is lost. By combining these drug delivery systems with imag-
ing/detection capabilities a theranostic probe is obtained. The word theranostic is a neologism to
describe a system that combines therapeutic and diagnostic abilities. Thanks to their imaging/de-
tection properties, their biodistribution and fate can be tracked inside the organism in vivo. There-
fore, a theranostic system can detect, help diagnose or monitor a disease as well as give us infor-

mation about the progress and efficacy of a therapeutic agent in real-time (Muthu et al., 2014).



1.2 The engineered nanomaterials zoo

Since scientists gained ability to characterise materials at such a nanoscopic and atomic scale,
nanomaterials of different sizes, compositions, geometries, electrical charges and multiple surface

functionalisations have appeared (Fig 1); contributing to the formation of what Gubala et al. named

the ‘nanoparticle zoo’ (C. J. Moore et al., 2015).

Engineered
nanomaterials’ Shape
1nm
Size
PEG
Functional
groups
Nanoparticle +- Charge
Targeting
molecules
Surface
100 nm
Lipids Proteins Organic Inorganic  Complex
. I t n lymer.
Materials elements compounds polymers

Figure 1. Engineered nanomaterials' formats. Size, shape, material and surface modifications are key

points of NP design that can be tuned to allow a better therapeutic outcome or delivery strategy. PEG (Poly-

ethylene glycol).



Here are listed some of the most important ENM (Fig 2) classifications according to their properties:
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Cerium oxide Silica Magnetic Quantum Carbon NPs
Name  NPs NPs NPs dots or nanotubes
Composition Cerium oxide Spheres, mesoporous, Iron oxide or CdSe, CdTe Graphene,
microporous, cobalt-based buckyballs, nanotubes,
Applications Antioxidant, solar Drug delivery, imaging Drug delivery, Drug delivery, Hyperhermia, drug
cells, supermaterials and contrast agents controlled release, imaging delivery, water
hyperthermia diagnostics decontamination

Figure 2. Engineered nanomaterials’ classification. Some of the most common ENMs include organic and
inorganic nanopatrticle designs. Multiple compositions, combinations and shapes lead to unique properties

of these and their most common applications.
Liposomes.

Liposomes are ENMs of around 100 nm in diameter consisting of a bilayer of phospholipids with
hydrophilic heads and hydrophobic tails that are self-assembled (due to their polarity) into mem-
brane structures leaving an aqueous nucleus in the middle. Due to their structural properties, lipo-
somes can host hydrophobic drug molecules on their hydrophobic membranes which also act pre-
venting the leakage of encapsulated hydrophilic drugs and siRNA inside their nucleus (Schroeder
et al., 2010). The first FDA-approved nanomedicine Doxil® (Barenholz, 2012) is based on this kind

of ENMs, consisting on a liposomal form of doxorubicin used as a chemotherapeutic drug.

Polymer micelles.

Polymer micelles are ENMs in the range of 10-100 nm in size, formed from the self-assembly of
amphiphilic block co-polymers in an aqueous environment. Their structure is usually formed by a
hydrophilic corona (usually by PEG) and a hydrophobic core that allows the solubilisation of lipo-

philic drugs (Ghezzi et al., 2021).



Several polymer micelle systems have been studied in clinical phase, one example is Genexol-PM,
a polymeric micelle formulation of paclitaxel with block copolymers that include poly-(ethylene gly-
col) (useful for nonimmunogenic carriers) and biodegradable core-forming poly-(d,l-lactic acid) re-
quired for the solubilization of the hydrophobic drug. It was evaluated in a phase | study in patients
with advanced malignancies with emphasis on pharmacokinetics evaluation (T.-Y. Kim et al., 2004).
It reached a phase Il clinical trial for patients with metastatic breast cancer (Lee et al., 2008) and

advanced non-small-cell lung cancer (D. W. Kim et al., 2007).
Dendrimers.

Dendrimers consist of nano-sized materials that are approximately 10 nm in size composed of a
highly repetitive structural units of terminal groups that branch from a central core. One of the ad-
vantages of this kind of ENMs is their controlled depolymerisation that allows a highly tailored re-
lease profile of the drug administered (Wong et al., 2012). They can either form the NPs themselves
or can be used to functionalise ENMs’ surfaces. They have been used for a wide variety of nano-
medicine applications: cancer therapy, bioimaging, gene/protein/enzyme delivery or photodynamic
therapy (Sherje et al., 2018).

Silica nanoparticles.

This kind of nanoparticles are made of silicon dioxide. Silicon (Si) and oxygen (O), two of the most
abundant elements found in nature, normally combine in the form of silicon dioxide (SiO2) forming
covalent bonds. The high abundance of these elements is a major advantage for its industrial ex-

ploitation and development of new technologies.

In addition, the low toxicity (EU Regulation (EC) No. 1272/2008 of the European Parliament and of
the Council on Classification, Labelling and Packaging of Substances and Mixtures, 2008) of silicon
dioxide when in amorphous form have been previously described, both in colloidal and nanoparticle

form, when in contact to biological models and acute contact tests.
Nano-structured silica.

Silica nanoparticles can be obtained through a base-catalysed sol-gel production process that in-
volves a silane precursor, such as alkoxydes tetraethyl orthosilicate (TEOS) or tetramethyl orthosil-
icate (TMOS), which undergoes hydrolysis and condensation reactions in the presence of a catalyst,
such as acetic acid or hydrochloric acid. Depending on the proportions, order and agitation condi-
tions the molecules will structure in a different conformation and result in different NP conformations
and sizes (Lim et al., 2016).

Mesoporous silica nanoparticles.

This kind of silica nanoparticles contain a porous (2-50 nm pores) honeycomb-like structure tune-

able in size. They keep the biocompatibility due to their silica composition and offer a large surface
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area due to the pores that allows the attachment of the functional groups on the NPs. They are
commonly used as a drug delivery nanomaterial, due to their high load capacity. There are mainly
three types of mesoporous silica nanoparticles (MSNs) i.e., ordered, hollow or rattle type and
core/shell MSNs (Alothman, 2012). This kind of nanoparticles have been proved to be a potential
theranostic tool for future drug delivery compositions and to be successful in cancer-imaging, tar-
geting, specificity and photodynamic therapy (Benachour et al., 2012; Cheng et al., 2010). The ap-
plication of gadolinium-loaded silica NPs and a chlorin photosensitiser to facilitate dual-functional
MRI and PDT by Benachour et al. is a clear example of the integral solution that this kind of nano-

particles offer for theranostic applications (Benachour et al., 2012).
Microporous silica nanoparticles.

In this case the pores created by nano-structured silica are less than 2 nm in size so they can
encapsulate small cargoes like small hydrophobic drugs, photosensitising components and or flu-
orescent dyes(C. Moore, 2016).Their pore-size and high capacity profile makes a perfect candidate
for their application to bioimaging and diagnostics (Gubala et al., 2020) and to prospective cancer

therapies by drug loading or photodynamic treatment.
Latex/polystyrene nanoparticles.

These kinds of nanoparticles are commonly available in the market in various sizes, forms and
surface chemistries. Their core is made of latex/polystyrene that has been proved to be biocom-
patible and non-toxic for a long time (Hesler et al., 2019). They have been studied as a way to
characterise bio-nano interactions in the past and have demonstrated their versatility in assessing

the possible toxicity changes due to surface modifications (Loos et al., 2014).

Cerium oxide nanoparticles.

CeO2 NPs can be produced with high control in morphology and size through different synthetic
methods. This kind of NPs take advantage of the high redox ability and safety of cerium in nano-
crystalline form to enable its application as pharmacological and antioxidant agent for human cells
in preventing the oxidative process associated with age-related degenerative diseases including
arthritis, cardiovascular disease, inflammation, Alzheimer’s disease, Parkinson’s disease, diabetes,
or cancer (Kumar et al., 2014). Ceria NPs have been proposed not only as an antioxidant agent that
enables cancer therapy radioprotection in the healthy tissues but also as a radiosensitiser and po-
tential anticancer treatment thanks to their pro-apoptotic behaviour in cancerous cells (Gao et al.,
2014).
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Magnetic nanoparticles.

Magnetic NPs are usually made with the iron oxides magnetite (Fe304) or maghemite (y-Fe203)
and can be used to target chemotherapeutic drugs to tumours. They can be injected in the organ-
ism and retained at a specific site using an external magnetic field (Hafeli, 2004). Magnetic NPs can
also be used for cancer hyperthermia (Jordan et al., 1999), photodynamic therapy or as contrast
agents for magnetic resonance imaging. In addition, super-paramagnetic iron NPs present low cy-
totoxicity and their surface can be functionalised with several molecules for targeting and/or drug
delivery (Gupta et al., 2007).

Gold NPs.

These kinds of particles are made of gold, a metal that has been proved to be innocuous due to its
lack of reactivity to common biological and chemical compounds. It is easily tunable in terms of
size and shape (spheres, nanoshells, nanorods or nanocages) and can carry different molecules
simultaneously, like therapeutic drugs and targeting agents. Due to their optical and conductive
properties, gold NPs and their surface plasmon resonance activity can be used for cell imaging,
detection and photothermal ablation triggering hyperthermia or drug activation, making them a
good candidate for cancer theranostics (Pissuwan et al., 2006) despite the price of its primary

source.
Quantum dots.

QDs are spherical NPs smaller than 100 nm in diameter consisting of a crystalline semiconductor
core coated by a shell with optical properties and covered by a cap to enable water solubility. They
can be functionalised to target specific cells and are really resistant to photobleaching in contrast
to common fluorophores and dyes, so they are excellent for imaging and diagnostic purposes as
explored by Montén et al. in 2009 (Montoén et al., 2009).

Carbon Nanotubes.

These are cylindrical structures made of a rolled graphene sheet (single walled) or sheets (multi-
walled), having 1 nm in diameter and between 1 and 100 nm in length. Graphene is a hexagonal
network of carbon atoms that has a high mechanical strength, thermal resistance and conductivity
(electric and thermal). Carbon nanotubes (CNTSs) are easily functionalised thanks to their available
large surface. When structured in a multiwalled conformation, CNTs their high optical absorbance
in the near-infrared makes them a potential tool for hyperthermia induced treatments(Sobhani et
al., 2017).
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1.3 Engineered nanomaterials applications

Despite the plethora of applications that ENMs offer, the focus of this thesis will be to investigate
the biointeraction between tumoral and normal cell lines and NPs with antioxidant, drug delivery or

hyperthermia-inducing capabilities.

1.3.1. Drug delivery

One of the most important applications of ENMs is drug delivery. Drug delivery systems are thera-
peutic strategies that use formulations, technologies and transportation systems to safely achieve
a therapeutic effect such as a targeted tissue or a pharmacokinetic activity in an organism. There-
fore, ENMs like nanopatrticles can act as a vehicle to deliver a therapeutic component to a tumoral

region, as part of a drug delivery systems.

Targeted drug delivery refers to a predominant drug accumulation within a target zone that is inde-
pendent of the method of administration (Bae & Park, 2011). It aims to specifically target a drug or
drug carrier to minimise drug-originated systemic toxic and secondary effects. Effective targeted

drug delivery systems should feature the following requirements:

Retention. In order to reach a therapeutic dose in situ, drugs and drug carriers should have a high
blood circulation rate and retention. This depends on metabolisation of such therapeutic strategies

and clearance by lymphatic system and detoxifying organs like kidneys and liver.

Evasion. Targeted drug delivery systems should aim to evade the reticuloendothelial system (see

page 17) so they can reach the tumour while still functional(Huang & Guo, 2011).

Targeting. Specific moieties on the surface of the drug delivery system should aim to increase the

specificity of interaction with targeted tissues and cells.

Both, the so-called ‘passive targeting’ and ‘active targeting’ strategies for drug delivery take profit
of the body circulation to distribute the drug and the enhanced permeability and retention (EPR)
effect (see page 19) to localise the drug in the vicinity of the tumour. The misnomer ‘active targeting’
simply refers to the cases in which there is a specific ligand-receptor interaction thanks to the dec-
oration of the drug delivery system with active moieties aiming to interact with the target(Bae &
Park, 2011).

Release. The release of the drug should be coordinated with the specific interaction with the target,
so that the therapeutic outcome is optimised and the secondary effects and interference with the

rest of the body are limited.
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Therefore, nanoparticles offer a strategic gateway into the tumour, acting as a Trojan horse when
encapsulating chemotherapeutic drugs that may be hard to administer due to their hydrophobicity

or short-life once in the bloodstream due to their size or predisposition for metabolic inactivation.

1.3.2. Hyperthermia

The use of heat in tumour treatment dates to back to the beginnings of the 20th century. Heat has
a direct cytotoxic effect on cells due to the small margin of temperature in which the molecular
structures and components of the cell remain stable and functional. Whilst the first uses of heat as
a treatment involved contact with a heat source, nowadays, a non-contact approach is preferred
to avoid system side-effects. In this sense, magnetic hyperthermia, or thermotherapy, one of the
latest technologies developed for the matter is applied. It consist of the use of magnetic nanopar-
ticles (iron, iron/gold, gold/palladium...) sensitive to electromagnetic fields and specific wavelengths

across the spectrum to produce heat (Rajan & Sahu, 2020).

Magnetic nanoparticles (MNPs) can be used to generate heat locally using triggers as an alternate
magnetic field (AMF). The production of heat happens due to the coupling of the magnetic moments
of the MNPs with the oscillating fields of the AMF and the transformation of the energy absorbed

into heat on the targeted tumour cells.

Combining materials with both magnetic and plasmonic properties, such as iron oxide and gold
into a single ENM design, what is called a magnetoplasmonic NP, allows to take advantage of two
different triggering strategies (that can be vital depending on the ability to reach the tumour with
the selected electromagnetic trigger). Once, these NPs are exposed to an electromagnetic stimulus
like an alternating magnetic field, or the irradiation with a laser of a particular wavelength, the plas-
monic atoms of gold or the magnetic atoms of iron on their design are triggered into an excited
state from which they can only escape dissipating the energy absorbed through heat production.
This energy dissipation locally heats the liquid around the NP and can induce damage in biological

structures in close contact with them (Fig 3).
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Figure 3. Magnetic nanoparticles' heat production mechanisms. When magnetoplasmonic NPs are ex-
posed to an electromagnetic stimulus energy is produced and its dissipation locally heats the liquid around

the NP, producing damage in the nearby biological structures.
Effects of heat on cells.

Close contact between heat-producing NPs and the cell membrane leads to the apparition of mem-
brane pores/holes after hyperthermia is triggered as analysed by scanning electron microscopy and
transmission electron microscopy. This means that local heat-damaging effects in the membrane
produce membrane destabilisation that can trigger necrosis. Cells exposed to hyperthermia typi-
cally exhibit complete vacuolisation of all organelles in the cytosol, including mitochondria and the

endoplasmic reticulum, and ruptures on the plasma membrane (Sanz et al., 2017).

In case NPs can't escape the endolysosomal system (see page 17), death can be triggered during
magnetic hyperthermia treatment by the release of countless enzymes from the destructed lyso-
somes into the surrounding cell space. This leakage will trigger intracellular damage, lipid structure
peroxidation, structure degradation and promote the activation of cell death programmes (Clerc et
al., 2018).

Exposure to hyperthermia conditions can lead to very different cell death triggering outcomes de-
pending on several factors concerning the NPs. Size, concentration and localisation are key to the
aggressiveness of the selected therapeutic strategy when performing hyperthermia. NP size will
affect the heat production level, as explained before. The selected concentration will be key to
produce mild or strong hyperthermia in the targeted cells (logically the more NPs in contact or inside
the targeted cells, the better). The selected time of exposure will also affect the aggressiveness of
the local-heat treatment. Localisation within the tumour and the targeted cells also determine the

outcome of the local heat-damage strategy. NPs that are outside the cell may heat the tumour
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microenvironment and induce a damaging response from outside the targeted cells, meanwhile
NPs on the cell surface or within the cytoplasm and its organelles will cause direct damage to
intracellular structures and trigger unregulated (necrosis) or regulated (apoptosis, necroptosis, par-

thanatos, pyroptosis...) (Galluzzi et al., 2018) cell death programs from within.

Hyperthermia has been proved to induce nuclei modifications. The cell nucleus is normally a
rounded structure formed by a double lipid bilayer encapsulating the DNA content of the cell at
different degrees of condensation. When stressed the degree of condensation of the cell nucleus
is modified and structures like the nucleoli are modified. If the stress is high enough it may induce
changes in the nuclei membrane, chromatin condensation and even generate DNA breaks. All of
this can lead to the formation of irregularly shaped nuclei and occasional compacted chromatin
spots and/or aberrant nuclear shapes indicative of karyolysis, pyknosis and karyorrhexis (Sanz et
al., 2017). These processes are critical in the functionality of the whole cell and a major indicator of
cell death. Due to these effects, NPs with hyperthermia-inducing properties are a great candidate
as a coadjuvant for radio- or chemotherapy, as cancer cells are more sensitive to these treatments
when they have been previously subjected to high temperatures (42-45°C), and the combination

has a synergistic effect on their elimination (Abe et al., 1986).
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1.4 Engineered nanomaterials and biological inter-
action

Cancer is a complex disease, but there’s key hallmarks that may serve as a target when aiming to
fight it. Since their administration, drugs will face complex barriers (Fig 4) that will affect their ther-
apeutic outcome. First, their biodistribution and how they reach the vicinity of the targeted tissue,
second, the tumour microenvironment and its complexity, third, the extracellular matrix (ECM),

fourth, the plasma membrane of the cell and finally, the endolysosomal system.

Surface modifications along circulation time

Original design Protein corona Protein corona
formation fully formed
Targeting moleities Proteins

Erythrocyte

Blood circulation Fenestration
Endothelium |

Basal lamina

Kupffer cell (RES)

Tumour-associated
macrophage

Target

recognition

Normal tissue Tumour site (wider fenestrations) Tumoural cell
interaction

Figure 4. Biological barriers for ENMs reaching the tumour milieu. NPs' original design is easily modified
upon administration when in contact with biological compounds (serum, blood, saliva, mucus...). The figure
depicts one of the above-mentioned modifications, the formation of a protein corona around the NPs along
its circulation time in blood, that could hinder the targeting moieties ability to interact with their targeted
molecules and receptors. Within the blood vessels the Kupffer cells (part of the Reticuloendothelial system
(RES) patrol the surrounding areas of a tumour, engulfing NPs that could recognised as stranger bodies.
Wider fenestrations between the endothelial cells of the blood vessels surrounding the tumour lead to the
EPR (enhanced permeability and retention) effect, so NPs can leak to the tumour milieu, cross the basal
lamina (rich in proteins like collagen) and interact with tumour cells passively or through target recognition
strategies. Inside the tumour, tumour-associated macrophages can also engulf nanoparticles preventing their

interaction with targeted cells.
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The clinical success of hanomedicine may be hindered by biological barriers, that affect their dis-
tribution through the body, their possible toxic effects on non-targeted tissues and their fate. In this
sense, the assessment of the NPs biointeraction with each biological barrier is of fundamental need

for optimal therapeutic application and outcomes.

1.4.1. Biodistribution and immunological response

Chemotherapeutic drugs usually have high polarity and therefore their administration and biodistri-
bution within the body is difficult and highly unspecific, leading to high impact side-effects when in
free-form. In this sense, encapsulation on ENMs can be beneficial to increase solubility, biodistri-
bution and specificity of the above-mentioned problematic compounds. It is known that injected
materials suffer from sequestration by the immune system’s reticuloendothelial system (RES), a
network of macrophages and monocytes that patrol the body, clearing it from foreign bodies and
materials (Peer et al., 2007). The recognition that NPs face when circulating depends on their inter-
action with the complement system that can opsonise the particles once their foreign nature is
identified and facilitates their phagocytosis and clearance. Moreover, this response activates a pro-
inflammatory reaction via complement mediators or anaphylotoxins that can cause an allergic re-

action in sensitive patients (Peer et al., 2007).

In this sense, it is important to create therapies and drug delivery systems that minimise the inter-
action with the RES to enhance their therapeutic outcome. It has been previously described, for
example, that materials above 100 nm hardly escape the RES (Peer et al., 2007). It is also well-
known that particle size affects the rate of clearance from the bloodstream. In general, smaller
particles (50-300 nm) have a slower removal from circulation compared to those with higher sizes.
To achieve a better therapeutic outcome, it is important that targeted drug delivery systems (TDDS)
sustain the circulation time and release of the drug as much as possible, without compromising the
drug activity on the way. The use of nanotherapies encapsulating the drugs in their cores is an
effective strategy to increase circulation times, reduce drug clearance by biliary, urinary and liver
excretion systems, and enhance its biodistribution and retention, while protecting drug integrity and

activity.

Other strategies to lengthen circulation times in TDDS include NP interaction with PEG molecules
(Ginader Timothy, 2016) that can reduce opsonisation and therefore their recognition as a threat by
the immune system (Halamoda-Kenzaoui & Bremer-Hoffmann, 2018). Another is the previous dec-
oration of NPs with a corona that hinders the ability of complement molecules to attach to their
surface (Coty et al., 2017).
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By contrast, immune response can be used to promote tumour destruction. That is, by the interac-
tion of ENMs with tumour associated macrophages. These macrophages have a ‘healing’ pheno-
type around the tumour, promoting angiogenesis and cell proliferation and therefore its progres-
sion. They can uptake ENMs that trigger an inflammatory reaction that may reprogram them into a
‘cytocidal’ phenotype, and therefore reverse their behaviour to promote tumour destruction instead
(Anchordoquy et al., 2017).

1.4.2. Tumour microenvironment

The tumour milieu is complex, both in structure as in physico-chemical, immunological and meta-
bolic characteristics. The tumour microenvironment is formed by tumour cells, their stromal cells
and all the proteins and fluids produced by them and confined in the tumour vicinity. Tumour’s
stromal cells are hon-malignant cells present in the tumour that contribute to its formation. There
are different stromal cells like carcinoma associated fibroblasts (CAFs), specialised mesenchymal
cell types specific to the tissue, immune cells from the innate and adaptative systems and vascu-
lature cells. In addition, the ECM contributes to the tumour microenvironment with its structural
proteins (collagen and elastin), glycoproteins (fibronectin and fibrillin) and proteoglycans (decorin,

heparan, etc.) (Kaminska et al., 2015).

The tumour microenvironment is very important in cancer development and the efficiency of thera-
pies against it. The tumour microenvironment is responsible for the deregulation of the extracellular
matrix, the cell metabolism, the continually activated proliferative signalling, the inhibition of tumour
suppressors and apoptosis (regulated cell death mechanism), the tissue invasion and metastasis
and the evasion of the immune action on the tumour (Kaminska et al., 2015). Most of these pro-
cesses also promote the colonisation of distant organs through factor secretion altering the micro-
environment of the tissue where a metastatic cell from the primary tumour may develop a secondary

tumour.

All the elements contributing to the tumour mass and forming the tumour micro-environment act as
a trap for therapeutic agents that get lost in the way to find their therapeutic target. Like a tightly-
knit mesh of elements (stromal, tumoral and extracellular matrix compounds produced by cancer
cells) act as a network that surrounds and protects the tumour from the therapeutic strategies
against them. The application of nano-engineered solutions to the delivery of chemotherapeutic
agents allows the use of sequential and programmed drug delivery strategies. Thanks to ENMs
design we can create strategies that escape the RES and immune tumour-protecting cells thanks
to their surface modifications, are able to disaggregate and cross the complex extracellular matrix
(due to their enzymatic activity or their ability to induce movement or locally produce heat) and

reach the target for delivery of the therapeutic attack.
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One of the consequences of the abnormally grown tissue and the ‘healing’ phenotype of the immu-
nological entities in the tumour, is the rapid vascularisation of the tumour. It is well known that the
vasculature of the tumour has bigger fenestrations. These fenestrations led to the definition of the
enhanced permeability and retention (EPR) effect: the fenestrated vessels allow macromolecules
and NPs to permeate through the tumour and due to the lack of a functional lymphatic system, the
NPs leak to the interstitial space within the tumour and are retained there due to low lymphatic
clearance (Seleci et al., 2017). Scientists saw as an opportunity to deliver ENM to the tumours using
passive distribution and targeting strategies thanks to this EPR effect. Passive distribution and tar-
geting of nanomaterials taking advantage of the tumour’s EPR effect was proposed in the 1980s
Maeda et al. realised that the theory behind the use of radioactive gallium in scintigraphy for tumour
detection (something that was routinely applied in clinical settings) was based on the EPR mecha-
nism due to leaky vasculature within the tumour region and low clearance due to abnormal lym-
phatic action (Maeda et al., 2000). Using this logic, theranostic ENMs can use this entry strategy to

reach the vicinity of the tumour where they can perform their reporting or therapeutic strategy.

1.4.3. Extracellular matrix

It has been previously described that stromal cells, such as CAFs, can work together with cancer
cells to modify physical properties of the ECM. Such modifications can affect the stiffness, pore
size and viscoelasticity of the ECM surrounding cancerous cells which conforms the microenviron-
ment of the tumour (Calvo et al., 2013). Stiff tumour microenvironment caused by such modifica-
tions and increased ECM deposition has been shown to promote tumour progression and malig-
nancy via alterations in integrins’ cell signaling (Spill et al., 2016). Moreover, these changes in the
ECM make very difficult for free drugs and TDDS to reach the target cells, and sometimes only

reach the vicinity of the tumour and accumulate in its surroundings.

One possibility to overcome this barrier is the use of active TDDS. One example is the magnetically-
mediated TDDS. Even if TDDS can't achieve the targeted cell inside the tumour, scientists may take
advantage of the NPs closeness to it. Inducing a lithic activity, for example by externally triggering
heat production locally, causes a decrease in the density of the ECM and tumour microenvironment.
This may help NPs to reach and treat the tumour producing hyperthermia ablation or enhance the

ability of other drugs to cross the dense tumour milieu and reach their therapeutic target.

In addition, mechanical resistance, that is, the ECM density and increased confinement due to the
high collagen concentrations (promoted by local hypoxia (Riching et al., 2015)) has been recently
shown to have a role in stimulating cancer cell migration and tissue invasion promoting the activity

of metalloproteinases and protease-dependent invasion (Riching et al., 2015). The production of
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ROS due to hypoxic conditions inside the tumour environment leads to sustain carcinogenic be-
haviours of the transformed cells thanks to the stabilisation and activation of molecular effectors
like HIF1a which trigger survival, growth, motility, metastasis, and metabolic changes of trans-

formed cells (Fluegen et al., 2017).

In addition to this, the treatment through conventional chemotherapeutics and radiotherapy induce
pro-inflammatory response on and around the tumour, leading to a modification of the affected
area where ROS are highly abundant (Grivennikov et al., 2010). The use of adjuvant nano-therapies
like antioxidants in combination with such therapies can be beneficial to ensure that not only the
therapeutic effect is efficient, but also to control the secondary effects on the surroundings of the
affected area. Antioxidants may protect normal cells indirectly by priming cells to respond to ROS
insult or directly by scavenging cellular ROS, meanwhile they can be toxic to cancer cells, inhibit
their invasion ability and sensitise them for radiotherapy (Gao et al., 2014). This is the case of the
described radioprotective effect of cerium oxide NPs in combination with radiotherapy by Madero-
Visbal et al. in mice after head and neck radiation, when a decrease in xerostomia and radition-

induced dermatitis was observed (Madero-Visbal et al., 2012).

As explained, altered ECM properties can also promote cancer cell migration. It has been previously
described the preference of cells for stiffer substrates, an effect called durotaxis. However, recent
findings highlight the ability of some cells to reverse the durotaxis effect and migrate to soft matrices

instead.

Stiffness and mechanical resistance have been described to play a role in collective cell migration,
a process in which migrating cells follow a population of leader cells that exhibit an increased pro-
teolytic activity that enhances tumoral’s cell scape from the primary tumour mass and may lead to
metastasis (Lintz et al., 2017). Compressive forces within the tumour from uncontrolled growth and
interstitial fluid accumulation and flow from the leaky vasculature promote an invasive phenotype
in tumoral cells activating a mechanotransductive mechanism that leads to cellular migration up-
stream of the interstitial flow, that is known as rheotaxis (Polacheck et al., 2014) which also facili-

tates the scape of cancerous cells from the tumoral mass triggering metastasis.

Such pressure inside the tumour environment and the possible escape of highly dynamic and mi-
grating cell types are common problems for therapeutic agents to reach their desired target popu-
lations. Multiplexed ENMs therapies make the co-adjuvant strategies, that enhance the delivery in
such areas, vital to prevent tumour growth and expansion. Promoting the accumulation of the ther-
apeutic agent on-site, can be vital to control this factor. Therefore, strategies to deliver and retain
apparently innocuous agents on the tumour and its surroundings can be used as a Trojan horse
fighting strategy (MG et al., 2015), in which after accumulation a coordinated attack can be un-

leashed using a highly controllable trigger such as magnetic stimulation, laser irradiation or other
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electromagnetic stimuli. This is one strategy being explored by magnetic and magnetoplasmonic
NPs, which can be magnetically traced within an organism, attracted and retained in a specific
target area and triggered by an AMF or specific laser wavelengths to locally induce heat production
and cause tumour/target ablation by local hyperthermia. This way the amount of NPs interacting
inespecifically with other tissues and their side-effect is lowered. All the hyperthermia effects are
isolated to the targeted region exclusively due to the high accumulation and the concentration of

the trigger with the magnets on-site.

Cell migration and proliferation is also enhanced by changes in the components of the cell plasma
membrane. Tumoral cells’ membrane has been described to vary in their cell membrane fluidity and
expression of proteins. Some of the proteins under-expressed in malignant processes are the cad-
herin family which keep cells attached to their neighbour cells and are responsible of the cell’s
contact inhibition effect (that prevents cells from proliferating when the surrounding space is taken
by other cells). The loss of this kind of cell-cell interaction leads to abnormal cell growth and prolif-

eration and can promote metastasis.

1.4.4. Plasma Membrane
Once ENMs reach the tumour environment and cross the ECM the next barrier they should cross
to enter the cell is the cell membrane. This process can be passive or active depending on the

mechanism that the ENMs trigger when in contact with the plasma membrane.

The plasma membrane is a selectively permeable membrane that transfers materials that are critical
for the cell’s life. Naturally, such compounds, as ions and nano-sized proteins, can pass through
the lipid bilayer using specialised membrane-transport protein channels. Depending on their size,

shape, and surface chemistry NP would entry the cells through different endocytic pathways.

NP internalisation can be accomplished i) passively, by diffusion, a mechanism for molecules that
are not charged and smaller than 1 kDa (Petros & Desimone, 2010) and energy is not required o ii)
actively, by endocytosis, a process that generates small (60-120 nm) membrane vesicles that in
eukaryotic cells transport various cargo molecules from the plasma membrane into the cytoplasm.
These cargoes (transmembrane proteins and their extracellular ligands) are involved in a broad
range of physiological processes, including nutrient uptake, cell signalling, developmental regula-

tion through morphogens, cell adhesion, etc.

The term endocytosis includes a wide variety of specific endocytic pathways and processes that
have been described in cells, such as phagocytosis, pinocytosis, macropinocytosis, clathrin-medi-
ated endocytosis, caveolin-mediated endocytosis and clathrin- and caveolin-independent endocy-

tosis.

21



Phagocytosis.

A mechanism to internalise molecules and complexes larger than 200 nm in size, including foreign
materials like NPs and bodies like bacteria and other microorganisms or remnants of other cells.
This mechanism is common on phagocytic cells like macrophages and neutrophils of the immuno-
logical system, specialised in the surveillance of the system and detecting foreign materials and
organisms in it. Despite that, some other cell types can display phagocytic activity under certain
conditions (Patifio et al., 2012). For phagocytosis to happen we need an extrinsic activation of the
cell surface receptors or an indirect recognition of the foreign body thanks to its opsonisation. Once
this recognition is activated actin polymerises and protrusions form on the cell surface, wrapping
and internalising the foreign body forming a vesicle in the cytosol known as the phagosome. Usu-
ally, this phagosome contents are further processed by the hydrolytic digestion of its contents and
acidification of the compartment through its maturation, ending up in a lysosome. These phagocytic
processes that occur in the RES and immune cells patrolling living organisms are detrimental to the
ENMs delivery strategies because they clear active therapeutic drug delivery systems from circula-
tion while they haven’t reached the tumour vicinity yet (as mentioned in section 1.4.1., page 17).
Therefore, size and surface modification mechanisms that inhibit opsonisation and molecular
recognition by these surveillant cells is of fundamental need to enhance the therapeutic outcome

of the treatment.
Pinocytosis.

In 1931, Warren H. Lewis observed the uptake of extracellular fluid by cells in vitro and coined the
term pinocytosis, or “cell drinking" (Schmid et al., 2014). Nowadays, after years of studying this
process through membrane dynamics, the protein structures involved in membrane protrusions
and invaginations and the discovery and use of inhibitors, this process has been subdivided in

several pathways that use different strategies to internalise extracellular materials into the cells.
a. Macropinocytosis.

Macropinocytosis is a process independent of receptor recognition, initiated by the actin-driven
extension of the plasma membrane in form of ruffles that occasionally form a cup-like structure or
nascent macropinosome that seals at its distal tips to form a relatively large (>250 nm) endosome
(a macropinosome) engulfing extracellular components. Subsequent membrane fusion and fission
interactions with various organelles, primarily components of the endocytic pathway, result in the
formation of a mature, acidic, and often tubular structure termed a macropino-lysosome. In this
process they gain early endosome markers like the early endosome antigen 1 (EEA-1) and fuse with
other late endosomes and lysosomes (Canton, 2018). Due to their size (>1000 nm), macropinocy-

tosis is the predominant mechanism for the internalisation of microparticles (Patifio et al., 2012).
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b. Clathrin-mediated endocytosis.

This is a receptor-mediated mechanism present in all eukaryotic cells. It involves a wide variety of
membrane receptor and cytosolic proteins that form an endocytic event by their clustering in a
highly regular sequence in which they arrive and leave in a specific order, forming the nucleus for
the assembly of the vesicle coat of an specific internalisation complex. Clathrin-mediated endocy-
tosis starts with a signal promoted by some of these macromolecules when binding specific trans-
membrane receptors, and it is followed by the recruitment of clathrin, a soluble intracellular protein
that assembles on the inner hemimembrane of the plasma membrane. Clathrin recruitment is led
by the adaptor proteins, which bind on the one side to the receptor with the cargo and, on the other
side, to clathrin, also mediating the selective gain of membrane and soluble cargo molecules into
the vesicle. Its assembly stabilises the membrane curvature, which results in a clathrin-coated pit.
Later, dynamin polymerises forming a coil that constricts the pit neck until clathrin-coated pit scis-

sion. Clathrin-coated vesicle formation lasts for about a minute (Cocucci et al., 2012).

The resulting clathrin-coated vesicles are 120 nm in diameter and the clathrin coat is lost after
membrane detachment. From then on, they can fuse with one another, or with other vesicles re-
sulting from endocytic processes, generating an early endosome. In the early endosome the pH
decreases until a range of 6.1-6.8. Early endosomes have two distinguishable parts: a tubular side
from where recycling endosomes are formed; and a bulbous, vacuolar region that drives the cargo
to the degradative endolysosomal pathway. Non-recycled molecules remain in the bulbous region,
which matures into a multivesicular body and, then, a late endosome, an organelle with a highly
acidic lumen with pH values of down to 4.8 (EI-Sayed & Harashima, 2013). Finally, the late endo-
some fuses with a lysosome to form an endolysosome, where the cargo starts to be degraded at a

pH of around 4.5, when hydrolases are able to start their enzymatic activity.

Receptors previously needed to initiate clathrin-mediated endocytosis can follow the endolysoso-
mal pathway and be degraded or be recycled and sent back from the tubular region of the early

endosome to the plasma membrane.

This internalisation method is often used by NP designs that are surface modified using ligands and
antibodies against receptors on the surface of targeted cells. After the receptor’s surface targeted
recognition NPs are internalised following clathrin-mediated endocytosis if they are small enough

to be inserted into the vesicle that is formed.
c. Caveolin-mediated endocytosis.

It's a receptor-dependent endocytic mechanism, that is thought to be associated with lipid rafts
(membrane domains rich in cholesterol and sphingolipids) through the dimerisation of the mem-
brane protein caveolin. Caveolin drives the formation of small invaginations called caveolae while

the cytosolic side of caveolins is linked to large complexes of proteins that are likely stabilizing the
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membrane curvature. Contrary to clathrin-mediated endocytosis, caveolae usually remain static,
unless their pinch off is induced by a signal that causes caveolin phosphorilation. The vesicles
resulting from this endocytic mechanism have an approximated diameter of 60-80 nm(El-Sayed &
Harashima, 2013). This has been described as the predominant uptake pathway of ~13 nm gold

NPs in human alveolar epithelial type I A549 cell line (Rothen-Rutishauser et al., 2014)

Different vesicles formed from caveolae can fuse to form a caveosome, which is able to avoid the
endolysosomal pathway and transfer its cargo to the endoplasmic reticulum or even the Golgi ap-

paratus. It can also undergo the endolysosomal pathway directly fusing with an endosome instead.
d. Clathrin- and caveolin-independent endocytosis.

Despite the above-mentioned mechanisms are the most common, there are clathrin- and caveolae-
independent pathways that are cholesterol-sensitive and contribute to compound internalisation in

the cell.

1.4.5. Endolysosomal system

The endolysosomal system is a complex structured membranous organelle that has high pH varia-
tion depending on their maturation phase. The hydrolases inside the endolysosomal compartments
can digest molecules like DNA, RNA, lipids, polysaccharides and proteins making the digestion
products available for the cell. Those products that cannot be digested or the cells can't profit from
are secreted back to the ECM through exocytosis. ENMs protect their therapeutic compound inside
when entering this system keeping it protected from the action of these hydrolases in order to reach
their therapeutic target while still active. ENMs design take advantage of this system to release their
therapeutic agent and be degraded into innocuous compounds that can easily be cleared from the
body. Escaping from the endolysosomal system is one of the last biological barriers some of the
delivered therapeutic strategies must cross before reaching their therapeutic target. Therapeutic
strategies must be able to survive these changes in pH or take advantage to ensure a good delivery
strategy. Some TDDS such as dendrimers and polymer-based ENMs start to degrade to innocuous
structural compounds while releasing the drugs that diffuse through the membranes into the cytosol
where they can access their targets such as the cell nucleus, the mitochondria or enzymes and

nucleic acids within the cytoplasm (Perrigue et al., 2021).

Other delivery strategies use the ability to functionalise ENMs with mixed-charged surfaces so once
inside the lysosome crystalise in a programmed manner and act as disruptors of their membranes
so both the TDDS and the lysosome contents can escape the membranous endolysosomal system
and access their final therapeutic active sites within the cytosol, leading to cell death (Borkowska
et al., 2020).
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On the other hand, some of the ENMs used to trigger a therapeutic response can be manipulated
using specific waves from the electromagnetic spectrum to produce heat and disrupt the mem-
branes of the endolysosomal pathway they might be trapped in. This produces a direct therapeutic
effect based on heat production on intracellular organelles and structures, causing ROS, instability
of their limiting membranes and the release of the contents of these compartments (Clerc et al.,

2018) into the cytosol, which promotes cell death (Clerc et al., 2018).
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1.5 Future perspectives on engineered nano-
materials

According to Feynman's early idea that tiny nanorobots could be designed, manufactured, and
introduced into the human body to perform cellular repairs at the molecular level (Mestre et al.,
2021), new generation of ENMs have increasingly complex abilities (common to computer-like com-
munication, information recording and transmission, swarm behaviour, reprogramming and surveil-
lance (Hortelao et al., 2021)). For the past three decades, nanotechnology has been an ever-growing
field. As it happens with every emerging technology, it has spread rapidly into new applications and
markets, but it has not started to translate into technologies beneficial in medicine until recently.
This could be not only due to some of the underlying effects of their nature (desired or not) but also
to the lack of knowledge of the mechanisms in which these therapies interact with the organisms,
which are not normally studied in an integral way. Many details of this interactions are often over-
looked from inception to keep up with the publication rhythm of the field or because of a lack of
tools for in-depth biological characterisation. Despite that, NPs are a great promise to revolutionise
how we diagnose and treat disease in the future. They are majorly explored to benefit challenging
areas of modern medicine such as the enhancement of the biodistribution and delivery of drugs to
targeted sites, what is known as drug delivery, the diagnosis and/or trigger of local responses
against malignant cells, reducing side-effects. In this sense, due to the interdisciplinary nature of
the field, in vitro studies at the cellular level are often over-looked or performed superficially when
describing new materials with nanomedicine potential. It is our goal to provide an in-depth clear
perspective from a cellular point of view of these nano-bio-interactions and how they might affect

the expected therapeutic outcome.
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2. Objectives

The general objective of this thesis is to analyse the biointeraction of different NPs and their capac-
ity to treat and/or destroy malignant cells using different approaches. The specific objectives are

defined as follows:

|. To assess the biointeraction, toxicity and putative antioxidant effect of cerium dioxide nanopar-

ticles on tumoral cell cultures.

Il. To evaluate the biointeraction and toxicity of silicon dioxide nanoparticles on cell cultures to ex-

plore their potential as theranostic tools for biological applications.

[ll. To investigate the biointeraction, toxicity and ability to induce cell death of magneto-plasmonic

latex iron/gold nanodomes when triggered externally by a magnetic field or near-infrared laser.
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3. Results
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3.1 Chapter 1: Simple synthesis of biocompatible
stable CeO. nanoparticles as antioxidant agents
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Cerium oxide (IV) nanoparticles offer a high redox ability, while maintaining nontoxicity and
high stability. Thus, dispersed nanoceria is a promising candidate as antioxidant material
for human cells. In this work, we report on a fast and simple one-pot process that yield a
final nanoparticle size of 2—4 nm in polar solvents such as water and alcohols. High boiling
point solvents, namely, benzyl alcohol and triethylene glycol, are used to obtain high crys-
talline nanoparticles by thermal and microwave activation. Transmission electron micros-
copy investigations prove the narrow size distribution of the CeO. nanopatrticles and show
that the shape can be tuned from spherical to cubic using an appropriate precursor. The
main objective of this work is to produce nanoparticles, which are well-defined, biocom-
patible, and stable in highly concentrated colloidal solutions (up to 90 mM) for a long period

of time to study their behavior as antioxidant agents in human cells under oxidative stress.
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Introduction.

Nanocrystalline cerium (IV) oxide (CeO.) has a unique atomic structure and the 4f electronic
configuration provides special luminescent', magnetic® and electronic® properties. This 4f
electronic configuration makes CeQ,* of interest to design new applications, which are not
possible with transition or main group metals. CeO. nanomaterials can be used in different
fields of engineering and technology® such as solid-oxide fuel cells®, catalytic materials’,
solar cells®, three-way catalyst for automobile exhaust-gas treatments®, and oxidative cou-
pling of methane and the water—gas shift reaction’. Furthermore, its high redox ability and
nontoxicity enable its application as pharmacological and antioxidant agent for human
cells'™"®. There are different types of nanoparticles that can be used to decrease the level
of reactive oxygen species (ROS)'*'®, but the capacity of CeO.to remove and prevent their
formation during the oxidative stress process in cell cultures is well-known'®. It has been
demonstrated that ROS and oxidative stress are associated with age-related degenerative
diseases including arthritis, cardiovascular disease, inflammation, Alzheimer’s disease,
Parkinson’s disease, diabetes, or cancer. For this reason, CeO; nanoparticles (NPs) — di-

rectly or indirectly — can play a vital role in human cells hampering the oxidative process."

CeO. NPs can be produced with high control in morphology and size. Several techniques

|17 |18

such as hydrothermal'’, solvothermal'®, aqueous precipitation', reversed micelles®, ther-
mal decomposition®', and flame spray methods® are used to synthesize CeO, NPs with
specific characteristics. The different synthetic methodologies determine the solubility,
size, nature of capping ligand, charge, structural arrangement, and morphology of NPs and,
thus, their properties. CeO. NPs for biological applications require a stable dispersion in
water®, polyethylene glycol* or glucose®® and a narrow size distribution of the NPs below
10 nm.

Recently, we presented two synthetic routes®, using thermal and microwave-assisted
preparation of different metal oxide NPs controlling their growth process to obtain the de-
sired shape and size?’. Using the microwave-assisted synthesis we were able to synthesize
CeO. NPs (<10 nm) which were incorporated into functional ceramic nanocomposites to
obtain improved superconducting properties®®?°.

In this work, we present an optimized preparation process, based on the thermal decom-
position route previously described for other oxides that allows us to produce small CeO,

NPs for biological applications, which are stable in polar solvents such as alcohols and
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water. The main feature of this optimized process is the use of high-boiling-point solvents,
that are, at the same time, ligand stabilizers thus hampering the growth of the nanoparticles
at the very early stage. No other reactants are introduced in the reaction. That also allows
us to clearly reduce or even eliminate secondary reaction products. Moreover, two different
activation systems (thermal and micro- wave) are presented and three different sources of
Ce, Ce(lll) nitrate (Ce(NOs)s), Ce(lll) acetylacetonate (Ce(acac)s), and Ce(lll) acetate
(Ce(OAc)s) in benzyl alcohol (BnOH) or triethylene glycol (TEG), as high boiling point sol-
vents. We focus on the CeO. NPs characterization and on its antioxidant property to rescue

cells under oxidative stress.

Results and discussion

The decomposition of metalorganic salts (MOD approach such as Ce(acac)s;,Ce(Oac)s, and
also Ce(NQOg)s) using thermal or microwave activation has been chosen among the different
possible synthetic routes to produce CeO. NPs. Two different types of high boiling point
solvents were used (TEG? and BnOH*). From our previous study®, we know that for the
synthesis of metal oxide NPs, the use of a unique compound as solvent and stabilizer pro-

duces small NPs with a very narrow dispersion in size.

CeO:NPs Characterization.

Our first approach was the use of TEG as solvent and stabilizer and cerium(lll) acety-
lacetonate as starting salt, where NP nucleation and growth is initiated by thermal and
microwave activation. In this case, CeO.NPs of 2.5 + 0.3 nm (thermal and microwave) with

a narrow dispersion in size were produced (Figure 1).
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Figure 1. (a) Transmission electron microscopy image of the CeO./ TEG NPs after 48 h stirring by ther-
mal process. (b) DLS of the CeO,/TEG before and after 48 h stirring.

In order to reduce the number of agglomerations of NPs (Figure 1b) an additional stirring
(48 h) at room temperature is required before the cleaning and redispersion process. This
can account for the presence of oligomeric products coming for the solvent/ligand used
(TEG). As observed by gas chromatography— mass spectroscopy (GC-MS) analysis (Table
S1), di- and trimerization TEG subproducts are present after the NPs synthesis. These sub-
products interact weakly with the nanoparticle surfaces generating temporary agglomera-
tions in the colloidal solution®'. The microwave activation process® was also used to syn-
thesize CeO. NPs with a clear reduction in time from ~7h to ~1.5 h and reduced tempera-
ture from 280 to 220 °C for the synthesis. This process also suppresses the formation of
TEG subproducts.

However, if both approaches are used, thermogravimetric analysis (TGA) showed a high
amount of organic material (Figure S1) as a shell after the end of the cleaning process. The

presence of high amounts of organic shell (more than 50% in weight) can be reduced (to
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14%) by repetitive cleaning procedures (10 times cleaning) (Figure S1). However, after this
long cleaning process the final colloidal solution presents nanoparticle agglomeration
which produce a decrement in its stability.

Hence, a different approach was undertaken and BnOH was used instead of TEG as high
boiling point solvent. Using BnOH as a solvent and stabilizing agent it can be expected that
no oligomeric reactions appear. In this approach, the three starting cerium salts Ce(acac)s,
Ce(OAc)s, and Ce(NOg); were used (Figure 2).

o

et AL

Figure 2. Transmission electron microscopy images of the CeO./ BnOH NPs from (a) Ce(acac)s, (b)
Ce(OAc)s, and (c) Ce(NO3)3.

The transmission electron microscopy (TEM) characterization of the three NPs obtained,
using BnOH as a solvent, shows that the starting salt clearly influences the size and shape
of the NPs. Spherical NPs of around 2-3 nm in diameter (Figure 2a) are obtained from the
Ce(acac)s salt, whereas cubic NPs (inset of Figure 2b) of around 4-5 nm in size are pro-
duced when starting from the Ce(OAc); salt. In the case of Ce(NOs)s, heterogeneously ag-
glomerated groups with a diameter of 50 nm were obtained (Figure 2c). When zooming in
to one of these agglomerates, it seems to consist of smaller spherical NPs of ~5 nm. In this
case, the use of nitrate as the counterion decreases the stabilization of the NPs, which
generates aggregates in contrast to Ce(OAc)s; or Ce(acac)s salts. After TEM and GC-MS
characterization, our efforts were focused in the X-ray powder diffraction (XRPD) and X-ray
photoelectron spectroscopy (XPS) analysis of CeO. NPs, which are synthesized from the
acetate and acetylacetonate. NPs from Ce(NOs)s starting salt yield large aggregates of 50
nm, which makes them incompatible with cellular studies in terms of stability. Furthermore,
BnOH was chosen as a high-boiling- point solvent to decrease the amount of organic shell

formed around the NPs from ~50% (TEG) to ~35% after the cleaning process (Figure S2).
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XRPD analysis confirms that for all the cases the synthesized NPs are composed of cerium
oxide with a typical fluorite (face- centered cubic) structure (JCPDS 34-0394, space group
Fm3m)®. All samples exhibit peaks corresponding to (111), (200), (220), (311), (222), (400),
(831), and (420) planes. However, they are much broader than the reference spectrum due
to the small NPs size (Figure S3).

To confirm the CeO. phase of the NPs, XPS analysis®* was carried out. Figure 3 shows the
Ce 3d spectra for CeO. NPs obtained from Ce(OAc); and Ce(acac); using BnOH as solvent,
where in both cases the same results are obtained. These present two sets of multiplets (u

and v) corresponding to the spin-orbit split of 3d 5/2 and 3d 3/2 core holes.
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Figure 3. X-ray photoelectron spectroscopy of the CeO2 NPs in BnOH form (a) Ce(acac)3 and (b)
Ce(OAc)s3.

The spin-orbit splitting, measured by the difference between the main peaks for 3d 5/2
and 3d 3/2, is about 18.1 eV for the sample obtained from Ce(OAc); and about 18.9 eV for
the one from Ce(acac)s. For Ce(lV) compounds, each spin—orbit component (3d 5/2, 3d 3/2)
is dominated by three features in contrast to Ce(lll), which is dominated by two features.
These three features from Ce(lV) are visible as six peaks corresponding to the spin-orbit
doublets. The highest binding energy peaks of u" and v" appear at 915.5 and 896.9 eV for
CeO;obtained from Ce(OAc)s and at 915.9 and 897.6 eV for CeO. obtained from Ce(acac)s.
These are the result of a Ce 3d® 4f° O 2p° final state and the u" associated with the Ce 3da.
is characteristic of the presence of tetravalent Ce (Ce** ions) in the compound. Hence, the
(+1V) oxidation state of Ce in the synthesized CeO. NPs is hereby confirmed.

By comparing all the NPs growth process studies, the high boiling point solvent/thermal
decomposition approach for the formation of NPs show two main advantages. First, the
solvent acts at the same time as diluent solution and stabilizing ligand, where only small
amounts of secondary products, mainly organics originating from the metal-organic salt

decomposition, are produced, which can be easily eliminated by the cleaning process.
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Second, using this approach, high concentrations of stable NPs in polar solvents (up to 90
mM) can be obtained in a highly reproducible way. DLS experiments confirm the stability
for a month of CeO. NPs without the formation of big aggregates (Figure S4). Thus, this
protocol is a good and simple way to prepare small-sized NPs with a narrow dispersion in

size.

Internalization of CeO2 NPs by SKBR-3 Cells.

Internalization was measured by quantifying the NP absorbance®. It has been described
that CeO. shows a strong absorption band at 210-350 nm in the UV range®, and absorp-
tion depends on the oxidation state of Ce, i.e., Ce*" has its maximum absorption at 250
nm, while Ce* has its maximum at 298 nm®-*., CeO, NPs absorption was recorded at 210,
250, 280, and 293 nm, and in all wavelengths analyzed, the absorption was higher in sam-
ples incubated with NPs compared with control samples (Figure S5), confirming the CeO,
NPs uptake by SKBR-3 cells.

NPs Antioxidant efficiency of CeO2 NPs.

Among the different CeO, NPs synthesized in the present work, the most promising candi-
date as antioxidant for human cells is the nanoceria synthesized by Ce(acac)s; in BnOH
using thermal activation due to the high stability in cell culture conditions. Furthermore, due
to their small size (2.5 + 0.3 nm) there are more active seeds to react with the unwanted
reactive oxygen species (ROS). Regarding the cytotoxicity of CeO. NPs, different results
were obtained when using the Vybrant MTT Cell Proliferation Assay (MTT) and the Sul-
forhodamine B (SRB) cytotoxicity assays. MTT, a widely used assay, showed no cytotoxi-
city effect with increasing concentration of NPs. In fact, an increase in cell viability was
observed with respect to control cultures. No cytotoxicity or even increases in cell viability
was observed by other groups using MTT assay'?'*%*', However, when cell cultures were
analyzed under an inverted microscope, after MTT incubation an increase in formazan crys-
tals formation was detected, but not an increase in cell density Thus, CeO. NPs produced
either an increase in the cell activity without proliferation or a direct reduction of the MTT.
For this reason, the stoichiometric assay SRB was used to quantify the cytotoxicity of CeO.
NPs. SRB results showed that there was a significant decrease in cell viability with increas-

ing NP concentration (Figure 4).
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Figure 4. Percentage of viability of SKRB-3 cells after incubation in the presence of different concen-
trations of CeO, NPs. Asterisks denote significant differences compared to the control culture. (*p < 0.03
and **p < 0.01).

Other groups, using exclusion dye assays (trypan blue or propidium iodide) instead of MTT,
also reported a decrease in the viability of cells cultured in the presence of CeO., NPs with
increasing concentration*’. Discrepancies between the values obtained using direct and
indirect methods for cell viability determination have been described before*® when working
with Fe-based materials or redox-active molecules™.

The concentration of 25 pg/mL of CeO. NPs was chosen to test the antioxidant properties
of CeO,NPs. According to the statistical comparison analyses of green fluorescence, once
the threshold was applied the level of ROS was very low in control cells (4%), N-acetylcys-
teine (NAC) incubated cells (3%), or NP incubated cells (6%), but very high in cells incu-
bated with tert-butyl hydroperoxide (TBHP) (28%). ROS levels in the presence of TBHP
were lower when incubated with NAC (18%) than incubated with CeO. NPs (22%), but the

differences found between them were not statistically significant (Figure 5).
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Figure 5. Detection of ROS levels in SKBR-3 cells. Data for each histogram corresponds to a concatenated
population of 30000 cells from the triplicates of each condition. A threshold corresponding to the basal level
of ROS in control cells was set at 10? (arbitrary units) of CellROX green fluorescence. Percentages stated in
each histogram correspond to the population that exceeds the stablished fluorescence threshold and are
computed considering the single-cell population for each condition. X-axis in logicle scale. Y-axis in linear
scale, ranging from 0 to 1000 green fluorescence signal arbitrary units for each histogram (**p < 0.03 and ***p
< 0.01).

We first quantified the basal ROS of SKBR-3 cells, because elevated rates of ROS have
been observed in almost all cancer cell lines*. Then, we compared the effect of the com-
mercial antioxidant NAC with the synthesized CeO. NPs. When the obtained values were
normalized to the control value, NAC lowered the basal ROS level by 0.8 times, while the
CeO: NPs increased it by 1.7 times compared to the basal ROS (Figure 5), though these
differences were not statistically significant. However, increments of ROS in the presence
of ceria NPs have also been reported by other groups using lung adenocarcinoma cells43
or normal lung epithelial cells.16 Cells incubated with TBHP to induce oxidative stress pre-

sented 7.8 times ROS compared to the basal level. When cells were incubated with NAC
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or CeO. NPs, the induced-ROS level decreased 0.8 times (34%) in the presence of NAC or
0.7 (23%) times in the presence of CeO. NPs (Figure 6), but these differences were not

statistically significant.
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Figure 6. ROS reversion. Effect of NAC and NPs on the ROS reversion produced by TBHP (**p < 0.01).

Thus, in terms of oxidative stress reversion NAC and NPs are equally effective. Our results
agree with those obtained in a previous study*’, which compared the antioxidant properties
of two sizes, namely, 7 and 94 nm, of ceria NPs and found that the smaller NPs were able
to reverse the induced ROS by ~20% after 24 h of incubation. However, 94 nm NPs were
more effective than the 7 nm NPs in ROS reversion. Similar results were also reported for
5 to 25 nm large ceria NPs, showing a low reversion of basal ROS in the presence of 5 nm
NPs compared to 25 nm'. Thus, the size of CeO. NPs seems to play an important role for
the antioxidant properties. The NPs used in this study had a mean diameter of 2.5 nm,
which is smaller than the previously mentioned ceria NPs, even though they were able to

partially reverse the oxidative stress produced by TBHP.

Conclusions

In the present study, the different combinations of precursors (Ce(acac)s, Ce(OAc)s), high
boiling point solvents (TEG and BnOH), and activation (thermal and microwave) for the syn-
thesis of CeO. NPs were investigated. The results presented show the importance of the
decomposition step on the final size of the formed NPs, which is determined by the starting
salt as described by our group. Spherical and cubic NPs were produced via thermal and

microwave activation using Ce(acac)s; (2 nm) and Ce(OAc); (4 nm) as precursors in two
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different high-boiling-point solvents: TEG and BnOH. Shape, size, structure, and phase of
CeO. NPs were thoroughly studied by XRD, TEM, and XPS techniques. The relationship
between the chemical nature of the different precursors and the final shape and size of the
NPs has been demonstrated. Furthermore, a simple synthesis strategy for bioapplication
of CeO,NPs was developed and the efficiency of the obtained NPs as antioxidants proved.
The nanoceria NPs synthesized by Ce(acac); in BnhOH were able to decrease 23% the ROS
induced level in human tumor cells demonstrating a similar efficiency than the commercial

products.

Experimental procedures

CeO:NPs.

Cerium(lll) nitrate (Ce(NOs); 6H.0) (Ce-(NOs)s) (Aldrich), cerium(lll) acetylacetonate hydrate
(Ce(CsH702)s-xH-0) (Ce(acac)s) (Aldrich), cerium(lll) acetate hydrate (Ce(CHsCO.)s; xH-0)
(Ce(OAc)s) (Aldrich), triethylene glycol (HO(CH.CH.0).CH.CH-OH) (TEG) (Aldrich, 99%),
benzyl alcohol (CeHsCH.OH) (BnOH) (Aldrich 99%), ethanol (CH3CH20H) (Panreac, 96%,
absolute), and diethyl ether (CH3CH2)20) (Panreac 96%) were used as purchased without

further purification.

Cell Cultures.

The human tumor mammary epithelial cell line SKBR-3 was used (ATCC) to conduct the
biological studies. Cells were cultured in McCoy’s 5A modified medium (Gibco) supple-
mented with 10% fetal bovine serum (Gibco) and maintained at 37 °C in a humidified at-

mosphere of 5% CO2 (standard cell culture conditions).

Synthesis of CeO.NPs.

The decomposition of metal-organic was obtained by using thermal or microwave activa-
tion?. Two different types of high boiling point solvents were used (TEG and BnOH®).
Thermal Process (T)*. Ce(acac)s, Ce(OAc)s, or Ce(NOs)s (2.25 mM) was suspended in TEG?’
or BnOH (25 mL) using an ultrasonic bath. The mixture was deposited into a round bot-
tomed flask equipped with a condenser, a magnetic stirrer, a thermograph, and a heater.
The system was heated at 220 °C (1 K/min) for BhOH and at 280 °C (1 K/min) when TEG
was used as a solvent. After 2.5 h the mixture was cooled and stirred for 48 h at room

temperature.
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For the final precipitation product, the viscosity of the media was lowered by washing the
NPs (with ethanol, acetone, or diethyl ether) using centrifugation, which additionally re-
moves remaining solvents. Then, the nanocrystals were dispersed in sterile Milli-Q water
(up to 90 mM) yielding a stable dispersion. Microwave Process (MW).?” Ce(acac)s, Ce(OAC)s,
or Ce(NOs)s (2.25 mM) was suspended in TEG or BnOH solution (25 mL) and transferred to
a microwave vial. After ultrasonication, the solution was heated under magnetic stirring by
microwave radiation (300 W) to 210 °C in BnOH or 220 °C in TEG. After 1 h at final temper-
ature, the mixture was cooled under nitrogen atmosphere and stirred for 48 h at room tem-
perature. CeO, nanocrystals were separated and washed thoroughly by repeated centrifu-

gation and dispersed in sterile Milli-Q water (up to 90 mM).

NPs Characterization.

Transmission electron microscopy (TEM) and selected area diffraction (SAD) measure-
ments were performed on a Jeol 2011 microscope to analyze the size, shape, structure,
and composition of the nanocrystalline CeO. NPs. High-resolution TEM (HRTEM) images
were recorded on a Jeol 2017F field emission gun microscope (200 kV) with a point-to-
point resolution of 0.19 nm. X-ray powder diffraction (XRPD) patterns were recorded on a
Rigaku D diffractometer equipped with a rotating anode and a Cu Ka’ (A = 0.154056 nm).
The chemical composition was determined by X-ray photo- electron spectroscopy (XPS)
on an ESCA M-Probe (Al Ka) with an energy resolution of 0.8 eV. The charge calibration
was performed by correcting C 1s peak of adventitious carbon setting to 284.8 eV to com-
pensate the charge effect. Particle size distribution was analyzed by dynamic light scatter-
ing (DLS) measurement using Zetasizer Nano Zs (Malvern Instruments) with a maximum
size range from 0.6 nm to 6 pm, mini- mum sample volume 12 pL, and a maximum sample

concentration of 40% w/V.

Cytotoxicity Assay.

Cytotoxicity was assessed using two different methods: (a) the Vybrant MTT Cell Prolifer-
ation Assay Kit (ThermoFisher Scientific), which evaluates the cell metabolic activity by
quantifying the reduction of 3-(4, 5- dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) to formazan; (b) the Sulforhodamine B cytotoxicity assay (SRB, Canvax Biotech), a
stoichiometric assay based on cell mass quantification instead of cell activity.

Cells were seeded overnight on six-well plates and then incubated with different concen-
tration of CeO.NPs (5, 10, 25, 50, and 100 pg/mL) for 24 h. Afterward, MTT or SRB assay
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was performed according to the manufacturer’s instructions. Each experiment was per-

formed in triplicate.

NPs Internalization.

NPs internalization was evaluated using an UV-vis spectrophotometer (Nanodrop 2000) by
quantifying the absorbance at different wavelengths (210, 250, 280, and 298 nm).

Cells were seeded overnight and then incubated with CeO, (10 pg/mL) for 24 h. Next, cells
were washed thoroughly in saline solution, detached by trypsin treatment, and resus-
pended in Milli-Q water. Cells were centrifuged at 1100 rpm and the supernatant containing
non-internalized NPs was discarded, whereas pellet was resuspended in Milli-Q water and
kept at —80 °C to break the plasma membrane. To ensure cell lysis, cells were sonicated
after thaw for 5 min and the solution was centrifuged at 1100 rpm to pellet the cellular
debris. The supernatant, containing the released NPs, was evaluated using the spectro-
photometer. For each measure, a control culture without having been incubated with NPs

was also evaluated. Each experiment was performed in triplicate.

Oxidative Stress Induction and Effect of CeO.NPs as Antioxidant.

Oxidative stress was assessed using the CellROX Flow Cytometry Assay kit (ThermoFisher
Scientific) according to the manufacturer’s instructions. The kit contains tert-butyl hydrop-
eroxide (TBHP) an oxidative stress inductor, N-acetylcysteine (NAC) an antioxidant com-
pound that scavenges ROS, and the reagent CellROX Green Fluorescence, which is a non-
fluorescent compound in its reduced form that becomes fluorescent upon oxidation due to
interaction with intracellular ROS. The effect of the antioxidant NAC was tested in the ab-
sence (control cultures) and in the presence of TBHP (200 pM) (ROS-induced cultures).
After 1 h of incubation with NAC (250 mM) the solution was replaced with fresh medium to
test the effect of NAC in control cells, or with TBHP to test its effect in ROS-induced cells
and incubated for another hour. To assess the antioxidant properties of CeO. NPs, cells
were previously incubated with a concentration of 25 ug/mL for 3 h. Afterward TBHP was
added to induce ROS as explained before. Oxidative stress was analyzed by quantifying
CellROX reagent fluorescence using a flow cytometer (FACSCanto, BD Biosciences). Per
each condition and experiment 10000 events were recorded, and each experiment was

performed in triplicate.
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Statistical Analysis.

The Fisher’s exact test was used for cytotoxicity evaluation results comparisons. To differ-
entiate the effect of induction and/or reversion of ROS, a threshold corresponding to the
basal level of ROS in control cells was set to 10 (arbitrary units) of CellROX green fluores-
cence. Values above this threshold were considered as positive for ROS and were com-
pared using the Fisher’s exact test to the control cultures. The values with p < 0.05 were

considered statistically significant.

49



Associated content

Supporting information

The Supporting Information is available free of charge on the ACS Publications website at
DOI: 10.1021/acs.bioconjchem.8b00300.

Supplementary data regarding gas chromatography—-mass spectroscopy (GC-MS) analy-

sis, as well as results obtained by the use of Ce(acac)3

Acknowledgments

The authors thank the funding of the European Union’s Seventh Framework Program
(FP7/2007-2013 under the Grant Agreement number 280432) EUROTAPES and the Span-
ish Government “MINECO2 (MAT2011-28874-C02, MAT2017-86357-C3-3-R, CSD 2007-
0041, IPT-2011-1090- 920000 and Generalitat de Catalunya (2017-SGR-503). Alena Fol-
ger, Joohym Lim, and in particular Torsten Schwarz and Eduardo Solano are also recog-
nized for his contribution to the writing of this manuscript. The authors wish to thank the
Scientific-Technical Services of SCAC and LLEB at the UAB, the Scientific-Technical Ser-
vices at ICMAB and SHOOK Studio for the graphical abstract.

Notes

The authors declare no competing financial interest

50



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Masalov, A. et al. Formation of luminescent centers in CeO2 nanocrystals. J. Lumin. 145, 61—
64 (2014).

Coey, M., Ackland, K., Venkatesan, M. & Sen, S. Collective magnetic response of CeO 2
nanoparticles. Nat. Phys. 12, 694-699 (2016).

Skorodumova, N. V. et al. Electronic, bonding, and optical properties of CeO2 and Ce203
from first principles. Phys. Rev. B - Condens. Matter Mater. Phys. 64, 1151081-1151089
(2001).

Xu, C. & Qu, X. Cerium oxide nanoparticle: a remarkably versatile rare earth nanomaterial for
biological applications. NPG Asia Mater. 6, €90-e90 (2014).

Nanoparticles, B., Bouzigues, C., Gacoin, T. & Alexandrou, A. Biological Applications of
Rare-Earth. 8488-8505 (2011).

Harthgj, A., Holt, T. & Mgller, P. Oxidation behaviour and electrical properties of
cobalt/cerium oxide composite coatings for solid oxide fuel cell interconnects. J. Power
Sources 281, 227-237 (2015).

Walkey, C. et al. Catalytic properties and biomedical applications of cerium oxide
nanoparticles. Environ. Sci. Nano 2, 33-53 (2015).

Corma, A., Atienzar, P., Garcia, H. & Chane-Ching, J. Y. Hierarchically mesostructured doped
Ce02 with potential for solar-cell use. Nat. Mater. 3, 394-397 (2004).

Haneda, M., Kaneko, T., Kamiuchi, N. & Ozawa, M. Improved three-way catalytic activity of
bimetallic Ir-Rh catalysts supported on CeO2-ZrO2. Catal. Sci. Technol. 5, 1792-1800 (2015).

Zhang, Z. & Baerns, M. Hydrogen formation by steam-reforming and water-gas shift reaction
in the oxidative methane coupling reaction over calcium oxide-cerium dioxide catalysts.
Appl. Catal. 5, 299-310 (1991).

Celardo, I., Pedersen, J. Z., Traversa, E. & Ghibelli, L. Pharmacological potential of cerium
oxide nanoparticles. Nanoscale 3, 1411-1420 (2011).

Lyu, G. M. et al. Hydrophilic CeO2 nanocubes protect pancreatic B-cell line INS-1 from
H202-induced oxidative stress. Nanoscale 8, 7923-7932 (2016).

Vassie, J. A., Whitelock, J. M. & Lord, M. S. Endocytosis of cerium oxide nanoparticles and
modulation of reactive oxygen species in human ovarian and colon cancer cells. Acta
Biomater. 50, 127-141 (2017).

Zhao, H. et al. Polydopamine nanoparticles for the treatment of acute inflammation-induced
injury. Nanoscale 10, 6981-6991 (2018).

Fu, P. P, Xia, Q., Hwang, H.-M., Ray, P. C. & Yu, H. Mechanisms of nanotoxicity: Generation
of reactive oxygen species. J. Food Drug Anal. 22, 64-75 (2014).

Park, E.-J., Choi, J., Park, Y.-K. & Park, K. Oxidative stress induced by cerium oxide
nanoparticles in cultured BEAS-2B cells. Toxicology 245, 90-100 (2008).

Yu, S.-H., Colfen, H. & Fischer, A. High quality CeO2 nanocrystals stabilized by a double
hydrophilic block copolymer. Colloids Surfaces A Physicochem. Eng. Asp. 243, 49-52 (2004).

Gu, H. & Soucek, M. D. Preparation and Characterization of Monodisperse Cerium Oxide
Nanoparticles in Hydrocarbon Solvents. Chem. Mater. 19, 1103-1110 (2007).

Sreeremya, T. S., Thulasi, K. M., Krishnan, A. & Ghosh, S. A Novel Aqueous Route To
Fabricate Ultrasmall Monodisperse Lipophilic Cerium Oxide Nanoparticles. Ind. Eng. Chem.
Res. 51, 318-326 (2012).

Sathyamurthy, S., Leonard, K. J., Dabestani, R. T. & Paranthaman, M. P. Reverse micellar

51



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

52

synthesis of cerium oxide nanoparticles. Nanotechnology 16, 1960-1964 (2005).

Miyazaki, H. et al. Synthesis of CeO 2 nanoparticles by rapid thermal decomposition using
microwave heating. Adv. Appl. Ceram. 109, 123-127 (2010).

Schulz, H., Stark, W. J., Maciejewski, M., Pratsinis, S. E. & Baiker, A. Flame-made
nanocrystalline ceria/zirconia doped with alumina or silica: structural properties and
enhanced oxygen exchange capacity. J. Mater. Chem. 13, 2979 (2003).

Hirst, S. M. et al. Anti-inflammatory Properties of Cerium Oxide Nanoparticles. Small 5, 2848-
2856 (2009).

Karakoti, A. S. et al. PEGylated Nanoceria as Radical Scavenger with Tunable Redox
Chemistry. J. Am. Chem. Soc. 131, 14144-14145 (2009).

Li, M., Shi, P., Xu, C., Ren, J. & Qu, X. Cerium oxide caged metal chelator: anti-aggregation
and anti-oxidation integrated H202-responsive controlled drug release for potential
Alzheimer’s disease treatment. Chem. Sci. 4, 2536 (2013).

Solano, E. et al. Facile and efficient one-pot solvothermal and microwave-assisted synthesis
of stable colloidal solutions of MFe204 spinel magnetic nanoparticles. J. Nanoparticle Res.
14, 1034 (2012).

Garzén-Manjon, A. et al. Induced shape controllability by tailored precursor design in thermal
and microwave-assisted synthesis of $$\mathrm{Fe}_{3\mathrm{O}_{4}$$ Fe 3 O 4
nanoparticles. J. Nanoparticle Res. 17, 291 (2015).

Cayado, P. et al. Epitaxial YBa 2 Cu 3 O 7- x nanocomposite thin films from colloidal
solutions. Supercond. Sci. Technol. 28, 124007 (2015).

Obradors, X. & Puig, T. Coated conductors for power applications: materials challenges.
Supercond. Sci. Technol. 27, 044003 (2014).

Niederberger, M. Aqueous and Nonaqueous Sol-Gel Chemistry. in Metal Oxide Nanoparticles
in Organic Solvents 7-18 (2009). doi:10.1007/978-1-84882-671-7_2.

Duan, F., Kwek, D. & Crivoi, A. Viscosity affected by nanoparticle aggregation in Al203-water
nanofluids. Nanoscale Res. Lett. 6, 248 (2011).

Solano, E. et al. Neutron and X-ray diffraction study of ferrite nanocrystals obtained by
microwave-assisted growth. A structural comparison with the thermal synthetic route. J.
Appl. Crystallogr. 47, 414-420 (2014).

Babitha, K. K., Sreedevi, A., Priyanka, K. P., Sabu, B. & Varguese, T. Structural
characterization and optical studies of CeO2 nanoparticles synthesized by chemical
precipitation. Indian. J. Appl. Phys. 596-603 (2015).

Channei, D., Inceesungvorn, B., Wetchakun, N. & Phanichphant, S. Kinetics Study of
Photocatalytic Activity of Flame-Made Unloaded and Fe-Loaded CeO 2 Nanoparticles. Int.
J. Photoenergy 2013, 1-9 (2013).

Mazzolini, J. et al. Protein Corona Modulates Uptake and Toxicity of Nanoceria via Clathrin-
Mediated Endocytosis. Biol. Bull. 231, 40-60 (2016).

Reyes-Acosta, M. A. et al. Thermal, mechanical and UV-shielding properties of poly(methyl
methacrylate)/cerium dioxide hybrid systems obtained by melt compounding. Polymers
(Basel). 7, 1638-1659 (2015).

Pulido-Reyes, G. et al. Untangling the biological effects of cerium oxide nanoparticles: the
role of surface valence states. Sci. Rep. 5, 15613 (2015).

Inerbaev, T. M. et al. Aqueous medium induced optical transitions in cerium oxide
nanoparticles. Phys. Chem. Chem. Phys. 17, 6217-6221 (2015).

Zholobak, N. M. et al. Direct monitoring of the interaction between ROS and cerium dioxide
nanoparticles in living cells. RSC Advances vol. 4 (2014).



40.

41.

42.

43.

44,

45.

Bhushan, B., Nandhagopal, S., Rajesh Kannan, R. & Gopinath, P. Biomimetic nanomaterials:
Development of protein coated nanoceria as a potential antioxidative nano-agent for the
effective scavenging of reactive oxygen species in vitro and in zebrafish model. Colloids
Surfaces B Biointerfaces 146, 375-386 (2016).

Zhang, X. et al. Surfactant modification of aggregation-induced emission material as
biocompatible nanopatrticles: Facile preparation and cell imaging. Nanoscale 5, 147-150
(2013).

Mittal, S. & Pandey, A. K. Cerium Oxide Nanoparticles Induced Toxicity in Human Lung Cells:
Role of ROS Mediated DNA Damage and Apoptosis. Biomed Res. Int. 2014, 1-14 (2014).

Chan, G. K. Y., Kleinheinz, T. L., Peterson, D. & Moffat, J. G. A Simple High-Content Cell
Cycle Assay Reveals Frequent Discrepancies between Cell Number and ATP and MTS
Proliferation Assays. PLoS One 8, (2013).

Moravej, M., Purnama, A., Fiset, M., Couet, J. & Mantovani, D. Electroformed pure iron as a
new biomaterial for degradable stents: In vitro degradation and preliminary cell viability
studiesst. Acta Biomater. 6, 1843-1851 (2010).

Liou, G.-Y. & Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 44, 479-496
(2010).

53



Supporting information

Table S1. GC-MS of mother solution after the CeO,NPs synthesis by Ce(acac)s in TEG.

Peak Ret. time | Width Area Start time¢| End time | % Area
(min) (min) (arb.u) (min) (min)

Ethanol 1.313 0.058 86789644 1.144 1.432 1.686

Ethyl Acetate 1.817 0.085 403383692 1.742 1.982 7.837

2-(2-methoxyethoxy) 7.976 0.277 187980979 7.549 8.173 3.652

2-(2-Hydroxyethoxy) ethyl 10.206 0.055 8109104 10.172 10.350 0.158

acetate

Triethylene glycol 13.611 1.319 4046528098 11.872 14.150 78.621

2-[2-[2-(2-Hydroxyethoxy) 14.402 0.137 414098546 14.242 14,988 8.046
ethoxyl] ethyl acetate

Tetraethylene glycol 15.954 0.027 23788877 15.916 16.048 0.462

Results obtained by the use of Ce(acac), precursor show that the precursor reacted with
the solvent to form different TEG polymerization subproducts.
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Figure S2. Thermogravimetric analysis of the CeO,/BnOH NPs.
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Introduction

There has been a plethora of publications over the past two decades describing new na-
nomaterials with exciting functionalities for biological applications. Such is the extent with
which new materials are reported in the literature, we are now faced with a ‘nano-Particle
Zoo’'. This ‘Zoo’ contains such a broad range of engineered materials they can be catego-
rised based on different criteria, for example: by their composition (gold, carbon, silica,
polymers, liposomes, iron oxide, etc.); their architectural design (spheres, rods, plates, bub-
bles, disks, stars etc.) or in terms of their physicochemical characteristics (positive/negative
charge, plasmonics, fluorescence, magnetic properties). This ‘nano-Particle Zoo’ now con-
tains such a variety of particles that they are almost difficult to keep track of. Considering
the frequency at which scientists claim nanotechnology will revolutionise healthcare, we
are yet to realise the potential benefits predicted by the assortment of engineered nano-
materials (ENMs) reported. In fact, at the time of writing, the number of nanomaterials ap-
proved as nanomedicines for human use by the United States' Federal Drug Administration
is approximately 2502 (either on the market or in clinical trial phase), yet 245,907 hits appear

when searching for full texts on National Institutes of Health's Pubmed database only.

This situation suggests the scientific community needs to reconsider and improve the cur-
rent approaches used to assess interactions between ENM and biological systems. A bot-
tom-up strategy is needed, which means revising how researchers first elucidate cellular
association, uptake and cytotoxicity of ENMs in vitro. These essential analyses must there-
fore be performed robustly to allow scientists to confidently claim their material is, for in-
stance, non-toxic when internalised in a cell. Without appropriate ENM-cell characterisa-
tion in vitro, researchers may progress too promptly to in vivo analyses and find themselves
in the situation where the materials they claim to be ‘exciting’ are in fact underperforming
for unknown reasons, which could have been ruled out previously. This will also contribute
to a more sustainable research and development processes by lowering the resources,

economic an environmental impact and reducing the number of animals used for research.

However, performing robust in vitro analysis does not need to reinvent the wheel. It should
involve using established characterisation techniques that complement each other to pro-
vide an accurate examination of ENM-cell interactions. We believe that ‘seeing is believing’

is an important facet of this interrogation method, that is, if there is a method to visualise
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nanomaterial-cell interactions, then we recommend doing it. For example, scanning elec-
tron microscopy (SEM) can be used to investigate the state of nanomaterial aggregation as
they interact with the cell membrane. Material scientists often presume that because their
ENM is nanosized upon synthesis it remains that way. It has been widely reported that
nanomaterial size is a key parameter in cytotoxicity? and internalisation pathways® of nano-
particles (NPs). SEM allows to visualise the size of nanomaterials as they interact with the
cell surface. This can lead researchers to critically assess if their nanomaterial is stable in
the presence of salts or if the nanomaterial has been appropriately handled to ensure max-
imal dispersion in solution. SEM can also be used as a qualitative method of studying na-
nomaterial internalisation. This information can be used to supplement the information that
flow cytometry analysis could provide of cellular association and internalisation of nano-
materials. Using a similar approach, it is also important to use more than one method for
evaluating cell viability. The Methylthiazolyldiphenyl-tetrazolium-bromide (MTT) assay is the
most common method for elucidating nanomaterial toxicity in literature, but it has been
shown to have its drawbacks such as the direct reduction of the MTT reagent depending
on ENM composition or the inability to discern between an increase in the cell viability or
an increase in the metabolic cell activity resulting on the increased product obtained®. It is
therefore important to use a second method to analyse cell viability to verify the results of

this commonly used assay.

Here we demonstrate a robust in vitro analysis of the cytotoxicity and internalisation of
fluorescent microporous silica nanoparticles (SiNPs) incubated in HeLa and Caco-2 cell
cultures. Several commonly used characterisation tools have been used to assess SiNPs
interactions with these cells: from the ones that focus on visual and volumetric analyses at
the nanoscale of single cell populations like SEM and confocal laser scanning microscopy
(CLSM), to the ones that can be used as high-throughput methods for quantification of
whole cell populations like flow cytometry, the MTT assay and LIVE/DEAD® Viability Assay.
These studies, conducted in a specific order, can serve as a guide for scientists on how to
better analyse their ENMs in early in vitro studies and provide new insights into the biolog-
ical interrogation of ENMs. Each analysis gives accurate information on the status of the
ENMs at a specific experimental point and allows to decide whether the ENMs behave as
expected and thus the study can continue or if the ENMs are not suitable for their use, and
thus, they must be discarded. We also highlight some pitfalls of how ENMs can behave

undesirably in biological conditions and how they can be explored and avoided through
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the imaging and complementary techniques proposed for the examination of the NP-cell

biointeraction which allow accurate data interpretation.

Materials and methods
SiNPs characterisation and handling

Nanoparticles of SiO. (SiNPs) were supplied by Dr. Gubala from the University of Kent.
SiNPs were around 120 nm in diameter with an electrical charge of -25/-20 mV when incu-
bated in complete medium. Due to the FITC, loaded onto the microporous matrix of the
SiNPs, they presented an absorbance peak at 488 nm and an emission peak at 525 nm,

respectively.

SiNPs solutions were freshly prepared before exposure to cell cultures by centrifugation in
water for 5 min at 14000 rpm twice and finally resuspended in cell culture media to fit the
desired concentration. Bad handling conditions were considered when resuspension of the
pellet was performed by actively micropipetting in 1 ml of complete media before its further
dilution for experiment. Good handling conditions were considered when before micropi-
petting and preparing the incubation solutions, SiNPs pellets were exposed to an ultrason-
ication bath (FisherBrand) (with just enough volume inside the Eppendorf to cover the
SiNPs pellet) for 3 min at room temperature (RT). Effects on bad handling or good handling
of the SiNPs were analysed through SEM and CLSM.

Cell Culture maintenance.

Human Epithelial Cervical Adenocarcinoma Cells (HeLa) and Human Epithelial Colorectal
Adenocarcinoma Cells (CaCo-2, ATCC®) were cultured in complete medium 1X MEM
(Gibco by Life Technologies) supplemented with 10% foetal bovine serum (FBS) (Biowest)
and 2 mM L-Glutamine (Life Technologies). All cell lines were maintained at 37°C and hu-

midified atmosphere of 5% CO: (standard conditions).

SiNPs cytotoxicity evaluation

For cytotoxicity assays, Caco-2 and Hela cells were seeded in 24-well plates (Thermo
Scientific) at a density of 1.5 x 10* cells per well. After 24 h, cell media were replaced with

a solution of 500 pl of 50 pg/mL SiNPs in complete medium. Cell cultures were washed
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twice with Hanks’ Balanced Salt Solution (HBSS, Biowest) after 60 min of SiNPs incubation
and were kept for 0 h, 6 h, 24 h, 72 h and 7 days post-incubation time in complete MEM.
For MTT (Life Technologies) assay, 1 mg/mL of stock solution in MiliQ water (Merck Milli-
pore) was prepared and filtrated using a 0.22 pm filter (Whattman), which was kept refrig-
erated and preserved from direct light until use. After each post-incubation time, media
was removed and 500 pl of MTT working solution (0.1 mg/mL MTT diluted in complete
MEM) were added and incubated for 3.5 h until the formation of formazan crystals was
observable under an inverted contrast phase microscope (Olympus IX71). Lastly, the MTT
solution was removed and cultures were let to dry while stored at RT in the dark until eval-
uated. Before carrying out the measures of absorbance, 500 pl of Dimethylsulfoxide
(DMSO, Sigma Aldrich) were added to each well. A well containing DMSO was used as a
blank. The absorbance at 550 nm was read in a Victor~X3 Multilabel Plate Reader (Perkin
Elmer) and data were processed using Excel worksheets (Microsoft) and Prism 9.0

(Graphpad) software. The experiment was done in triplicate.

For LIVE/DEAD® kit cytotoxicity assay evaluation, after each post-incubation time, cells
were stained directly (without washing steps to avoid losing possible dead cells in suspen-
sion) with Live/Dead Kit® for mammalian cells (Life Technologies). A volume of 0.1 pl of
Calcein AM (which stains metabolically active, viable cells’ cytoplasm) and 1 pl of Ethidium
Homodimer 1 (which stains dying cells’ nuclei) was added directly to the medium (1 mL).
Incubation was carried out for 15 min in an incubator at 37°C. Finally, cell cultures were
observed under an inverted fluorescence microscope (Olympus IX71) equipped with a
green (488 nm) and red (550 nm) filter to observe Calcein AM and Ethidium Homodimer 1

stains, respectively. The experiment was done in triplicate.

Analysis of SiNPs-cell interactions through scanning electron microscopy. Assess-
ment of SiNPs interaction with HeLa and Caco-2 cells was first evaluated through SEM.
Cells were seeded in round glass coverslips (Knittel glass) in 4-well plates (Thermo Scien-
tific) at a density of 1.5 x 10* cells per well. After 24 h, cell media were replaced with a
solution of 500 pl of 50 pg/mL SiNPs in complete medium. Cells were incubated with SiNPs
for either 20 min, 60 min or 24 h. Afterwards, cell cultures were washed twice witha 0.1 M
cacodylate buffer (TAAB) and fixed with a 2.5% glutaraldehyde (Merck) in 0.1 M cacodylate

buffer solution for 45 min. Samples were then dehydrated through a series of increasingly
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graded ethanol (Merck Millipore) incubations for 7 min: 50%, 70% and 90% once and
100% twice. Finally, samples were incubated for 15 min with Hexamethyldisilazane (Elec-
tron Microscopy Sciences) after which the coverslips were removed from the 4-well plate,
mounted onto SEM stubs and analysed by SEM (Carl Zeiss Merlin) using a secondary elec-

tron detector.

Internalisation of SiNPs by flow cytometry

The internalisation of SiNPs in both cell lines was quantified through flow cytometry. Cells
were first seeded onto 6-well plates at a cell density of 1.5 x 10° per well. After 24 h cells
were exposed to 2.5 mL of a 100 pg/mL SiNPs (to keep the SiNPs-cell ratio) in complete
medium solution for 20 min, 60 min, 6 h and 24 h. After incubation time the solutions were
removed and cell cultures were washed twice with HBSS. They were further trypsinised
with 1x Trypsin-Ethylenediaminetetraacetic acid (EDTA) (Biowest) diluted in HBBS and neu-
tralised after 5 min with complete MEM. The cellular suspensions were analysed using a
FACSCalibur (Becton Dickinson) equipment and FACSDiva® Software (Becton Dickinson).
At least 10 cells (events) were included in each analysis. Control cell cultures were used
to establish the negative and positive association gates and thus to delimit the SiNPs-cell
positive association area. Data obtained were processed using FACSDiva® 7.0 Software

(Becton Dickinson). The experiment was done in triplicate.

Internalisation, quantification and localisation of SiNPs by CLSM

The internalisation of SiNPs in both cell lines was visualised through CLSM. First cells were
seeded in 3.5 mm diameter glass bottom dishes (MatTEK) for CLSM at a cell density of 1.5
x 10* per dish. Cells were only placed on the glass coverslip located on the centre of the
dish. After 24 h cells were exposed to 500 pL of a 50 pg/mL SiNPs in complete medium
solution (keeping the NPs-cell ratio) for 20 min, 60 min, 6 h and 24 h. After incubation time,
incubation solutions were withdrawn, and cell cultures were washed twice with HBSS. One
millilitre of complete medium was added to the samples, that were later labelled with Life
Technology’s Cell mask (Texas Red reagent) to visualise the limit of the cell and Hoechst
33342 (Life Technologies) to visualise the nucleus, according to manufacturer’s instruc-

tions, and observed under CLSM to confirm internalisation.
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For quantification and localisation experiments, cells were seeded in round glass coverslips
(Knittel glass) in 4-well plates (Thermo Scientific) at a density of 1.5 x 10* cells per well.
After 24 h, cell media were replaced with a solution of 500 pl of 50 ug/mL SiNPs in complete
medium for 1 or 3 h. To localise SiNPs inside the cells an immunofluorescence staining was
performed after incubation time. Cell cultures were washed twice with PBS, fixed with 4%
paraformaldehyde in PBS for 15 min and permeabilised with 0.1 % Triton X-100 in PBS for
15 min at RT. Later, cell cultures were blocked with 5% PBS-bovine serum albumin (BSA)
(Sigma-Aldrich) for 40 min at RT. After blocking, cell cultures were incubated for 1 h at RT
with mouse anti-LAMP-1 polyclonal antibody (1:500 in PBS/BSA 5%; BD Biosciences
611043) or with mouse anti-EEA-1 monoclonal antibody (BD Biosciences 610457). Sam-
ples were sealed using parafilm (avoiding bubble formation) and kept at 4°C overnight in a
humid chamber. Next day, samples were washed 3x with PBS, incubated for 1 h at RT with
goat anti-mouse IgG antibody 647 (1:500; Life Technologies) while sealed with parafilm
(avoiding bubble formation). Finally, cell cultures were washed twice with PBS before being
labelled with 2 drops of ActinRed™ 555 (ReadyProbes™) Reagent (Rhodamine phalloidin)
to reveal the actin cytoskeleton of the cell and 0.5 pL of Hoechst 33342 (Life Technologies)
to visualise nuclei, according to manufacturers’ instructions. Samples were finally mounted
in Prolong Glass® antifade mounting media and let to cure at RT according to manufac-
turer’s instruction at least 48 h before observation. Quantification and localisation experi-

ments were done in triplicate.

Images were captured with a confocal laser scanning microscope (Leica TCS-SP5 AOBS
spectral; Leica Microsystems) using a Plan-Apochromatic 63x Oil objective (NA 1.4). Image
acquisition of the cells was carried out sequentially with a 405 nm blue diode for the cell
nucleus, a 488 nm Argon laser for the SiNPs, a 594 nm HeNe laser for the cytoskeleton and
a 633 nm HeNe laser for LAMP-1/EEA-1 labelled compartments. Stacks of images along
the z-axis were obtained for a selected area using the xyz mode of the microscope at the
highest resolution level available. Pinhole was set to 1 Airy disk units. Image size was set
at 3296x3296, resulting in 37,3 nm/pixel size. Z-Depth size was set at 125,9 nm. Fiji® was
used to obtain overlapped images including all channels (nuclei, actin cytoskeleton and
SiNPs) and to visually evaluate internalisation of SiNPs within the cells datasets were ob-

served through the 69rtogon viewer and 69rtogonal projections.
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To quantify more precisely the SiNPs internalisation, as well as the co-localisation with the
endolysosomal system, a post-processing deconvolution, segmentation and 3D object

evaluation method was applied. Each image stack captured was processed as follows:

A The original CLSM signal (Fig 1A) was quality evaluated and Z-Projections of maximum
intensities on all channels were obtained for each 3D stack corresponding to a field. Cells
were manually segmented according to their cytoskeleton limits using the free hand area
selections. Selections were stored as regions of interest (ROIs) and were saved for each
individual cell. Image stacks were automatically processed using the ‘ROI splitter’ macro.
(Supporting information). For every stack corresponding to one segmented cell, channels
were split and saved as individual stacks per channel. The cytoskeleton signal was auto-
matically thresholded using the MinError (1) algorithm available in Fiji and further processed
using the fill holes algorithm to obtain the complete area for each slice and therefore seg-
ment the whole volume of the cell. The thresholded signal was later saved as a mask (Fig
1B) for further processing the SiNPs and endosome/lysosome compartments. This process
was performed using the ROI extractor and cytoskeleton segmentation macro (Supporting
information).

B SiNPs and endosome/lysosome single channel stacks were automatically deconvolved
(Fig 1C) using the ‘Green AUTO PSF Deconvolution’ macro and ‘Far red AUTO PSF De-
convolution’ Imaged macros. The deconvolution process was optimised using fast Fourier
transform-based deconvolution to reconstruct the degraded signal using the CLIJ2 ‘Rich-
ardson-Lucy Deconvolution algorithm’ by R. Haase and B. Northan® and using a theoretical
PSF calculated from the CLSM acquisition settings thanks to Dr. Dougherty’s ‘Diffraction
3D PSF’ plugin on Fiji°.
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A. CLSM signal B. Segmented cell mask C. Deconvolved signal

D. Signal substraction E. Deconvolved signal F. 3D object counting and
using mask within cell statistics

Figure 1. Representative images of the post-processing workflow for CLSM dataset quantification of
a Hela cell exposed to SiNPs for 1 h at a 50 pg/mL concentration. A Original CLSM signal from one cell
corresponding to its SiNPs’ green fluorescence (488 nm). B Deconvolved SiNPs signal C Segmented cell
mask computed from actin cytoskeleton staining (555 nm). D Superposition of the segmented cell mask with
deconvolved signal to illustrate the process of image calculation for each slice in the dataset volume to keep
only the signal coming from within the cell. E Resulting deconvolved signal from segmented cell mask’s image
calculation. F 3D Object counting output of objects detected volumetrically that have been statistically ana-

lysed.

C The resulting stacks were further analysed using the Complete_quantification.ijm macro
(including 3D object detection on graphics processing unit (GPU) by CLIJ2’s 3D Object
Count on GPU° plugin for ImageJ). SiNPs and endosome/lysosome channels were filtered
through image calculation processing (Fig 1D) using the masks from the cytoskeleton ob-
tained in Step A to retain only the signal within the cell limits (defined by the cytoskeleton
staining and its masks) (Fig 1E). Image calculation was performed again to calculate the
co-localisation signal between SiNPs and compartments (endosomes/lysosomes) using
the ‘AND’ Image operator algorithm in Imaged. For quantification of resulting deconvolved
and co-localisation signals, filtering for 16-voxel-sized objects (the minimum number of
voxels corresponding to a SiNPs signal according to their average size) was performed (Fig

1F). Pixels which values were between 0-25 values of intensity were also discarded from
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the analysis and only pixels with intensities from 25-Maximum intensity values were con-
sidered to avoid segmentation and 3D object detection issues. Data obtained for each
analysis were processed using Excel worksheets (Microsoft) and Prism 9.0 (Graphpad)

software.

Statistical Analyses.

Viability proportions from MTT and LIVE/DEAD assays, flow cytometry internalisation pop-
ulation proportions and co-localisation experiments were analysed using the Kruskal-Wallis
test for multiple comparisons using Dunn’s correction. Internalisation data did not pass

normality testing and therefore ranks were compared using the Mann-Whitney test.

Alpha was set at 0,05 and therefore significance levels were reported as follows: * when
p<0.05, ** when p<0.01, *** when p<0.001 and **** when p<0.0001 unless stated otherwise

on the figure footer.

Results and discussion

The results hereby presented are classified into essential and advanced analyses in a bot-
tom-up strategy workflow illustrated in figure 2. Essential analyses cover the basics for NP
characterisation in terms of their interaction with the biointerface: cytotoxicity, association
and internalisation. Advanced analyses go one step further in the NP-cell interaction and
provide nanoscaled volumetric data for quantitative internalisation and localisation of
SiNPs from single-cell population data. These advanced analyses are time consuming in
terms of data acquisition, but the analysis proposed in the present study have been opti-
mised to be reliable, quantifiable and semi-automatised while providing very valuable visual
and volumetric data to support the conclusions presented. In this proposal, every analysis
is prioritised from top to bottom depending on the urgency and value of the data that can
be extracted from each step, and their relevance to the predetermined biological questions
and the new ones that may arise while exploring each step’s results. Following this logic,

each step is to be performed and analysed before continuing further in the workflow. If
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problems arise in any of the proposed analyses it is advisable to solve them, before ad-
vancing on the exploration of more complex levels of interaction between NPs and cells in
biological conditions.

No need for
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metallic properties
NP Reee

Need for fluorescent

MTT SEM CLSM internalisation metalli i
LIVE/DEAD SEM trypsinised CLSM over-time. OISR C properties
SRB CLSM CLSM lline differences. NP
Initial ENM design - el T
Characterisation Viability + Association + Internalisation
Pitfalls - - - +
High cytotoxicity. Aggregation. Aggregation.
Interference with Low association. Low internalisation.
reagents/cellular Cell dettachment. Cell cycle interference.
activity. NP stripping.
Deconvolution Deconvolution
NP\/ Image calculation Image calculation
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Figure 2. Workflow of analyses proposed for the investigation of ENMs at the biointerface. The workflow
is proposed following the numeration in the scheme starting with 1 viability analysis by different compatible
methods, then the 2 association of ENMs with cells by SEM and CLSM visualisation, followed by their 3
internalisation, its 4 quantification and finally the 5 co-localisation to determine the intracellular fate of the
ENMSs. Depicted along the characterisation workflow are the common pitfalls for each characterisation step,

which require going back to the previous step or several steps to re-characterise the ENMs.

Essential analyses
Cell viability.

Concerning in vitro studies of viability, the kit or assay scientist choose to perform to in-
vestigate the interaction between ENMs and cell cultures can be crucial on the outcome of
the experiments performed. Measuring the viability of cells after incubation with chemicals
is a routinely made method, in material sciences and toxicology laboratories, in order to
assess toxicity information of the tested ENMs’. The MTT assay is a test where a yellowish

salt is reduced by mitochondrial dehydrogenases to water-insoluble violet MTT-formazan
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crystals, which are later solubilised with solvents like DMSO and photometrically quantified
at 550 nm. Untreated cells for each incubation time are used as control (100% viable) and
SiNPs-exposed cultures’ values are correlated with this set of data. In our case, SiNPs are
stable in solution and non-reactive to media conditions and MTT reagents exposure as
characterised by Dr. Moore (data not shown). Therefore, the results of assays based on a
reagent being reduced or oxidised can be allegedly trusted in terms of NP-assay reactive
interaction. If an ENM has a potential antioxidant or oxidative effect, for example, or it is
formed of stable element compositions but without a strong bind that could be easily lost
when in a polar solution, that means that this kind of ENM could potentially interfere® with

the results of a common MTT cell viability assay.

Regarding the obtained results (Fig 3), no statistical differences (ns; p>0.05) were found
between control and SiNPs-treated groups for any of the tested post-incubation times in
HelLa cells after 0 h, 20 min, 60 min, 6 h, 24 h, 72 h and 7 d post-incubation times. However,
statistically significant differences were found between control and SiNPs-exposed groups
in Caco-2 cells after 0 h and 24 h post-incubation times, in both cases, viability was higher
in SiNPs-exposed cell cultures, so accordingly, no negative effects in viability were found

on SiNPs-exposed cultures in comparison to the control groups.

The differences observed in Caco-2 cells after 0 h post-incubation time, where the viability
of the cell cultures exposed to SiNPs is twice of that of the control group, might be attribut-

191" 0 these

able to an activation of the redox metabolic activity® or the endocytic uptake
cell lines due to their epithelial nature and specific transcytosis activity when they sense
foreign objects on their membranes. SiNPs in contact with Caco-2 cells might temporarily
stimulate the cell metabolism and endocytic and transcytotic activity and therefore, cause
a spike in MTT absorbance detection due to high metabolic activity right after exposure.
The temporality of such effects is also something that will determine the interpretation of
the results and the affectation to the cells’ ability to survive. In our specific case, this in-

crease in the activity is not related to an increase of proliferation but must be demonstrated.

Viability assays through MTT reduction reactions have been described in the past to be
affected by ENMs like nanotubes' which interfered with the formazan crystals formed as
a product of the reduction by live cells during incubation and affected their solubilisation

and posterior quantification. There have also been described materials such as TiO, NPs™
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interfering with the MTT assay by directly reducing the substrate and producing the form-
azan reporter product. Therefore, it is advisable to test the viability by at least two methods,
especially if the materials tested have strong absorptions within the wavelengths used to
detect the viability product of the assay used, have reductive/oxidative activity themselves
or could interact with the solubility of the product used as viability reporter. Sulforhodamine
B, a stochiometric-based assay that uses total protein levels in cell cultures has been
proposed as a great quantitative alternative to tetrazolium salts reduction-based assays
such as MTT, MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium), XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-

5-carboxanilide), or water soluble tetrazolium salts (WSTs).
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Figure 3. Post-incubation time viability A. Bars plotted depict mean values of MTT absorbance +/- standard
deviation of the mean in arbitrary units per condition in HeLa cells. Plotted data shows increasing values over
time as cell cultures grow in both SiNPs-treated and CTR groups, plateauing after 72 h in culture. No statis-

tical differences were found between viability control and SiNPs-treated groups for any of the tested post-
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incubation times. B. SiNPs-treated normalised data against control group per condition depicts the percent-
age of viable cells between conditions in HelLa cells. C. Bars plotted depict mean values of MTT absorbance
+/- standard deviation of the mean in arbitrary units per condition in Caco-2 cells. Plotted data shows in-
creasing values over time as cell cultures grow in both SiNPs-treated and CTR groups. Statistical differences
found between viability control and SiNPs-treated groups for 0 h (**, p<0.01) and 24 h (¥, p<0.05) post-incu-
bation times. D. SiNPs-treated normalised data against control group per condition depicts the percentage
of viable cells between conditions in Caco-2 cells. Statistically significant different values against control
group are depicted with ** (when p<0.01) and * (when p<0.05). Control samples/group (CTR) All experiments

done in triplicate.

Since the sensitivity of the metabolic assays chosen for cytotoxicity assessment has been
previously described to be affected by the stressor or death inducing mechanism by the
ENMs by Cortés-Ciriano et al'®, the values estimated might significantly diverge, and com-
pound cytotoxicity might be over- or underestimated. Therefore, providing complementary
biological information through an alternative cytotoxicity evaluation method is likely to pal-
liate these issues, at the expense of higher experimental cost. Accordingly, and due to the
high sensitivity of MTT results to cells’ metabolic state, a second viability method was per-
formed to confirm the obtained results. Image analyses of LIVE/DEAD kit® stained cultures,
after incubation with SiINPs and several post-treatment times (up to 7 days), revealed that
no cytotoxic, neither proliferative action is attributable to SiNPs on HelLa and Caco-2 cell
lines when compared to control cell cultures (Fig 4). As previously described by our group,
cell status visualisation via LIVE/DEAD® assay or trypan blue tests to confirm the viability
and possible proliferative interference of the materials tested is of vital importance to cor-
roborate the results obtained of the MTT assay, otherwise, the conclusions obtained from
MTT data could be unreliable™. The differences observed in Caco-2 cell lines 0 h post-
incubation were not observed using the LIVE/DEAD® assay, since it’s not depending on the
reducing metabolic activity of the cell. LIVE/DEAD® assay allows to distinguish live from
dead cells because only live cells can cleave, using their own esterase, the substrate pro-

vided by the kit; once cleaved the product emits green fluorescence.
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Figure 4. LIVE/DEAD® Viability/Cytotoxicity assay. A1 HeLa and A2 Caco-2 cells from control and SiNPs-
treated groups stained with calcein AM (positive=green viable cells) and Ethidium Homodimer-1 (positive=
red dead cells). White arrow shows dying cells/cell remnants. B1 and B2 depict the proportion of live vs dead

cells in stated conditions. Statistically significant different values against control group are depicted with *

(for p<0.05). Control samples/group (CTR). All experiments done in triplicate.

Therefore, with the complementary results from both tests, we can confirm that no negative
or positive effect on viability of HeLa and Caco-2 cell cultures can be found after the expo-
sure for 1 h of incubation to a concentration of 50 pg/ml SiNPs in cell media up to 7 days
post-treatment. We also want to highlight the importance of visualisation of ENMs-exposed
cell cultures to assess the reliability of the obtained viability results depending on the re-
duction of products such as MTT, MTS, XTT or WSTS, due to the possible interferences of

the materials used with such tests.

Viability differences found after 7 days post-incubation are mainly observed in high conflu-
ent cell cultures and attributable to nutrient competition and growth area limitations after

long time in culture without reducing population size by splitting.

SiNPs-cell association.

SEM analyses of the cell surface at each incubation time revealed the contact and internal-

isation kinetics of the interaction of SiNPs with HeLa and Caco-2 cell cultures. SiNPs were
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abundantly attached to cell plasma membranes at early incubation times (20 and 60 min)

but almost none was observed attached after 24 h of incubation (Fig 5).

A Hela
20 min

20 min 60 min 24 h
B Caco-2

Figure 5. Representative scanning electron microscopy images of cells incubated with SiNPs over
time. Images display high SiNPs-plasma membrane association in early incubation times (20 and 60 min)
and lower or almost inexistent association in long incubation times (24 h) due to SiNPs internalisation in both

cell lines.

SEM was also used to detect the effects of “bad handling conditions” prior to cell culture
exposure. Big aggregates appeared on Hela cell cultures exposed to badly handled SiNPs
solutions after 20 min of exposure, as observed in figure 6. Moreover, the cells appearance
changed drastically in terms of plasma membrane protuberances and ruffles, cell’s mor-
phology (roundness) and detachment from growing substrate. All of this indicates that ex-
posure to big aggregates, and therefore higher number of NPs/cell can lead to cell distress,
detachment from growth surface (as marked with arrows) in figure 6 that could be an indi-

cator or leading factor to cell death. The effect of NP aggregation on uptake'” and cell
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viability has been previously described both in vitro and in vivo'®. Therefore, once the
aggregation is confirmed by SEM either the ENMs lot should be re-evaluated and re-char-
acterised in terms of stability and aggregation on biologically compatible solutions, or its
handling and colloidal suspension preparation protocol must be optimised. If upon inspec-
tion of these parameters the NPs fail to provide good stability in biological conditions or in
contact with cells, their application should be re-evaluated, or the lot should be discarded.
The SEM ‘bad handling conditions’ results highlight the importance of the preparation of
the colloidal suspensions prior to exposure, as they should be freshly prepared and soni-
cated prior to each experiment in order to minimize the effects of NP aggregation on cells.
In vitro tests concerning the visualisation of cell cultures after exposure offer a good under-
standing of the processes underlying bio-interaction of the ENMs. There are a lot of mor-
phological features to assess the status of the cells in culture after treatment: cell area,
volume, morphology, membrane roughness and ruffles, filopodia and lamellipodia for-
mations, detachment from surface, presence of mitotic cells, plasma membrane blebbing,
cell fragmentation, vacuole formation, nuclei fragmentation or nucleoli organisation. Most
of these features can be visualised extracellularly through SEM and provide good infor-

mation around the cell status in contact with the ENMSs.

A1 A2

Figure 6. SEM analysis of cells exposed to SiNPs (50 pg/ml) not properly handled (bad handling) after
60 min incubation with HeLa cells. A1 general view of a cell presenting high aggregates of NPs, A2 enlarged
view of the area in A1 and A3 enlarged view of the area in A2 showing high membrane roughness (yellow

arrows). B1. General view of a Hela cell detaching from the growth surface (white arrows). B2 enlarged view
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of the area shown in B1 and B3 enlarged view of the area in B2 showing high membrane roughness and

ruffling (yellow arrows)

SEM was also used to check if SiINPs remain attached to the cell surface once trypsinised.
As previously described, this is an especially important step, when analysing the aggrega-
tion status and adsorption to the cell membrane of ENMs but especially when evaluating
the internalisation results using other methods like flow cytometry. Cell detachment with
trypsin is a requirement of high-throughput methods like flow cytometry where cells must
be in suspension to be analysed. Trypsin action can cause, in addition, a complete stripping

of the ENMs attached/adsorbed to the cell membrane.

If a targeting strategy, like the addition of anti-EpCAM antibodies to the SiNPs design is
used, the SEM analysis can be essential to evaluate if the ligand/receptor-mediated asso-
ciation is sensitive to trypsin’s digestion (Fig 7) and therefore the analysis of their internal-

isation by flow cytometry is reliable or not®

. Making sure that NPs are not present in the
membrane is very important when flow cytometry is used to evaluate internalisation, to be
sure that the fluorescence detected comes from SiNPs inside the cells and not from mixed

signal from outside (associated to cell membrane) and inside the cells.

The effect of tripsinisation was tested on EpCAM-functionalised SiNPs after 20 min expo-
sure in HeLa and Caco-2 cells and can be observed in figure 7. Results show that SiNPs
attached to the cell membrane after 20 min post-incubation times do not resist the tryp-
sinisation process and are stripped from the cell membrane. Therefore, fluorescence de-
tected in flow cytometry assays (after trypsinisation) comes predominantly from SiNPs that

have been internalised by the cells.
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Figure 7. SEM analysis of cells incubated 20 min with EpCAM-functionalised SiNPs (50 pg/ml) and
tripsinised. HeLa (top) and Caco-2 (bottom). Left column shows a detail of a cell still attached to the sur-
face, the membrane is nearly flat and NPs can be seen (arrows). Middle column shows a detail of the mem-
brane after trypsinisation, the cells have become round and the membrane is completely rough with no visible
SiNPs on the surface. Right column shows a detail of control trypsined cell membranes (not incubated with

SiNPs) at the same magnification. Control samples (CTR).

Internalisation

Internalization has been analysed using two different methods, on one hand by cytometry,
which allows to quantify a large number of cells (around 10.000 events/sample), on the
other hand by confocal microscopy that gives a visual information about the distribution of

NPs inside the cells (diffuse distribution or pointed distribution).

SiNPs positive internalisation was observed using flow cytometry analysis (Fig 8) after every
post-incubation time tested (20 min, 60 min, 6 h and 24 h), both in HeLa and Caco-2 cell
lines. SiNPs positive association increased over time reaching a plateau after 60 min incu-

bation time in both, HeLa and Caco-2 cell cultures (Fig 9).

These results are in accordance with the ones observed in SEM, where, after 60 min incu-

bation we see a reduction of the SiNPs adsorbed to the cell plasma membrane, indicating
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their internalisation. Flow cytometry allowed to quantify the cells with internalised SiNPs
(positive internalisation) in both cell lines just 60 min post-incubation with a 99,79% SiNPs-
positive cells in HeLa and 91,58% SiNPs-positive cells in Caco-2. After 24 h incubation
time, almost no SiNPs can be observed in SEM, and accordingly, the positive internalisa-
tion percentage detected in flow cytometry is 98,93% SiNPs-positive cells in HeLa and

96,74% SiNPs-positive cells in Caco-2 cell line.

Despite the ability to extract information from large populations using flow cytometry data
to quantify internalisation, this technique has been pointed to have several drawbacks?®.
The first drawback is that most of these analyses are done assuming they are detecting
only the NPs inside the cells, without evaluating if there might be NPs remaining bound to
the surface. One way to eliminate the signal emitted by outside NPs is using trypan blue,
which can quench the fluorescence coming from outside the cell, as shown previously in
our group using microparticles®’. Despite this method is easy-to-use and proven useful in
the case of big materials like microparticles and NPs?, this technique can have an effect
on other molecules, especially surface markers required for other analyses, that could be
analysed simultaneously (each single cell is exposed to all the excitations wavelengths at
the same time, excitation and detection cannot be done sequentially as in CLSM). Moreo-
ver, trypan blue binds unspecifically to proteins and exhibits significant autofluorescence
signal when excited at 488 nm?, which can increase autofluorescence of the cells and the
signal to noise ratio might be compromised, affecting the efficiency of the ENMs’ detection.
Taking together all the problems that can arise using trypan blue, we strongly recommend

corroborating the lack of NPs outside the cell by SEM.

Another limitation is the inability to know the number of particles internalised. Their mean
fluorescence intensity gives information about the whole population, despite the single-cell
nature of the technique, and it does not distinguish between cells that have a high number
of NPs internalised or the ones that have very few. Differences on the basal autofluores-
cence signal between different cell lines have previously identified®. It also assumes that
the intensity values of NPs will not change depending on intracellular parameters like the
local environment, especially the pH®, granularity and intracellular compounds or the pres-

ence of other markers that could diminish the detection or quench the signal.
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A Representative HelLa cells cytograms and histograms
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B Representative Caco-2 cells cytograms and histograms
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Figure 8.

Green fluorescence

Green fluorescence

Green fluorescence

Green fluorescence

Representative HelLa (A) and Caco-2 (B) cells-SiNPs internalisation cytograms and histo-

grams from flow cytometry analysis. For each cell line (A and B), top row depicts the whole population

acquired (n= +10.000 events per sample). The delimited area corresponds to that selected by calibration to

controls (not shown). Middle row shows the gate population based on the previous selected area and bottom

row corresponds to the histogram of counted events according to their green fluorescence intensities. Side
scatter height (SSC-H), forward scatter height (FSC-H).
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A HeLa green fluorescence in SiNPs-treated and CTR groups over time B
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Figure 9. SINPs internalisation in HeLa and Caco-2 cells over time. A and C Representative histogram
comparison of the green fluorescence detected in HelLa (A) and Caco-2 (C) cell populations SiNPs-treated vs
CTR, analysed through flow cytometry. B and D Positive population for internalised SiNPs in HeLa and Caco-
2 cell cultures exposed to SiNPs over-time. Depicted as proportions (%) of positive cells within the population
+ standard deviation. Different superscripts depict statistically significant differences between proportions

(%), * depicts p<0.05. Control sample/group (CTR), arbitrary units (A.U.)

This limitation can be overcome using CLSM, because this microscope allows to detect
(Fig 11) and, using the appropriate image processing and 3D analysis, quantify the number
of NPs inside the cells. After 20 and 60 min of incubation time SiNPs appear to be adhered
onto the cell plasma membrane and, apparently, scarce SiNPs are already internalised in
HelLa and especially Caco-2 cells (or were not concentrated enough to be detected with
CLSM). These results are in accordance with the ones observed in SEM, where SiNPs were
still bound to the cell membrane at low incubation time (20 min) and with flow cytometry
where only approximately 45% of the cells have positive SiNPs internalisation at low incu-
bation time (20 min). Probably, the effective quantity of SiNPs internalised is only distin-
guishable when enough time has passed and NPs have been concentrated within the en-

dolysosomal system over time (especially after 6 h of incubation, as shown in figure 10).
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Hela Caco-2
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Figure 10. Confocal laser scanning microscope visualisation and orthogonal projections of HeLa and

~A

Caco-2 cells incubated with 50 pg/mL of SiNPs in cell medium. A-B Orthogonal projections of cells from
3D CLSM datasets from A1 20 min A2 60 min and A3 6 h SiNPs-incubated HeLa cell cultures and B1 20 min
B2 60 min and B3 6 h SiNPs-incubated Caco-2 cell cultures (White arrows= internalised SiNPs, yellow ar-
rows= plasma membrane adsorbed SiNPs). Whole dataset of C1 HeLa and C2 Caco-2 cells incubated for 6
h with 50 pg/mL SiNPs in cell medium displaying internalised particles (white arrows) visible through z-slice

kTM

sectioning of labelled plasma membrane (Cell Mask™ Texas Red stain) and nuclei (Hoechst) after 6 h of

incubation. Scale bar = 30 ym

SiNPs appear to be scattered in contact with HeLa (Fig 11) and Caco-2 (Fig 12) at short
incubation time (20 min), probably as an indicator of their association to the plasma mem-
brane of these cells as revealed by the orthogonal projection analyses in figure 10. After 60
min of incubation the scattered pattern observed begins to form bigger groups of SiNPs,

indicating they are still scattered over the whole cell surface but starting to be internalised
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inside the cell by its endocytic transport systems (especially in HeLa cells). After 6 and 24
h, almost no SiNPs appear to be scattered over the surface of the cells in HelLa, but some
SiNPs remain adsorbed to the plasma membrane in Caco-2 cell cultures, which also
showed lower internalisation in figure 10. In HelLa, the detected particles are inside the cell
and grouped in big compartments, indicating that probably they are located in the endoly-
sosomal system. The loss of the scattered pattern and progressive formation of SiNPs ag-
gregates shown in figure 11 for HeLa and figure 12 for Caco-2 over time together with the
orthogonal projection analysis in figure 10 are a clear sign of internalisation and transpor-
tation within the endolysosomal system of internalised SiNPs, since vesicles, endosomes
and lysosomes fuse into bigger transitory structures®, as shown in the long incubation
times SiNPs data (Fig 11 and Fig 12). Overall, results from CLSM visualisation are in ac-
cordance with those observed through SEM and flow cytometry, showing more SiNPs in-

side over time in both cell lines and especially higher internalisation in HelLa cells.
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HelLa
All channels Nuclei Membrane

Figure 11. Individual HeLa cell images incubated with 50ug/ml SiNPs at different times. From top to
bottom row, first control group followed by 20 min, 60 min, 6 h and 24 h 50 pg/mL SiNPs-incubated
samples consecutively. Maximum z-projection of fluorescent signals for each post-incubation time tested.
In the first column all channels are displayed with the corresponding fluorescent colours (red=plasma mem-
brane, blue=nucleus and green=SiNPs). In the second column the intensity of the nucleus is showed, while
the third and fourth columns correspond to membrane and SiNPs signals, respectively. The aggregation of
SiNPs is higher as incubation time increases, especially after 6 h and 24 h incubation indicating the entry of

the SiNPs in the endolysosomal system.
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Caco-2
All channels Nuclei Membrane SiNPs

&

Figure 12. Individual Caco-2 cell images incubated with 50ug/ml SiNPs at different times. From top to
bottom row, first control group followed by 20 min, 60 min, 6 h and 24 h 50 pg/mL SiNPs-incubated
samples consecutively. Maximum z-projection of fluorescent signals for each post-incubation time tested.
In the first column all channels are displayed with the corresponding fluorescent colours (red=plasma mem-
brane, blue=nucleus and green=SiNPs). In the second column the intensity of the nucleus is showed, while
in the third and fourth, membrane and SiNPs signals detected are shown. The aggregation of internalised

SiNPs seems higher after 24 h incubation.
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The confocal microscope was also used to verify the effects of bad handling on SiNPs-
exposed Hela and Caco-2 cell cultures. Big aggregates of SiNPs outside the cells can be
observed when SiNPs solutions are not prepared correctly before exposure to cell cultures,
as observed in figure 13. Aggregation is a problem when trying to characterise the bioin-
teraction of NPs with cells. As mentioned above it can lead to increased cytotoxic effects
due to an uncontrolled uptake and effective dosage of NPs by the cells'. Aggregation can
be caused by the interaction between NPs, their manipulation (synthesis, centrifugation,
etc.) prior to the contact with cell cultures, their functionalisation or by the effect of the
culture medium, serum or a combination of both, when in contact with cells. As previously
discussed in SEM results, when aggregation is detected in biological conditions, especially,
in the early contact or exposure with the cell media or cells, the ENMs should be re-char-
acterised in terms of their stability on biologically compatible solutions, their designs re-
evaluated (charge, surface modifications, etc) or their handling and colloidal suspension
preparation protocol optimised. If upon inspection of these parameters the NPs fail to pro-
vide good stability in biological conditions, their application should be re-evaluated, or the

lot should be discarded.
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HelLa
Maximum intensity z-projections
All channels Nuclei SiNPs

Caco-2
Maximum intensity z-projections
All channels Nuclei SiNPs LAMP-1

Figure 13. CLSM data from bad handling SiNPs exposed cell cultures. Arrows depict aggregation outside
the cells due to bad handling conditions prior to exposure. First row depicts all the channels in the dataset in
Hela (Blue= nuclei, green= SiNPs and red= actin cytoskeleton) and Caco-2 (blue= nuclei, green= SiNPs and

red= LAMP-1). Scale bars = 50 ym
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Advanced analyses

Quantification of SiNPs internalisation

To accurately quantify SiNPs internalisation and their co-localisation with endolysosomal
compartments, deconvolution was applied to restore the degraded signal from optical dis-
persion when capturing data through CLSM. Deconvolution is a process that uses an al-
gorithm to reverse the effects of convolution in the image formation process. By removing
the optical blur, a sharper image is computed based on the knowledge of the blurring (for-
malized by the so-called point spread function (PSF)). Deconvolution significantly improved
the XYZ resolution (Fig 14) and contrast of the datasets (specially the degraded resolution
of the Z-axis signal due to its lower axial resolution), leading to an accurate visualisation of
small structures like SiNPs, endosomes and lysosomes and their proper segmentation and
quantification using the above-mentioned methods. This is critical when facing quantifica-
tion of NPs inside the cells using resolution limited optical equipments, especially when
volumetric analyses are needed, and the Z-resolution is normally lower than that of X and

Y axes. It is also fundamental when performing co-localisation analyses?’2®

, Since degraded
signals can lead to erroneous results of NPs internalisation (under/over-estimation) and co-
localisation (over-estimation) due to diffused fluorescence signal in the z-axis. Moreover,
the 3D object detection pipeline applied ensures we use volumetric data to assess not only
the internalisation, but also the distribution of SiNPs inside the cells and intracellular orga-
nelles, their aggregation, tubeness, intensity or sphericity; values that provide valuable in-

sights when assessing the therapeutic outcome and intracellular fate of these NPs.
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Effect of deconvolution on SiNP channel Effect of deconvolution on lysosome channel
Single z slice Single z slice

Figure 14. Effect of deconvolution on SiNPs (488 nm) and lysosome (647 nm) channels from HeLa cells
exposed to SiNPs for 3 h. An enhancement in resolution, brightness and contrast increases the signal-to-
noise ratio of the dataset, allowing for a better segmentation of small structures such as individual SiNPs,

SiNPs aggregates, SiNPs in vesicles and intracellular compartments like the lysosome and endosome.

Commonly, quantification of NP uptake is performed through fluorescence-based qualita-
tive or semi-quantitative methods that compare the detected fluorescence by absorbance
measurements®, flow cytometry®, fluorescence microscopy®' or CLSM* data relatively be-
tween different conditions. This kind of quantification does not allow to extract all-in-one
single cell population data and their distributions. The method proposed in this study,
merges intensity and accurate volumetric information on the number of NPs per cell based
on 3D object detection. It allows direct quantification of NPs at a single-cell level and eval-
uation of the heterogeneity of the distribution within the population to help in understanding
the variability in cell-to-cell NP concentration, and how these variations affect NP—cell in-
teractions and its effects. For example, to identify if cells of a certain morphology or in a
particular mitotic stage behave differently, that is, internalise more or less NPs. These are
valuable insights that in turn, could provide breakthrough information to improve the ENMs

targeting efficiency and allow better NP-based diagnostics and therapeutics.
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A similar segmentation at a single-cell method to the one proposed in this study was de-
scribed by Torrano et al. but it is based on fluorescence determination and calibration, and
the extrapolation of the results of this calibration using different instruments on the data
obtained. This method could be affected by quenching phenomena within the samples,
and in fact, the determination of NPs aggregates of more than 5 NPs is described as limited
by this effect®. Moreover, it is limited to two signals being analysed per experiment which
limits the information on the localisation of the NPs with other sub-cellular structures and
compartments. The inability to see any quenching effect using trypan blue is only valid to
test the quenching efficacy of dyes that can’t permeate the cell membrane (like trypan blue
on healthy live cells), but won’t be applicable on dyes in close contact with the fluoro-
chromes of NPs in protocols such as co-localisation experiments, were structures in close
contact with the internalised NPs are stained with other fluorochromes that could interfere
with the NPs signal and therefore affect their internalisation and co-localisation quantifica-
tion®. Fluorescence average methods can also be affected by optical phenomena like
quenching (the loss of fluorescence between fluorophore molecules due to excited-state
reactions, plasmon-resonance reactions, molecular rearrangements, energy transfer or col-

lisional quenching)®*

Other ways to quantify the number of NPs that interacted with cell cultures is the detection
through high-performance liquid chromatography (HPLC)®*, which gives an estimation of
the average number of NPs per cell from whole culture lysates but loses crucial information
on what kind of cells internalise more NPs (mitotic cells, interphase attached cells,
rounded/detached cells, big or small volume cells, single nucleus/multinuclei cells, dying
cells) and their intracellular fate. Other methods commonly used to evaluate the internali-
sation of NPs is imaging through transmission electron microscopy (TEM)* or not as com-
monly used FIB-SEM*. Both of these methods are time-consuming (comparing multiple
serial TEM sections simultaneously and the identification of nhanoscopic objects is chal-
lenging)®® and quantification is often based on extrapolation from very few slices for each
analysis and a low volume per cell is analysed. Such analyses are so complex that the
sample size is often limited by the technique and resources available. Due to the low num-
ber of cells analysed, it does not provide any information of the distributions of NPs in
single-cell populations, therefore, its conclusions could be misleading. It provides valuable

information on intracellular fate but requires expertise identifying cellular structures. Lastly,
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imaging through high-end microscopy techniques such as STED or synchrotron based mi-
croscopy® (synchrotron X-ray fluorescence, soft X-ray tomography, etc.) can accurately
provide data regarding internalisation and localisation within single-cell populations, but
these resources are very expensive, data extraction is limited to short shifts and equip-

ments are often beyond-reach for most scientists.

The quantification performed in the present study uses CLSM fluorescence data as a re-
porter, but the fluorescence values are not used as quantification themselves. The volu-
metric data of the different fluorescence reporters detected is transformed into objects that
can be segmented and extracted (covering the whole range of fluorescence they emit) and
quantified volumetrically. This information is then used to estimate the number of SiNPs
per cell localised inside the cell limits (using the cytoskeleton reported by actin staining as

a mask) by using the following equation:

N° SiNPs voxels within cell limits/ Estimated N° voxels of a SiNP

SiNPs per volume in pm®=
N° voxels of the whole cell

Using this equation, we detected a +65% increase between the mean number of estimated
SiNPs per pm?® between 1 h and 3 h of 50 pg/mL SiNPs-exposed Hela cell cultures as
observed in figure 15. These results are in accordance with the ones observed through
CLSM, where intracellular SiNPs aggregate at longer incubation times, showing a progres-
sion within the endolysosomal system and its endosome and lysosome fusing mechanics
which led to the further exploration using co-localisation experiments with endolysosomal
compartments and its quantification. The violin chart distribution shows how after 3 h post-
incubation time more cells display higher estimated number of SiNPs inside than after 1 h

post-incubation time.

The approach used in this method, despite taking advantage of fluorescence as the re-
porter of SiNPs can be applied to other signals detected by CLSM, for example the reflec-
tion properties of metallic NPs as shown in Chapter 3 of the present thesis. This is a clear
advantage in terms of quantification according to the limitations to add fluorescent probes

in certain NPs and ENMs designs.
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Figure 15. Nanopatrticle internalisation over time in HeLa cells A Graph bar depicts the mean number of
nanoparticles per um® after 1 h and 3 h 50 ug/mL SiNPs incubation time in Hela cells and B Violin chart
depicting the distribution of estimated number of particles per volume (umd) per cell quantified through CLSM
data analysis after deconvolution and segmentation and the average number of nanoparticles estimated per
um?® (black line) from the quantified Hela cell population. Statistically significant differences between condi-
tions are depicted with *** when p<0.0001 and +65%A depicts the 65% increase in number of estimated

particles per volume (um?) between them.

SiNP co-localisation with the endolysosomal system.

Analysing deconvolved data lead to precise co-localisation analysis using 3D object recog-
nition software in Fiji through CLIJ (using GPU-accelerated processing, it accelerates the
process of object recognition segmentation and reporting in 3D, especially for big calcula-
tions like whole-cell data). Differences were found in the co-localisation between 1 h and 3
h SiNPs-incubated. Data depicted in figure 16 show statistical differences between the
intracellular fate of SiNPs after 1 h from exposure. SiNPs co-localise mainly with early en-
dosomes (EEA-1 labelled compartments) (accounting for a mean 2.071% of total SiNPs +/-
2.387%) while at 3 h SiNPs co-localise mainly with late endosomes, endolysosomes or
lysosomes (LAMP-1 labelled compartments) (accounting for 6.836 % of total SiNPs quan-
tified +/- 3.360%). These data are proof of the mechanism used by SiNPs to enter the cells.
Relatively to the amount of SiNPs internalised, a very low percentage of SiNPs use ener-
getically dependent pathways. Therefore, the vast majority of SiNPs enter through other
pathways, either passively through direct diffusion or non-specific mechanisms through the

cell membrane or using the macropinocytic or caveolae endocytic pathway (in which they
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could be temporarily stored in macropinosomes or caveosomes with low EEA-1/LAMP-1
staining chances). Co-localisation data analysis over-time shows that between 1 hand 3 h
there's a progression through the endolysosomal transportation system of the amount of
SiNPs that enter the cell through the endovesicular system of HelLa cells, and despite being
in 'hostile compartment' because of the organelle’s maturation and acidification, it is pos-
sible to track their trafficking within the cell as well. Such results are in accordance with the
ones observed recently in the literature using a similar approach by Vtyurina et al*’. Despite
using a similar single-cell-level object detection approach, the method proposed by
Vtyurina et al. is based on timelapse microscopy, which despite using CLSM technology
can lack spatial resolution in favour of short capture times (leading to unprecise NPs de-
tection). It is also worth mentioning that signals used to calculate co-localisation are re-
stored by deconvolution and the mask generated for cell limit segmentation relies on un-
specific staining with Lysotracker (specific for lysosome staining). The objects detected as
NPs are segmented into homogenous spherical objects instead of relying on the actual
signal morphology and volumes to calculate co-localisation and quantify it. Lastly, it relies
on commercial software that can be very opaque in how the co-localisation is calculated.
In comparison, the method proposed in this study is highly adaptable to experiment con-
ditions and uses fast, optimised and open-source software. All the above-mentioned limi-
tations of the methods compared could lead to the differences observed in the % of co-
localisation between the low values obtained in our study and the high values of co-locali-
sation observed in Vtyurina et al study that showed ~10% co-localisation with early endo-
somes in Hela Kyoto cells and ~40 % lysosome co-localisation at 3 h of incubation with

NPs in HelLa cells.

96



A Restoration of co-localised SiNPs B Quantification of co-localised SiNPs over time
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Figure 16. Quantification and SiNP co-localisation with the endolysosomal system. A Data deconvolu-
tion, increased signal-to-noise ratio leads to a precise information extraction on co-localisation. B Violin chart
depicts the differences in compartment (endosome/lysosome) co-localisation in Hela cells in accordance
with its post-incubation time (purple line shows the average for the quantified population per condition). Sta-
tistically significant differences between conditions are depicted with ** when p<0.01 “** when p<0.0001
Thanks to increased sensitivity of 3D object detection algorithms information is accurately extracted and can
be quantified. Deconvolution with Richardson-Lucy for 25 iterations (RL), early endosome antigen-1 (EEA-1),

lysosomal-associated membrane protein 1 (LAMP-1)

Conclusions

The visualisation methods introduced within the workflow were useful to evaluate the inter-
action of ENMs and identify some pitfalls of their manipulation and application. By perform-
ing such experiments in the proposed workflow, ENMs can be evaluated from early essen-
tial analyses depending on how they perform in biological conditions and after the interac-
tion with the cells. If any problem (aggregation, cytotoxicity, morphology changes, low flu-
orescence signal detection) is detected, scientists can traceback the material to the previ-

ous step in the characterisation and re-evaluate their design or manipulation.

SEM observation has contributed to analyse, the SiNPs status in biological conditions and
in contact with cells, or the cell morphology and overall health of cells that have been in

contact or associated with SiNPs or that have engulfed and internalised SiNPs over-time.
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It was also useful to highlight some pitfalls on SiNPs-solution manipulation prior to cell-
exposure as well as to confirm the origin of the flow cytometry fluorescence detected sig-
nals. Confocal laser scanning microscopy has been proven to be an optimal method not
only for quantitative visualisation and confirmation of the internalisation of SiNPs, but also
to quantify it. Accordingly, internalisation, uptake rate, SiNPs progresses through time in-
side subcellular compartments and their prospective intracellular fate have been success-

fully investigated and quantified.

Between the visualisation of the data through direct observation in SEM and CLSM we get
an overview of the timings and fate of the SiNPs at the biointerface, the plasma membrane
(the entry to the cell) and the possible outcomes from their intracellular destiny. The high-
brightness of SiNPs allow for an easy to detect target despite their small size. Moreover,
the high-surface to volume ratio of the SiNPs tested in this study allow a wide variety of
functionalisation possibilities, so they could also be a perfect diagnostic tool for the early

diagnosis of diseases.

The development of a single-cell semi-automatic segmentation and deconvolution proce-
dure of CLSM data and their analyses have provided new insights into internalisation and
co-localisation over time in HelLa cells. A small portion of the SiNPs that get inside the cell
comes from endocytic pathways, while the rest must find their way in through non-specific,
macropinocytosis engulfment or caveolae-dependent endocytosis. These analyses pro-
vide, single-cell data at a nanoscopic level, and a way to quantify the number, distribution
and localisation within the cell in populations solving common ENM-quantification prob-

lems.

The results obtained in this study prove that a logical workflow of common cell biology
experiments together with material science experiments can be performed to ensure the
quality of new ENMs before conducting in vivo studies. Such standardisation is especially
relevant since the European Union is legislating a shift from in vivo testing, towards non-
animal approaches based on in vitro and computational methods as exposed in recent
regulations (EU Directive 2010/63/EU (2010), (EC) No 1907/2006 REACH (2020g)) and the
(EC) No 1223/2009 on cosmetic products (2020e))*'. This will allow a better classification
of promising materials that can have a beneficial impact in nanomedicine characterisation,
by avoiding over-promising materials that could be potentially diagnosed before their ap-

plication in more complex organisms.
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Supplementary material

Image analyses resources

Macro 'ROI splitter'

// Set variables

outputdir= getDirectory("SEGMENTED CELLS");
roiManager("Open", "/path/to/ROI.zip");
open("/path/to/dataset.tif");

// Count number of ROIs

numROIs = roiManager('"count");

for(i=0; i<numROIs;i++) // loop through ROIs
{
roiManager("Select", 1i);
run("Duplicate...");

// Change name of the cropped image
cropName = getTitle + " " +i;
saveAs("tiff", outputdir + cropName);

// Transform: LUT to gray and split channels
run("Grays");
run("Split Channels");

// Save splitting results

title = getTitle();

saveAs ("Tiff", outputdir + title);
close();
title = getTitle();
saveAs ("Tiff", outputdir + title);
close();
title = getTitle();
saveAs ("Tiff", outputdir + title);
close();
title = getTitle();
saveAs ("Tiff", outputdir + title);
close();
}

//Close and reset ROI Manager
roiManager("reset");
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Macro 'ROI extractor and cytoskeleton segmentation'

// Set variables
inputdir=getDirectory("CROPS");
list=getFileList (inputdir);

outputdir= getDirectory("SEGMENTED CELLS");

for(i=0;i<list.length;i++){
if (endsWith(list[i], ".tif")){
// Open data
open(inputdir+list([i]);
image= getTitle();
setBackgroundColor (0, 0, 0);
run("Clear Outside");
run("Duplicate...", "duplicate channels=4");
//GB
// Apply Gaussian blur
run("CLIJ2 Macro Extensions", "cl device=[Radeon]");

// gaussian blur

imagel = getTitle;

Ext.CLIJ2 push(imagel);

image2 = "C4_GB_10xyz" + getTitle();

sigma_x = 10.0;

sigma y = 10.0;

sigma_z = 1.0;

Ext.CLIJ2 gaussianBlur3D(imagel, image2, sigma x, sigma y,
sigma z);

Ext.CLIJ2 pull(image2);

// Save results

// title2 = getTitle();
// saveAs ("Tiff", outputdir + title2);
//Segmentation
run("Auto Threshold", "method=MinError(I) white stack

use_stack_histogram");

run("Fill Holes", "stack");

title3= "MASK" + getTitle();

saveAs ("Tiff", outputdir + title3);
run("Close All");

}

}
//Close and reset ROI Manager

roiManager("reset");
close("*");
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Macro 'Green AUTO PSF Deconvolution'

// Set variables

inputdir= getDirectory("C3");
list=getFileList (inputdir);
outputdir= getDirectory("C3_DECON");

for(i=0;i<list.length;i++){
if (endsWith(list[i], ".tif")){

// Call CLIJ2

run("CLIJ2 Macro Extensions", "cl device=[AMD Radeon Pro 5500M
Compute Engine]");
// Open data

open(inputdir+list[i]);

imagel= getTitle();

Ext.CLIJ2 push(imagel);

number= nSlices;

run("Diffraction PSF 3D", "index=1.520 numerical=1.40 wave-
length=488 longitudinal=0 image=37.30 slice=37.30 width,=100 height,=100
depth,=number normalization=[Peak = 255] title= PSF_ +'number'+ G");

PSF= getTitle();

Ext.CLIJ2 push(PSF);

saveAs ("tiff", outputdir + PSF);

// Deconvolve Richardson-Lucy FFT
num iterations = 25.0;
Ext.CLIJx deconvolveRichardsonLucyFFT (imagel, PSF, image3,
num_iterations);
Ext.CLIJ2 pull(image3);
image3 = "DECON_25RL " + imagel;
// Save resulting image
saveAs("tiff", outputdir + image3);
close("*");
// Cleanup by the end
Ext.CLIJ2 clear();

}
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Macro 'Far red AUTO PSF Deconvolution'

// Set variables

inputdir= getDirectory("C2");
list=getFileList (inputdir);
outputdir= getDirectory("C2_DECONV");

for(i=0;i<list.length;i++){
if (endsWith(list[i], ".tif")){

// Call CLIJ2

run("CLIJ2 Macro Extensions", "cl device=[AMD Radeon Pro 5500M
Compute Engine]");
// Open data

open(inputdir+list[i]);

imagel= getTitle();

Ext.CLIJ2 push(imagel);

number= nSlices;

run("Diffraction PSF 3D", "index=1.520 numerical=1.40 wave-
length=647 longitudinal=0 image=37.30 slice=37.30 width,=100 height,=100
depth,=number normalization=[Peak = 255] title= PSF_ +'number'+ G");

PSF= getTitle();

Ext.CLIJ2 push(PSF);

saveAs ("tiff", outputdir + PSF);

// Deconvolve Richardson-Lucy FFT
num iterations = 25.0;
Ext.CLIJx deconvolveRichardsonLucyFFT (imagel, PSF, image3,
num_iterations);
Ext.CLIJ2 pull(image3);
image3 = "DECON_25RL " + imagel;
// Save resulting image
saveAs("tiff", outputdir + image3);
close("*");
// Cleanup by the end
Ext.CLIJ2 clear();

}
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Macro 'ROI volume and area quantification'

// Set variables

inputmask=getDirectory("CYTO MASKS");
listmask=getFileList (inputmask);

outputdir= getDirectory("OUTPUT");

// Call CLIJ2
run("CLIJ2 Macro Extensions", "cl device=[AMD Radeon Pro 5500M
Compute Engine]");

for(i=0;i<listmask.length;i++){
if (endsWith(listmask[i], ".tif")){
// Open data
open(inputmask+listmask([i]);
mask= getTitle();

// 3D object detection
Ext.CLIJ2 clear();

// C2_INSIDE
// Load image to CLIJ
Ext.CLIJ2 push(mask);

// Segmentation
threshold = 1.0;
Ext.CLIJ2 greaterConstant(mask, binary image, threshold);
Ext.CLIJ2 connectedComponentsLabelingDiamond(binary image, la-
bel image);

// Exclude Labels Outside Size Range

minimum size = 1.0;
maximum size = 999999999999999999999999999.0;
Ext.CLIJ2 excludelLabelsOutsideSizeRange(label image, large la-

bel image, minimum size, maximum size);

// show result
Ext.CLIJ2 pull(large label image);
run("glasbey on dark");

// measure
Ext.CLIJ2 statisticsOfLabelledPixels(mask, large label image);
imaged= getTitle();
saveAs ("VOLUME "+mask+".tiff", outputdir);

//Saving Results
selectWindow( "Results");
saveAs ("Results", outputdir+" VOLUME "+mask+".csv");
Ext.CLIJ2 clear();

// AREA QUANTIFICATION

// Open data
open(inputmask+listmask([i]);
mask= getTitle();

//MAX Z PROJ
run("Zz Project...", "projection=[Max Intensity]");
max= "MASK 7z PROJ" + getTitle();
saveAs ("Tiff", outputdir + max);

//RAnalyse particles
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run("Analyze Particles...", "display clear include summarize
in_situ");

//Saving Results
selectWindow( "Results");
saveAs ("Results_area"+mask, outputdir);

run("Close" );
// Closing

close("*");

}
}
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Macros 'Complete quantification' for internalisation and co-localisation quantifica-

tion

// Set variables
inputC2=getDirectory("C2_DECONV");
listC2=getFileList (inputC2);

inputC3=getDirectory("C3_DECONV");
listC3=getFileList (inputC3);

inputmask=getDirectory("CYTO MASKS");
listmask=getFileList (inputmask);

outputdir= getDirectory("OUTPUT");

// Call CLIJ2
run("CLIJ2 Macro Extensions", "cl device=[AMD Radeon Pro 5500M
Compute Engine]");

for(i=0;i<listC2.length;i++){
if (endsWith(listC2[i], ".tif")){
// Open data
open (inputC2+1listC2[i]);
c2= getTitle();

open (inputmask+listmask[i]);
mask= getTitle();

open(inputC3+1istC3[i]);
c3= getTitle();

//AND operator for C2_ INS
imageCalculator("AND create stack", c2 , mask);

c2ins= "INS " + getTitle();
saveAs ("Tiff", outputdir + c2ins);

//AND operator for C3_INS
imageCalculator("AND create stack", c3 , mask);

c3ins= "INS " + getTitle();
saveAs ("Tiff", outputdir + c3ins);

//BAND operator for COLOC
imageCalculator("AND create stack", c2ins , c3ins);

coloc= "COLOC" + getTitle();
saveAs ("Tiff", outputdir + coloc);

// 3D object detection
Ext.CLIJ2 clear();

// C2_INSIDE
// Load image to CLIJ
Ext.CLIJ2 push(c2ins);

// Segmentation
threshold = 25.0;
Ext.CLIJ2 greaterConstant(c2ins, binary image, threshold);
Ext.CLIJ2 connectedComponentsLabelingDiamond(binary image, la-
bel image);

// Exclude Labels Outside Size Range
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minimum size = 16.0;

maximum size = 999999.0;

Ext.CLIJ2 excludelLabelsOutsideSizeRange(label image, large la-
bel image, minimum size, maximum size);

// show result
Ext.CLIJ2 pull(large label image);
run("glasbey on dark");

// measure
Ext.CLIJ2 statisticsOfLabelledPixels(c2ins, large label image);
imaged= getTitle();
saveAs ("3DOC_"+c2ins+".tiff", outputdir);

//Saving Results
selectWindow( "Results");
saveAs ("Results", outputdir+"3DOC_"+c2ins+".csv");
Ext.CLIJ2 clear();
run("Close" );

// C3_INSIDE
// Load image to CLIJ
Ext.CLIJ2 push(c3ins);

// Segmentation
threshold = 25.0;
Ext.CLIJ2 greaterConstant(c3ins, binary image, threshold);
Ext.CLIJ2 connectedComponentsLabelingDiamond(binary image, la-
bel image);

// Exclude Labels Outside Size Range

minimum size = 16.0;
maximum size = 999999.0;
Ext.CLIJ2 excludelLabelsOutsideSizeRange(label image, large la-

bel image, minimum size, maximum size);

// show result
Ext.CLIJ2 pull(large label image);
run("glasbey on dark");

// measure
Ext.CLIJ2 statisticsOfLabelledPixels(c3ins, large label image);
imaged= getTitle();
saveAs ("3DOC_"+c3ins+".tiff", outputdir);

//Saving Results
selectWindow( "Results");
saveAs ("Results", outputdir+"3DOC_"+c3ins+".csv");
Ext.CLIJ2 clear();
run("Close" );

// COLOC_INSIDE
// Load image to CLIJ
Ext.CLIJ2 push(coloc);

// Segmentation
threshold = 25.0;
Ext.CLIJ2 greaterConstant(coloc, binary image, threshold);
Ext.CLIJ2 connectedComponentsLabelingDiamond(binary image, la-
bel image);

// Exclude Labels Outside Size Range
minimum size = 16.0;
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maximum size = 999999.0;
Ext.CLIJ2 excludelLabelsOutsideSizeRange(label image, large la-
bel image, minimum size, maximum size);

// show result
Ext.CLIJ2 pull(large label image);
run("glasbey on dark");

// measure
Ext.CLIJ2 statisticsOfLabelledPixels(coloc, large label image);
imaged4= getTitle();
saveAs("3DOC_"+coloc+".tiff", outputdir);

//Saving Results
selectWindow( "Results");
saveAs ("Results", outputdir+"3DOC_"+coloc+".csv");
Ext.CLIJ2 clear();

run("Close" );
// Closing

close("*");

}
}
// -FIN-
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3.3 Chapter 3: Biointeraction and hyperthermia effects
of magnetoplasmonic nanodomes on cancer cells.
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Introduction.

Gold and iron oxide magnetoplasmonic nanodomes (MPNDs) are one of the most promis-
ing systems within the field of biomedicine and biotechnology'. Their unique physico-
chemical properties and their magnetoplasmonic characteristics offer a great opportunity
for the development of a wide range of applications that will impact health sciences, im-
proving areas like diagnostics by enhancing the efficiency of biosensors? and contrast
agents for Magnetic Resonance Imaging (MRI) or therapy providing new strategies for con-
trolled drug delivery-systems and cancer therapies®. In fact, one of the magnetoplasmonic
properties of MPNDs is their application for magnetic and magnetoplasmonic hyperther-
mia®. Hyperthermia has been used to treat diseases from ancient times, but the precise
control of this kind of treatment wasn't achieved until recently as a result of the application
of nanomedicine research in tumour ablation therapies such as optical coherence tomog-
raphy ablation. It is thanks to the application of the advances of material sciences in the
nanoscale that hyperthermia, as a cancer therapy against malignant tumours, has been
particularly explored and studied in the last two decades as a form of applied precision
medicine®. It is widely known that cancer cells are more sensitive to heat than non-tumoral
ones®. MPNDs act as localised heating sources in the region where they are situated when
exposed to triggers like an alternating magnetic field (AMF) or a laser at a specific wave-
length due to their plasmon resonance properties’. A local temperature increase in the tar-
geted area activated by the trigger induces cell death or alters the growth of tumoral cells®.
Moreover, magnetic and magnetoplasmonic hyperthermia have been used to promote syn-
ergistic effects by sensitising tumoral cells when combined with other conventional treat-
ments such as radiation or chemotherapy®. Hyperthermia causes changes in the metabolic
and structural repair mechanisms within the cell, as proved by Krawczyk et al, which de-
scribed that hyperthermia caused cells to become deficient in a DNA repair mechanism
(inactivating BRCA2) becoming more sensitive to drugs that induce DNA damage®. Despite
this clear evidence, the cell death mechanisms activated by the magnetic and magneto-
plasmonic hyperthermia treatment of cells and the relevant parameters that control the
triggering of each mechanism are not yet completely identified. If there are differences be-
tween tumoral and non-tumoral cells in terms of this activation is also unknown. This infor-
mation is crucial to be able to control the activation of regulated cell death mechanisms'™
and to try to control the pro-inflammatory immune response that could be sometimes neg-

ative for tumour treatments, as it involves non-desirable processes such as the tumour
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invasion or metastasis, and contribute to their side-effects'’. Currently, most of the in vitro
studies that analyse the efficacy of the hyperthermia treatment are being performed in mon-
olayer cell cultures and focused on static conditions, and most of them lack specific quan-
tification at the nanoscale when analysing their biointeraction with cells. In this study, we
analysed the effect of magnetic actuation on static and dynamic conditions in 2D cell cul-
tures to replicate blood circulation conditions closer to what happens within the tumour.
The present study also explores the differential pathways of regulated cell death induced

in tumoral versus non-tumoral cells under different hyperthermia conditions.

Materials and methods.

Magnetoplasmonic nhanodomes.

MPNDs were synthesised following the method described in Li et al, 2018. MPND are made
from polystyrene and modified by electron beam evaporation to form a 40 nm semishell of
gold an iron on top of the core. Their hydrodynamic diameter is around 114 nm as deter-
mined by dynamic light scattering and remains stable in MilliQ water as a colloidal suspen-

sion for months'.

MPNDs solutions were freshly prepared before exposure to cell cultures by centrifugation
in water for 15 min at 5000 rpm and were finally resuspended and sonicated for 1 min at
room temperature (RT) using an ultrasonication bath (FisherBrand) in 500 pL of cell culture

medium. Finally, the MPNDs solutions was further diluted to fit the desired concentration.

Cell Culture.

Human epithelial cervical adenocarcinoma Cells (HeLa, ATCC) were cultured in Minimal
Essential Medium (Gibco, Life Technologies) supplemented with 10% foetal bovine serum
(Gibco) and 2 mM L-Glutamine (Life Technologies). Human epithelial breast adenocarci-
noma cells (SKBR-3, ATCC) were used as tumoral cell/metastatic line and cultured in
McCoy’s 5A modified medium (Gibco) supplemented with 10% foetal bovine serum
(Gibco). Human epithelial breast cells (MCF10a, ATCC) were used as non-tumorigenic cell
line and were cultured in DMEM/F:12 (Gibco) supplemented with 5% horse serum (Gibco),
20 ng/ml epidermal growth factor (Gibco), 0.5 mg/ml hydrocortisone (Sigma-Aldrich), 100
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ng/ml cholera toxin (Sigma) and 10 p g/ml human recombinant insulin (Gibco). All cell lines

were maintained at 37 °C in a 5% CO» humidified atmosphere (standard conditions).

Cytotoxicity evaluation.

For cytotoxicity experiments SKBR-3 and MCF10a cells were seeded in 24-well plates
(Nunc, Thermo Scientific) at a density of 3 x 10* cells per well and incubated in standard
conditions for 24 h. Three concentrations of MPNDs were tested: 5, 10 and 50 pg/mL di-
luted in the cell line's corresponding cell culture media. MPNDs solutions were added to
the cell cultures and incubated in standard conditions for 3 h. After incubation time and to
remove non-internalised MPNDs, cell media was replaced with fresh medium and cells
were incubated an additional 24 h before evaluating the effect of MPNDs on cell viability.
After 24 h post-exposure to MPNDs, cell cultures were incubated with 0.1 mg/mL solution
of 3-(4,5- Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) (Sigma-Aldrich) in
medium for 3 h to allow formazan crystals formation by viable cells' reduction activity. After
3 h of incubation, the crystals obtained were dissolved in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich) and the supernatant obtained transferred to a new 24-well plate. Absorb-
ance was quantified at 550 nm using a Multilabel plate reader (Victor™ X3 Multilabel Plate
Reader, Perkin Elmer). Three independent experiments were performed, wells containing
only DMSO were used as blank and non-exposed to MPNDs cell cultures were used as

control for each corresponding replicate.

Alternatively, cytotoxicity was also analysed using the sulforhodamine B (SRB) cytotoxicity
assay (Canvax Biotech). In this case, cells were seeded on 6-well plates at a density of
1.5x10° cells per well. After 24 h of incubation with 5, 10, 25 and 50 pg/mL MPNDs solutions
(keeping the MPNDs-cell ratio), cell cultures were washed twice with PBS and 1.25 mL of
cold SRB Fixative Reagent was added to each well and was incubated for 1 h at 4°C. After
that, wells were washed four times with 2.5 mL/well distilled water (removing excess fixative
and serum proteins). Plates were further incubated at 37°C for 15 min to remove excess
liquid from the wash. Next, 1.25 mL SRB Solution was added to each well and the plates
were incubated at room temperature (RT) for 30 min in the dark. Subsequently, SRB Solu-
tion was washed with the kit's Wash Solution, four times (to remove unbound dye). The
washed plates were air dried overnight in the dark. Finally, the bound SRB was solubilised

by adding 2.5 mL of SRB Solubilisation Buffer to each well and shaking for 5 min on a
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shaker platform at low speed. The contents of each well were transferred to a 2 mL Eppen-
dorf and centrifuged for 5 min at 14,000 rpms in order to remove cell debris. A volume of
500 pL of the supernatant of each well was transferred to a 24-well plate and the absorb-
ance was read at 565 nm with a Victor™X3 Multilabel Plate Reader (Perkin Elmer). The
background absorbance was read with a reference filter at 690 nm and the SRB Solubili-
sation Buffer signal was subtracted. The OD of SRB in each well is directly proportional to

the cell number in culture.

Scanning electron microscopy association evaluation.

An evaluation of the association of MPNDs at different concentrations (5, 10, 50, 200
pug/mL) was performed using Hela cell cultures. Cells were seeded in 24-well plates (Nunc,
Thermo Scientific) at a density of 3 x 10* cells per well and incubated in standard conditions
for 24 h. After 24 h of MPNDs solution incubation, cells were rinsed twice in 0.1 M Sodium
Cacodylate Buffer at pH 7.3 (TAAB), fixed using a 2.5 % Microscopy Glutaraldehyde solu-
tion for electron microscopy (Merck) in 0.1 M Sodium Cacodylate Buffer (TAAB) for 45 min
at RT and rinsed again twice in 0.1 M Sodium Cacodylate Buffer. Cell dehydration was
done in a series of ethanol washes (50, 70, 90 and twice 100 %), for 7 min each. Finally,
cells were dried in hexamethyldisilazane (HMDS; Electron Microscope Science) for 15 min
after which HMDS was withdrawn, and samples were let to dry overnight. Samples were
mounted on special stubs, metallised in Au/Pd scatterer for 5 min and observed using the

secondary electron detector of a SEM (Zeiss Merlin).

Flow cytometry.

Internalisation was firstly evaluated by flow cytometry using orange fluorescent-core
MPNDs. SKBR-3 and MCF10a cells were seeded on 6-well plates at a density of 1.5x10°
cells per well and let to attach for 24 h. Then, cell cultures were exposed to 5, 10 and 50
pHg/mL MPNDs solutions for 3 h. After incubation time the solutions were removed and cell
cultures were washed twice with HBSS. Cultures were further trypsinised with 1x Trypsin-
EDTA (Biowest) diluted in HBBS and neutralised after 5 min with cell medium. The cellular
suspensions were analysed using the cytometer FACSCanto (BD Biosciences) equipment

and FACSDiva® Software (BD Biosciences). At least 10: cells (events) were included (when
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possible) in each measurement and analysis. Control cell cultures were used to establish
the negative and positive association gates and thus to delimit the MPNDs-cell positive
association area. Data obtained were processed using FACSDiva® 7.0 Software (Becton

Dickinson) and FACSAlyzer (Version 0.9.22-alpha). The experiment was done in triplicate.

Magnetic actuation.

To test the magnetically-induced targeting capabilities of MPNDs under magnetic actuation
against tumoral SKBR-3 cell cultures, magnetic actuation experiments were performed.
Magnetic actuation consisted on placing a spherical neodymium magnet at the bottom of
the cell culture growth support, either a 35 mm glass-bottom microscopy dish (Ibidi) for
static cultures or a fluidic chamber (u-Slide | 0.8mm Luer ibiTreat: #1.5 polymer coverslip,
Ibidi) in dynamic cultures, during the MPNDs incubation time tested. The magnet was
placed using a special support that kept the magnet in a fixed place approximately 0.5 mm
from the bottom of the cell culture support while the incubation was performed. For static
conditions the magnetic actuation was tested on SKBR-3 cells incubated for 30 min with
10 pg/mL MPNDs in medium. For dynamic conditions, the magnetic actuation was tested
in SKBR-3 and MCF10a cell cultures exposed to 0.333 ug/mL MPNDs solution in media

(respecting the MPNDs amount per cell used in static conditions) for 24 h.

Confocal Laser Scanning Microscopy (CLSM).

As a first approach to the visualisation of MPNDs internalisation in cell cultures, HelLa cells
were used as a model. HelLa cells were seeded in glass bottom dishes (MatTek Corpora-
tion) at a density of 3x10* cells per dish and incubated in standard conditions for 24 h.

Then, 10 pg/mL of fluorescent MPNDs (Agxcitation= 575, Aemission= 610 nm) solutions

were added to cell cultures and incubated for 3 h in standard conditions. After incubation,
cells were washed twice with HBSS and 1 mL of fresh medium was added to the sample.
Finally, cells were stained with 1 pl of Cell Mask™ Deep Red plasma membrane stain (Life
Technologies), to reveal the plasma membrane and 0.5 pl of Hoechst 33342 (Life Technol-
ogies) to expose the nucleus. Images were captured sequentially using an Olympus CLSM
(Olympus FV1000). Three different lasers were used: 405, 559 and 635 nm, to visualise

nucleus, MPNDs and plasma membrane, respectively. Stacks of images along the z-axis
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were obtained for a selected area using the xyz mode of the CLSM, and the 3D analysis
was done in Fiji"” which was used to obtain overlapped images of all channels (nuclei,
plasma membranes and MPNDs), as well as maximum and orthogonal projections. 3D re-
constructions and cross-section projections were used to confirm MPNDs’ internalisation.
To test the magnetically-actuated targeting efficiency, the effects of magnetic concentra-
tion on internalisation and co-localisation of MPNDs in SKBR-3 cell cultures were analysed
quantitatively. For the internalisation and co-localisation quantification experiments of the
targeting efficiency through magnetic actuation, targeted tumoral SKBR-3 cell cultures
were exposed to 10 pg/mL MPNDs in static conditions for either 30 min under magnetic
actuation or 3 h without magnetic actuation. After treatment, cell cultures were fixed with
4% PFA in PBS for 15 min, followed by a permeabilisation with 0.1 % Triton X-100 in PBS
for 15 min at RT and blocking with 5% PBS-BSA (Sigma-Aldrich) for 40 min at RT. Cell
cultures were then incubated for 1 h at RT with mouse anti-EEA-1 monoclonal antibody
(1:50 BD Biosciences 610457). Samples were sealed using parafilm (avoiding bubble for-
mation) and kept at 4°C overnight in a humid chamber. Next day, samples were washed 3x
with PBS, incubate for 1 h at RT with goat anti-mouse IgG antibody 647 (1:500; Life Tech-
nologies) while sealed with parafilm if needed (avoiding bubble formation). Lastly, cell cul-
tures were washed twice with PBS before being labelled with 2 drops of ActinRed™ 555
(ReadyProbes™) Reagent (Rhodamine phalloidin) to reveal the actin cytoskeleton of the
cell and 0.5 pL of Hoechst 33342 (Life Technologies) to visualise nuclei, according to man-
ufacturers' instructions. Samples were finally mounted in Prolong Glass® antifade mount-
ing media and let to cure at RT according to manufacturer's instruction at least 48 h before

observation. Internalisation and co-localisation experiments were done in triplicate.

Images were captured with a confocal laser scanning microscope (Leica TCS-SP5 AOBS
spectral; Leica Microsystems) using a Plan-Apochromatic 63x Oil objective (NA 1.4). Image
acquisition of the cells was carried out sequentially with a 405 nm blue diode for the cell
nucleus, a 488 nm Argon laser for the reflection of MPNDs, a 594 nm HeNe laser for the
cytoskeleton and a 633 nm HeNe laser for EEA-1 labelled compartments. Stacks of images
along the z-axis were obtained for a selected area using the xyz mode of the microscope
at the highest resolution level available. Pinhole was set to 1 Airy disk units. Image size was
set at 3296x3296, resulting in 37,3 nm/pixel size. Z-Depth size was set at 125 nm. ImageJ

(Fiji)'® was used to obtain overlapped images including all channels (nuclei, cell limit and
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MPNDs) and to evaluate internalisation and localisation of MPNDs within the cells datasets

that were post-processed through semi-automatic segmentation and macro processing.

Fluidic cultures.

To test the efficacy of magnetically targeting MPNDs to targeted cells (SKBR-3) under mag-
netic actuation in dynamic culture conditions a fluidic experiment was set. SKBR-3 and
MCF10a cell cultures were seeded in a fluidic chamber (Ibidi) at a density of 36,000
cells/channel. Once allowed to attach overnight, cell cultures were exposed for 24 h to a
0,333 pg/mL MPNDs solution (respecting the amount of MPNDs per cell used in above-
mentioned magnetic actuation static characterisations) using a fluidic pump system (Ibidi)
at x30 the pressure to simulate the pressure of the blood that circulates within a breast
tumour (due to the interstitial and oncotic pressure of the tumour)™ in the presence or ab-

sence of magnetic actuation at the bottom of the channel where cells were seeded.

For quantification, targeted tumoral SKBR-3 and non-tumoral MCF10a cell cultures ex-
posed to MPNDs for 24 h in fluidic conditions were fixed with 4% paraformaldehyde (PFA)
in PBS for 15 min, washed twice with PBS and then labelled with 2 drops of ActinRed™
555 (ReadyProbes™) Reagent (Rhodamine phalloidin) according to manufacturer's instruc-
tions to reveal the actin cytoskeleton of the cell and 0.5 pL of Hoechst 33342 (Life Tech-
nologies) to visualise nuclei (according to manufacturers' instructions). Samples were finally
immersed in immersion oil and kept at RT before observation. Fluidics experiments were

done in triplicate.

Images were captured with a confocal laser scanning microscope (Leica TCS-SP5 AOBS
spectral; Leica Microsystems) using a Plan-Apochromatic 63x Oil objective (NA 1.4). Image
acquisition of the cells was carried out sequentially with a 405 nm blue diode for the cell
nucleus, a 488 nm Argon laser for the reflection of MPNDs and a 594 nm HeNe laser for
the cytoskeleton. Stacks of images along the z-axis were obtained for a selected area using
the xyz mode of the microscope at the highest resolution level available. Pinhole was set
to 1 Airy disk units. Image size was set at 3296x3296, resulting in 37,3 nm/pixel size. Z-
Depth size was set at 125 nm. ImageJ (Fiji) was used to obtain overlapped images including

all channels (nuclei, cell limit and MPNDs) and to evaluate localisation of MPNDs within the
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cells datasets were post-processed through semi-automatic segmentation and macro pro-

cessing.

Photo-thermal treatment.

SKBR-3 and MCF10a cells were seeded in cover glass-bottom dishes (Ibidi) at a density of
3x10* cells per dish (just in the area of the glass coverslip) and kept in standard conditions
for 24 h. Next, the cell cultures were incubated in the presence or absence (control cultures)
of 10 pg/mL of MPNDs for 3 h. After incubation, the MPNDs solution was withdrawn and
replaced with fresh medium and let inside the incubator to recover temperature before laser

treatments.

The in-vitro photo-thermal treatments were carried out inside the incubator with controlled
temperature of 37°C. The glass bottom dishes containing the cell cultures were placed on
top of a support to allow the laser hitting the glass bottom dish from below. Photo-thermal
treatment started once the temperature of the sample was stable at 37-C. The photothermal
treatment was performed using the light from a collimated fibre-coupled laser diode with
emission wavelength at 1064 nm (Laser Components). The incident intensity in the sample
was approximately 3 W/cm2 and the treated area was a circle of ~150 mm in diameter.

Hyperthermia treatments were carried out for either 5 or 15 min by laser irradiation.

Cell death evaluation.

To evaluate the cytotoxicity of the photo-thermal treatment, after irradiation, cells were in-
cubated again in standard conditions for 24 h and then incubated with the LIVE/DEAD®
Viability and Cytotoxicity (Life Technologies) assay following manufacturer’s guidelines.
This kit is provided with two probes, calcein and propidium iodide that measure recognised
parameters of cell viability (intracellular esterase activity) and plasma membrane integrity.
Images were acquired using the inverted fluorescence microscope Olympus IX71 (Olym-
pus) and processed through Imaged (Fiji). Three independent experiments were performed

for each condition.

For caspase-3 activation evaluation, after irradiation cell cultures exposed to hyperthermia

treatments were incubated again in standard conditions for 24 h and then washed with
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phosphate buffer saline solution (PBS) gently, fixed with 4% PFA in PBS and permeabilised
with 0.1% Triton X-100 in PBS for 15 min at RT. Next, cell cultures were washed once with
PBS and blocked using a 5% PBS-BSA (Sigma-Aldrich) for 30 min at RT. After blocking,
cultures were incubated for 1 h at RT with rabbit anti-active caspase 3 polyclonal antibody
(1:1000; Sigma-Aldrich. Ref: C8487), washed 3 times with PBS and then incubated 1 h at
37 °C with Alexa 594-conjugated goat anti-rabbit IgG antibody (1:2000; Life Technologies.
Ref: A-11012). Finally, cells were washed thrice with PBS, counterstained with 0.5 pl of
Hoechst 33342 (Life Technologies) for 3 min and let to air dry for 1 min at RT and mounted

with Prolong Glass antifade mounting medium.

Images were acquired using the inverted fluorescence microscope Olympus IX71 (Olym-
pus) and processed through Imaged (Fiji) macros to extract information of each channel.

Three independent experiments were performed for each condition.

Data analyses.

Data obtained from images through segmentation and quantification macros from CLSM
and cell death pathway determination experiments were collected, concatenated, summa-
rised and analysed through R and RStudio™. Once prepared for statistical analyses,
MPNDs cytotoxicity, internalisation in static and dynamic conditions, co-localisation, hy-
perthermia and caspase-3 activation experimental data were statistically tested for differ-
ences using Kruskal-Wallis test in Prisme 9.0 software (Graphpad). Alpha was set at 0,05
and therefore significance levels were reported as follows: * when p<0.05, ** when p<0.01,

*** when p<0.001 and **** when p<0.0001 unless stated otherwise on the figure footer

Results and discussion.

Cytotoxicity evaluation in, SKBR-3 and MCF10a cells.

The cytotoxicity in SKBR-3 and MCF10a was evaluated. No statistical differences were
found in SKBR-3 and MCF10a between 5, 10, 25 and 50 ug/mL MPNDs-exposed cell cul-
tures and their control groups, either using MTT or SRB assay (Fig 1). The only statistical
difference observed was between 10 and 25 pg/mL MPNDs-treated samples in SKBR-3

cells analysed by MTT were 10 pg/mL led to a higher viability. These results were expected
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because the cytotoxic effect of MPNDs at the same concentration was tested in Hela cells

in a previous work’.
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Figure 1 Viability of SKBR-3 and MCF10A cells after exposure to 5, 10, 25 and 50 ug/mL of MPNDs in
complete media for 3 h + 24 h post-incubation. A1 SKBR-3 cells and B1 MCF10A cells show plotted bars
depicting viability by Methylthiazolyldiphenyl-tetrazolium-bromide (MTT) absorbance analysis, while A2
SKBR-3 cells and B2 MCF10A cells depict the viability by sulforhodamine B (SRB) absorbance analysis. All
values depicted as the % viability +/- standard deviation, after normalisation against the absorbance values
of the control group (0 pg/mL). Statistical differences were found between viability of 10 pg/mL and 50 p/mL

MPNDs-treated groups (**, p<0.01) concentrations. Experiment done in triplicate.

All the viability values obtained in SKBR-3 and MCF10a cell lines are above the common
cytotoxicity threshold set at 80% viability according to UNE-EN I1SO 10993-5:2009'°. No
interferences were found using either MTT or SRB assays, contrary to what has been de-
scribed that can happen using metal-containing ENMs'®. No apparent effect on viability
was found contrary to previously published data on iron-containing ENMs, that can induce

ferroptosis’’.
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MPNDs association to cells.

Scanning electron microscopy images were obtained of MPNDs after their synthesis by
electron beam evaporation with gold and iron to form the semi-shell covering the original
polystyrene nanoparticle (Fig 2A). This visualisation led to the conclusion that MPNDs stay
mono-dispersed in majority and allowed for MPNDs quantification while on the silicon wa-
fer before their re-dispersion to estimate the quantity of MPNDs and generate a 500 pg/mL
MPNDs stock solution. As an initial exploration of the association of MPNDs with cell cul-
tures we chose Hela cell as a model, which was previously used in our earlier work using
MPNDs'. Images of the interaction with Hela cells were also analysed to evaluate how
MPNDs behave in biological conditions and interact with human tumoral cells after 24 h of
exposure. The images (Fig 2B-2F) show that when cells were incubated with 5 and 10
ug/mL MPNDs, the membrane showed some protrusions (bumps, depicted by white ar-
rows) despite the cells were perfectly attached, probably because of MPNDs internalisation
and storage within the cell. An increasing level of adsorption to the plasma membrane was
observed along the increasing concentrations of MPNDs solutions. Higher concentrations
(50 and 200 pg/mL of MPNDs) lead to big clumps of particles outside the cells (yellow
arrows) probably too big to be internalised, some protrusions and increased membrane
bulging were also visible in these cells indicating endocytic activity and MPNDs engulfment.
Cell-MPNDs interactions and membrane morphology modifications revealed by SEM and
described above are in accordance to previously described adsorption, engulfment and
internalisation morphologies observed through SEM using other kinds of magnetic and
metal oxide NPs. Cell morphology modifications and the evidence of internalisation and
protrusions formation on the cell plasma membrane corresponding to F-actin in specific
areas of the cell membrane in contact with NPs was observed in human fibroblasts'®'® and
macrophages®. Clumping of NPs on top of the cell membrane and the increased difficulty
to enter the cell when forming big aggregates has been previously described in macro-

21,22

phages
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C 5 pg/mL MPNDs for 24 h

D 10 pyg/mL MPNDs for 24 h E 50 pg/mL MPNDs for 24 h F 200 pg/mL MPNDs for 24 h

Figure 2. SEM images analysis. A MPNDs on a silicon wafer after their synthesis by electron beam evapo-
ration of Au and Fe atoms on the surface of immobilised and dispersed latex nanoparticles. B HelLa cells non-
exposed to MPNDs C, D, E and F SEM images of HelLa cells exposed for 24 h to 5, 10, 50 and 200 pg/mL
MPNDs. Differences in MPNDs interactions with the cells can be observed as concentration increases, mem-
brane bulging (white arrows) and protrusions are visible in 5 and 10 pg/mL MPNDs-exposed cultures as an
indication of engulfment and internalisation in HelLa cells, while large aggregates are observed on the plasma

membrane (yellow arrows) and inside the cells for higher concentrations. Control (CTR)

This imaging technique can yield important information to visualise and analyse changes
in 3D cell morphology and therefore their health status, and details of cellular interactions
with MPNDs tested, elucidating mechanisms of adsorption and uptake of hanomaterials
on human tumoral cells. Based on the obtained results, and in accordance with the cyto-
toxicity and visualisation internalisation data an optimal MPNDs concentration of 10 ug/mL

was set for the rest of the experimental setup using SKBR-3 and MCF10a cells.

MPNDs Internalisation in static conditions.

MPNDs internalisation was evaluated by flow cytometry using orange fluorescent-core
MPNDs. Due to the high-throughput nature of the technique, flow cytometry is one of the
most common methods used to elucidate ENM internalisation in mammalian cells. It is
based on the analysis of the fluorescence signals coming from individual cells as they cross

the cytometry channel at different excitation wavelengths. Increasing concentrations (5, 10
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and 50 pg/mL) of MPNDs were incubated for 24 h with HelLa cells. An example of the out-

puts produced by the data analyses from flow cytometry experiments can be observed in

figure 3.
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Figure 3 Flow cytometry analyses from CTR SKBR-3 cells and MPNDs-exposed SKBR-3 cells after 24
h incubation. A CTR cells and D 5 pg/mL MPNDs-exposed SKBR-3 cells' cytogram showing the whole
population with the gates corresponding to the debris (R1) and the region corresponding to individual cells
(RO). B CTR and E 5 pg/mL MPNDs-exposed individual SKBR-3 cells orange fluorescence cytogram, respec-
tively. C CTR and F 5ug/mL MPNDs-exposed cells their histogram of event counts vs orange fluorescence
detected. Side scattering area (SSC-A), Orange fluorescence area (PE-A). G Overlapped histograms from one
replicate of individual SKBR-3 cells and their detected orange fluorescence signal in CTR (gray) and MPNDs-
exposed (purple= 5 pg/mL, pink= 10 pg/mL and red= 50 ug/mL) samples H Overlapped histograms from one
replicate of individual SKBR-3 cells and their complexity/granularity signal in CTR (gray) and MPNDs-exposed
(purple= 5 pg/mL, pink= 10 pyg/mL and red= 50 pg/mL) samples. Control (CTR)
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Despite being able to visualise the cell events in data cytograms, fluorescence-based sep-
aration was difficult to achieve due to overlapping population with control cells, possibly
due to a combination of the autofluorescence detected (even if signal detection was com-
pensated) and the quenching activity on fluorescent markers of MPNDs. This quenching
effect due to the metals present on the MPNDs design, can be observed when analysing
the histograms (Fig 3G), where 5 ug/mL MPNDs-exposed SKBR-3 cells' “orange fluores-
cent” signal is completely overlapped with the fluorescent signal of the control group. This
phenomenon is based on a transference of energy from the excited fluorochrome mole-
cules to the metal semi-shell formed of iron and gold atoms that quench their fluorescence
emission as described in literature®®?’. An increasing number of cells were detected as
MPNDs-positive as the concentration increases after 3 h incubation time. This increase is
observable both by “orange fluorescence” signal detection and “complexity/granularity”
analysis, proving the relationship between MPNDs uptake and the increased fluorescence
and complexity/granularity of cells exposed to MPNDs. This is in accordance to observed
dose-dependent increases in cellular granularity indicating active cellular uptake mecha-
nisms??. The overlapping signals at low concentrations, due to the quenching effect of
the metallic bilayer of MPNDs, and the difficulty to quantify the actual number of NPs based
on fluorescence signal and complexity/granularity, as previously described in literature®, it
was decided to turn to CLSM visualisation and 3D data analysis techniques moving forward

in the internalisation characterisation.

Thus, CLSM was used to test the internalisation on HelLa cell cultures exposed to MPNDs
at 10 pyg/mL for 24 h (Fig 4). Since the Fe/Au bilayer induces a 5-fold reduction of the fluo-
rescence of MPNDs compared to the fluorescent core bare NPs used for MPNDs synthe-
sis!, we used the CLSM mode to detect the reflected signal of the metallic compounds of
the bilayer. Moreover, this kind of detection allows for precise MPNDs detection due to its
different properties compared to fluorescence signal. Reflected signal does not need to be
deconvolved to restore the optical degradation across the axes, especially the z-axis, due
to light diffraction and mounting media of choice. Thanks to the observation using the re-
flected light, MPNDs are visible inside the cell limits, forming small aggregates that indi-
cates a possible transportation within the endolysosomal system after 24 h of MPNDs ex-
posure. It was proved that 24 h are enough for MPNDs to enter Hela cells in static condi-
tions and the cells show overall a good health based on their morphology. Internalisation

of magnetoplasmonic NPs like gold nanorods® and Fe;O0./Au nanocomposites® in HelLa
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cells has been previously described, with and without magnetic field manipulation to en-

hance the interaction between NPs and cells.

However, in the present study, HelLa cells display a higher MPNDs uptake than that of the
above-mentioned studies, despite no magnetic field concentration was applied in this ex-
periment. Although the NPs and goals of the above-mentioned studies are similar to the
present study, the concentrations, experimental conditions and techniques are different or
are not stated. Both publications fail to differentiate by cell segmentation the NPs within
the cell limits and the ones attached or outside the cell. Since the uptake efficiency was

not quantified, only the qualitative comparison between the images provided is possible.
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Hela
Whole dataset individual z-slice

Single-cell individual z-slice
All channels Nuclei Membrane MPNDs

Single-cell maximum intensity z-projections
All channels Nuclei Membrane MPNDs

Figure 4 CLSM images of 3D stacked datasets of HeLa cells exposed to 10 pg/mL MPNDs solutions
for 24 h. Top row are snapshots of a single z-slice of the whole dataset (multiple cells per field). The rest of
rows are detailed views of 1 or 2 cells in single z-slice or maximum intensity z-projections with composites

of 3 channels in fake colour and each individual channel split.
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Effect of magnetic actuation on MPNDs internalisation and co-localisation under

static conditions.

Due to the nature of the MPNDs, that is, their semi-shell Fe composition, a neodymium
magnet was used to concentrate the MPNDs in the center of the glass-bottom dish used
as cell culture growth area. To compare the effect of the magnetic actuation on the inter-
nalisation in SKBR-3 targeted cell cultures, incubation of MPNDs (10 pg/mL) was reduced
to 30 min in cell cultures exposed to the magnet compared to the 3h incubation in the cell

cultures not exposed to the magnet.

The internalisation efficiency was almost thrice (193%) of that without magnetic actuation
using 6 times less time for MPNDs incubation (Fig 5). Magnetic targeting of magnetic and
magnetoplasmonic NPs have previously been described in literature® as observed by TEM

in colon carcinoma cells.
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Figure 5. CLSM analyses of SKBR-3 cells exposed to 10 pg/mL MPNDs solutions for 3 h in absence of
magnet and 30 min in presence of magnet and. A Violin plots depict the distribution of estimated number
of MPNDs per cell, the average (black line) and the quartiles (discontinued black line) for each condition and
B bar plot shows the average (number inside the bar) of the estimated number of MPNDs per um?® per cell in
each condition. A statistically significant effect (193% increase) was found between 3 h MPNDs-exposed

cultures and 30 min MPNDs-exposed cultures with magnetic actuation.

Despite the increase in MPNDs within the cells, magnetic actuation did not affect the co-
localisation of MPNDs with early endosomes (Fig 6). This probably means that the way
MPNDs get into the cells when performing magnetic concentration (which increases the

MPNDs aggregation due to the interaction with the magnetic field) does not follow classical
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endocytic pathways like clathrin-mediated endocytosis or caveolae-dependent endocyto-
sis. Probably macropinocytosis is the selected pathway to enter the cells, since the aggre-

gated MPNDs are bigger than 200 nm in size.
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Figure 6. Co-localisation of MPNDs with early endosomes within SKBR-3 cells. No significant effect was
found between 3 h MPNDs-exposed cultures and 30 min MPNDs-exposed cultures with magnetic actuation.
Violin plots depict the distribution of the percentage of the estimated number of MPNDs that co-localise with

early endosomes for each cell analysed.

Once demonstrated the efficiency of the magnetic actuation in MPND internalisation under
static conditions, we decided to perform the same study under fluidic conditions. In this

case, a tumoral (SKBR-3) and a non-tumoral (MCF10a) cell lines were compared.

Effect of magnetic actuation on internalisation in dynamic conditions.

Static MPNDs incubation conditions do not mimic what happens in a real condition inside
organisms, in which the blood circulation makes it difficult for NPs to adsorb, interact and
internalise in cells. For this reason, fluidics experiments were set to mimic the circulation of
MPNDs through the vascular system and test the levels of MPNDs arrest and internalisation
in SKBR-3 and MCF10a cells by magnetic actuation as a targeting strategy within the tu-
mour. To test the efficacy of internalisation in dynamic culture conditions and the ability to
retain and enhance internalisation in such conditions using a magnet, cell cultures were
exposed to a MPNDs (10 pg/mL) for 24 h using a microfluidic pump system at 30 times

more pressure than that described for the blood circulating nearby a tumoral breast area®.
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Experiments were done in the presence or absence of a fixed neodymium magnet at the
bottom of the channel where cells were seeded (Fig 7). Internalisation was quantified by
semi-automated cell segmentation and quantified as the number of MPNDs per um?® for
each detected cell. Internalisation was critically affected by magnetic actuation in fluidic
conditions, being close to 0 on cell cultures in fluidic systems without the magnetic actua-
tion and significant differences were found in both cell lines thanks to magnetic actuation.
Moreover, SKBR-3 cells internalise more MPNDs per cell than MCF10a, showing that a
preferential targeting towards the tumoral cell line®* using magnetic actuation within tumour
is possible. Magnetic actuation in vivo could be applied by directly placing a magnet or
magnetic field device on top of a superficial tumour (like common breast cancer or skin
tumours) or by intra-tissue insertion if the tumour is in a deeper tissue. Then, delivered
MPNDs could be concentrated after administration on the targeted site thanks to the mag-

netic field and the preferential uptake by targeted cells and develop their therapeutic strat-

egy.

Uptake of magnetoplasmonic NPs by SKBR-3 breast cancer cells has been previously de-
scribed by Wu et al under mild shaking conditions using specific targeting (HER2-conju-
gated) magnetoplasmonic nanoclusters®. Despite their experiments were also dynamic in
nature they were not under flow conditions, which are closer to what happens in reality
within tumour blood circulation systems. The ability to concentrate magnetic NPs in flow
conditions®*° was previously described in the literature, specially using in vitro phan-
toms***! but its effect on the internalisation and localisation in cells have not been previously
described nor quantified at a single-cell level. Therefore, magnetic arrest in fluidic condi-
tions and its effects on internalisation and localisation on cell cultures remains vaguely ex-
plored. Matuszak et al*® tested SPIONs internalisation in endothelial cells by optical micros-
copy, but didn’t perform a quantification of their internalisation. Tapeinos et al tried repli-
cating the blood-brain barrier conditions using two different cell lines and testing the mag-
netic arrest, internalisation and crossing efficiency of magnetic nanocubes under flow con-
ditions and static magnetic field actuation.®” Similarly to our obtained results, their magnetic
actuation produced an arrest of the NPS that led to a higher presence of magnetic NPs
within the cells after short incubation times, however the internalisation was qualitatively

shown only in images.
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Figure 7. CLSM images and quantification of MPNDs internalisation in MCF10a and SKBR-3 in fluidic
culture conditions. Maximum z-projection of all channels (blue= nuclei, green= MPNDs and magenta= actin
cytoskeleton). A1-B2 Images show the effect of magnetic actuation on MPNDs concentration in flow condi-
tions. Big chain like structures (arrows) on magnetically concentrated MPNDs (A2, B2) appear on top and
inside the cells in both cell lines. Very few MPNDs are found in cell cultures where no magnetic actuation was
applied (A1, B1). C MPNDs within the cell limits (by semi-automated cell segmentation and calculation) were
quantified and the number of MPNDs per um? for each detected cell are plotted in the violin graphs (Black
line= average; discontinued black line= quartiles). Statistically significant different values against groups are

depicted with *** (when p<0.0001). Magnetic actuation for MPNDs concentration (M).

Hyperthermia cell death induction.

In order to test the efficacy of these MPNDs against tumoral cells the 10 pg/mL concentra-
tion was selected as the best one to test the magnetoplasmonic hyperthermia effect on
SKBR-3 and MCF10a.

The effect of the hyperthermia using the same MPNDs was tested and reported in a previ-
ous article using the same concentration (10 pg/mL) and incubation conditions in HelLa

cells' but irradiating (30 min) with a 808 nm laser. Under these conditions, MPNDs proved
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to be successful at triggering necrotic cell death in HelLa cells. After testing such long treat-
ment conditions with the 808 nm laser, the laser wavelength of choice was re-evaluated to
reach deeper tissues and have more excitation power to optimise the treatments. The 1064
nm wavelength laser was chosen because it belongs to the second NIR window of the UV-
Visible spectrum, where light is able to penetrate deeper into biologic tissues* and produce
heat locally by the plasmonic excitation of gold on the MPNDs semi-shell'”’. The laser irra-
diation time was also changed and was reduced from 30 min to 15 min and 5 min, respec-

tively. The MPND concentration was maintained 10 ug/mL in both cell lines (Fig 8).

Viability after hyperthermia treatments was analysed by calcein and propidium iodide fluo-
rescence staining. This staining allows discerning viable vs non-viable cells by the detec-
tion of necrotic or late necroptotic cells with damaged plasma membrane and therefore
propidium iodide cell permeability. According to the obtained results, 5 min laser hyper-
thermia treatments induce necrotic or necroptotic cell death in SKBR-3 cells but not in
MCF10a when MPNDs are not concentrated with a magnet. According to LIVE/DEAD®
analysis, when magnetic actuation is used to concentrate the MPNDs on the irradiation
spot during incubation (increasing the chances of MPNDs internalisation on local cells) and
after 5 min of laser irradiation, an increase in both cell lines in terms of necrotic/late necrop-
totic cell death can be observed. This increase is higher (approximately twice) in SKBR-3
tumoral cells. When 15 min laser irradiation hyperthermia treatments are applied after
MPNDs exposure, MCF10a control group is also heavily affected compared to the same
conditions in SKBR-3. Exploring the effect of 15 min irradiation an effect on Calcein-AM
staining was observed (data not shown). The fluorescence was highly diminished in
MCF10a cells, and unaffected in SKBR-3 cells. For that reason, it was decided to compare
the results in both cell lines using a double nuclear staining (Propidium iodide and Hoechst)
to quantify the number of cells accurately. The analysis revealed a much lower mortality,
around 8% in MCF10a and ~3% in SKBR-3 than that detected using the Calcein-AM stain-
ing. This is due to the fact that more cells were revealed by Hoechst staining especially in
the case of MCF10a compared to the identified by Calcein-AM staining. SKBR-3 cell line
mortality remained very low in the above-mentioned conditions, corroborating the results
obtained by LIVE/DEAD® analysis. Despite these results, MCF10a nuclei appeared reduced
in size and with chromatin condensation modifications compared to control cells (data not

shown). The low staining efficiency with propidium iodide indicates that despite the nuclei
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modifications, the plasma membrane is not compromised, which could be an indication of

the induction of a preferential regulated pathway to cell death.
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Figure 8 Analysis of hyperthermia results on SKBR-3 and MCF10a cell lines. Hyperthermia effectivity is
analysed by A LIVE/DEAD® viability staining and depicted as percentage of dead cells detected for each
condition (average value on top of the bar) or B Propidium iodide positive cells versus Hoechst-stained nuclei
in 15 min laser-treated samples. X axes depict the cell line and conditions tested for each experiment: mag-

netic actuation performed (+) or not (-), MPNDs present (+) or not (-) and laser irradiation time (5 or 15 min),

*kk

Statistically significant different values between groups are depicted with * (for p<0.05), ** (for p<0.01), *** (for

p<0.001 and *** (when p<0.0001). Controls (CTR), Propidium iodide (PI)

Evaluation of the nuclear morphology and condensation status has widely been used in cell
biology as an indicator of cellular health status. For example, nuclear degradation (karyol-
ysis) is an indicator of ongoing cellular problems or cell death'. Nuclear morphology mod-
ifications can be an evidence of abnormal nuclear lamina organisation which can lead to
apoptosis as lamins are targets for proteolytic degradation by caspases*. MCF10a cells
present a typical rounded and oval nuclei structure, showing chromatin condensation, with
up to three distinct nucleoli, a classic sign of cell health. SKBR-3, as a tumoral cell line,
present what seems two different populations with slightly different cell morphologies and
nuclei structures. The first and more predominant population, are the cells that grow com-
pletely attached to the growth surface and are overall flatter in their 3D structure, commonly
present oval shaped nuclei (sometimes more than one per cell). A second population of

cells, based on their morphology, appear more rounded and slightly detached from the
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growth surface. These kinds of cells often show an aberrant nuclei morphology, as their

nuclei are slightly polygonal and their condensation status is higher.

In general, nuclei changes indicating a progressive cell death mechanism are defined by
their nuclear characteristics as follows: shrinkage of nuclei is defined as karyopyknosis, the
loss of oval-shaped structure and increased DNA condensation is defined as karyorrhexis
and the complete loss of nuclear outlines and DNA fragmentation within the cell is defined

as karyolysis*.

After MPNDs and 5 min hyperthermia treatments with a 1064 nm laser, nuclear morphology
is distinctly changed between cell lines, as shown in figure 9. In SKBR-3 hyperthermia
treated cells with and without magnetic actuation, show higher DNA condensation levels
than control cells. Their nuclear shape is drastically changed and present aberrant polygo-
nal shaped structures compatible with karyopyknosis and karyorrhexis characteristics. This
is in accordance to what Sanz et al described in human neuroblastoma cells when trigger-
ing magnetic hyperthermia using an alternating magnetic field**. The authors described that
despite the aberrant formations of the nuclei after heat-inducing treatments the nuclear
membrane remained undisrupted due to the resistant nuclear membrane cytoskeleton and
their nuclear laminas. These protein networks further support and might preserve tempo-
rarily the lipid bilayer of the nuclear membrane from disorganizing after the heat shock
treatments, resulting in the angular structure of the affected nuclei. Once the cell death
mechanisms, induced by the heat treatments progress, the cell nucleus morphology is con-
secutively changed into karyorrhexis, first as chromatin condensation is affected, and fi-
nally karyolysis, that leads to nuclear fragmentation. Both processes are described in

necroptosis progression*.

In contrast, MCF10a cells show no differences in nuclear morphology between control con-
ditions and 5 min laser hyperthermia treated cells when MPNDs are not magnetically con-
centrated within laser treatment spot, while karyopyknosis and slight karyorrhexis can be
observed in magnetically concentrated MPNDs-samples. When hyperthermia treatments
are extended to 15 min karyopyknosis occurs in this cell line too, proving that 15 min laser
irradiation is a high dose that doesn't help to achieve a differential therapeutic between

tumoral and non-tumoral cell lines.
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Figure 9. Nuclear morphology of CTR and MPNDs + 5 min Laser-treated SKBR-3 and MCF10a cell lines
24 h post-treatment. Detailed image of the nuclei 24 h after hyperthermia treatments with the laser for 5 min
with and without magnetic actuation for MPNDs concentration. Karyorrhexis (white arrows), kharyolysis (yel-
low arrows) and karyopyknosis (purple arrows), depicted in each condition. All images shown at the same

magnification.

The differential nuclear morphologies between cell lines prove that MCF10a and SKBR-3 5
min laser hyperthermia-treated cells have very distinct sensitivities to the laser treatment
when MPNDs are not concentrated with the laser on the irradiation spot. SKBR-3 present-
ing aberrant nuclear morphologies when treated whit MPNDs, not concentrated with mag-
net actuation, and the laser prove the treatment is effectively inducing cell death mecha-
nisms in tumoral cell lines, while the same conditions are not causing an effect on the

MCF10a non-tumoral cell line.

To distinguish the cell death pathway induced in SKBR-3 and MCF10a MPNDs-exposed
cultures by hyperthermia treatments triggered by the irradiation with a 1064 nm laser for 5
min or 15 min Caspase 3 immunofluorescence detection was performed. Caspase 3 is an
effector caspase that once activated promotes apoptotic cell death in cells'™. The differen-
tial activation after MPNDs incubation and 5 min laser treatment in SKBR-3 cell line can be
observed in figure 10 (C1), where a 2.4 fold change increase in detected fluorescence is
shown in SKBR-3 compared to the 5 min laser irradiated control group. A 3.64 fold change
increase is detected in caspase-3 activation of MPNDs-exposed SKBR-3 under magnetic

actuation conditions, compared to the 5 min laser irradiated control group.
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Figure 10. Caspase 3 activation analyses in SKBR-3 and MCF10a cells by fluorescence immunodetec-
tion and nuclei detection per image. A1-A2 Bar plots depicting the decrease in nuclei detection after treat-
ments in SKBR-3 and MCF10a cells. The data reflects the differences in remaining cells in culture 24 h post-
treatment between conditions B1-B4 Images show immunofluorescence detection of active caspase-3 in
SKBR-3 (B1 CTR and B2 MPNDs-exposed under magnetic actuation and posterior 5 min laser treatment)
and MCF10a (B3 CTR and B4 MPNDs-exposed without magnetic actuation and posterior 5 min laser treat-
ment cell cultures. C1-C2 Violin plots show the average (black line) fluorescence intensity per number of
nuclei detected. Statistically significant different values between groups are depicted with * (for p<0.05), **

(for p<0.01), *** (for p<0.001 and **** (when p<0.0001).

Caspase-3 was significantly increased 24 h post-treatment with MPNDs under magnetic
actuation and 5 min laser irradiation in SKBR-3. Caspase-3 activation was not significantly
increased in MPNDs-exposed MCF10a after 24 h post-treatment with 5 min laser irradia-
tion. The activation happened when the laser irradiation was increased to 15 min in this cell
line. There is a higher activation of the caspase-3 activity in 15 min laser-treated samples
than 5 min in MCF10a. The differential activation of caspase-3 in 5 min laser-treated sam-
ples indicates a differential pathway induction between tumoral SKBR-3 and non-tumoral
MMCF10a cells. That is, at 5 min laser treated hyperthermia conditions, tumoral SKBR-3

enter the apoptotic pathway of regulated cell death, especially after magnetic actuation of
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MPNDs concentration within irradiation spot. This activation is not observed when com-
paring the MPNDs-exposed and control groups after 5 min laser irradiation hyperthermia

in MCF10a without magnetic actuation.

Hyperthermia effect can also be evaluated by nuclei counts per image. This analysis con-
firms that SKBR-3 die after 5 min laser-induced hyperthermia (especially after magnetic
actuation to concentrate the particles within the laser irradiation spot), while MCF10a show
no differences compared to the controls. It also proved that 15 min irradiation was enough
to trigger caspase 3 activation both in control laser-irradiated cultures and MPNDs-ex-
posed and laser-irradiated cultures in MCF10a non-tumoral cells. No effect in nuclei count
was observed in 15 min laser-irradiated control group but a significant drop in nuclei count

was found in MPNDs-exposed and 15 min laser-irradiated cell cultures.

The hyperthermia effects on cell death induction are different to those described by mag-
netic intra-lysosomal hyperthermia by Clerc et al*®. According to their study, iron oxide
magnetic nanoparticles can produce hyperthermia by alternating magnetic field and in-
duces cell death through reactive oxygen species production within lysosomes which sub-
sequently causes lipid peroxidation, followed by lysosome membrane permeabilisation and
the leakage of lysosomal content into the cytosol. According with these authors, once in
the cytosol, Cathepsin-B plays a critical role in cell death activation by activation of
Caspase-1 which can be related to pyroptosis. In their study, cells present AnnV and/or PI
positive labelling and irregular DNA fragmentation after hyperthermia treatment, hallmarks
that could be related to apoptotic cell death. Contrary to our findings, in Clerc et al study
apoptosis was not induced, since magnetic intra-lysosomal hyperthermia did not activate

Caspase-3 activity.

According to the changes in nuclear morphology compatible with necroptosis induced in
SKBR-3 cells (aberrant shape, karyorrhexis and karyolysis) and the caspase-3 activation,
a regulated cell death pathway (apoptosis) must be active 24 h post-treatment with 5 min
laser hyperthermia-induced treatments in MPNDs-exposed tumoral cells. These data
shows a higher regulated cell death induction efficiency than that described previously in

literature for similar NPs with higher NP concentration and longer treatments'**°.
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Conclusions.

The present study provides essential new data on MPNDs interaction with SKBR-3 and
MCF10a breast epithelial cells. SEM allowed us to fix the optimal MPNDs concentration, in
terms of aggregation and internalisation, to be used in the following experiments, and their
magnetic manipulation to concentrate or arrest and enhance internalisation in static and
dynamic conditions. It also describes the mechanism whereby magnetically targeted
MPNDs induce the death of tumour cells when exposed to a NIR laser. The central role and
differential behaviour of Caspase-3 activation and nuclear morphology modifications after
hyperthermia treatments between tumoral and non-tumoral epithelial breast cells is also
defined. The precise quantification of internalisation and localisation under static, the arrest
and internalisation in flow and magnetic actuation conditions performed brings novel infor-
mation towards the optimisation of MPNDs treatments and their tumour targeting capabil-
ities. Moreover, the definition of the cell death mechanisms induced by NIR-laser hyper-
thermia to kill cancer cells contributes to future developments of selective magnetoplas-

monic-based nanotherapies as alternative anti-tumoral therapies.
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4 General discussion

Nanomedicine, has been explored as a promising application of hanosciences to health sciences
for the last three decades (Anselmo & Mitragotri, 2019). Despite that, nowadays, it remains a field
with a vast potential of application but a low translation to real strategies to treat and diagnose
diseases. In fact, the high ability to change the physicochemical properties of ENMs (Conde et al.,
2014) and generate new materials, which is perceived as an advantage to fine-tune their application,
could be the reason for the slowdown of their biological application. The lack of a standard biolog-
ical characterisation difficults the application of the large amounts of ENMs generated. Characteri-
sation at the biointerface is lacking a profound analysis, the interactions between ENMs-cells are

often overlooked or superficially explored.

Often, the properties of certain kind of materials are reported in the literature after proving the ap-
plication based on their physicochemical characteristics but not in in vitro cell cultures conditions.
That is, ENMs are reported to have an activity that could potentially be translated to fighting a
disease but in conditions that are very different from the ones that happen in biological conditions
in some cases. When reporting the potential application of ENMs to nanomedicine, essential ex-
periments of the biointeraction should be performed in in vitro cell culture conditions and cover at
least their cytotoxicity, association, uptake, and evaluation of their therapeutic strategy in such
conditions. Here, we present three different works based on the evaluation of the ENMs biointer-
action in vitro and the proposed workflows is expected to set an example on how to investigate
them from a biological perspective. In vitro characterisation workflows when interrogating ENMs
biologically and their standardisation, are especially relevant now that the European Union is mak-
ing efforts on legislations proposing a shift from in vivo testing, towards non-animal approaches
based on in vitro and computational methods. The results of such regulations are exposed on the
EU Directive 2010/63/EU (2010) on the protection of animals used for scientific purposes, the reg-
ulation (EC) No 1907/2006 concerning the Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH (2020g)) and the regulation (EC) No 1223/2009 on cosmetic products (2020e)
(Pistollato et al., 2021).

The in vitro investigation approach is especially crucial when reporting the biological effects of
ENMs that were not first conceived for biological applications. That is the case of the first kind of
ENMs used in this thesis (Chapter 1), cerium oxide NPs. They were first designed as NPs that would
allow for superconductor materials to be developed and their industrial and ecological applications

in products such as the development of better catalytic materials or fuels and efficient solar panels
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that harvest and store energy more efficiently. Due to their composition and elemental properties,
cerium nanocrystals were proposed as a good alternative to quench the ROS produced in organ-
isms under oxidative stress conditions and their possible use as nanomedicine for the treatment of
diseases that cause or are triggered by high production levels of such species (Xu & Qu, 2014), like
cancer (Vassie et al., 2017a), Alzheimer's disease (Kwon et al., 2016) or heart attack injury (Pagliari
et al., 2012). First, we tried to characterise their biointeraction with SKBR3 cells, but their small size
(around 2,5 nm) and the lack of fluorescent properties made impossible to use fluorescent micros-
copy, flow cytometry and spectroscopy techniques. Only large cerium NPs or presenting fluores-
cence-probes in their surface can be observed by SEM or CLSM thanks to the reflection properties
of the cerium metal atoms or their fluorescence as observed in Vassie et al. study of nanoceria on
human ovarian and colon cancer cells (Vassie et al., 2017b). These would allow for semi-quantitative
or quantitative internalisation analysis. In our case, internalisation was confirmed through absorp-
tion determination of cell lysates after exposure to cerium oxide NPs at 210, 250, 280 and 298 nm
wavelengths as proposed in previous studies (Inerbaev et al., 2015; Pulido-Reyes et al., 2015). We
tested their cytotoxicity using two different assays, in order to discard any interference with the
tests used due to the nanoparticles’ redox properties and absorption. In terms of cytotoxicity, we
have demonstrated that cerium oxide NPs are safe at low concentration (5 pg/mL) and have a cy-
totoxic effect in higher concentrations in tumoral cells. Previous studies have highlighted the im-
portance of investigating the cell viability after interaction of ENMs with mammalian cells in different
ways (Kroll et al., 2012; Ong et al., 2014; Wérle-Knirsch et al., 2006) because overestimation or
underestimation of cell viability has been reported after different NPs treatments, especially at high
NP concentrations (Ong et al., 2014). For example, the interference of carbon nanotubes in an MTT
assay has been described by Wérle-Knirsch et al. (Wérle-Knirsch et al., 2006), where carbon nano-
tubes were bound to formazan crystals during the assay and stabilised their structures, preventing
their posterior solubilisation and absorbance detection. This phenomenon led to lower absorbance
results that could be misinterpreted as a high cytotoxicity effect of carbon nanotubes on cell cul-
tures compared to the control group. On the other hand, Kroll et al.(Kroll et al., 2012) found that
higher concentrations of NPs lead to higher absorbance levels in MTT results, leading to the misin-
terpretation of a higher viability in such conditions, similarly to what we found on cerium oxide NPs
results. These researchers also detected interferences when evaluating oxidative stress using
the H2DCF-DA assay (both in cell cultures and in a cell-free assay), or the NPs effect on cell culture
using enzymatic activity methods (measured by a slight decrease in LDH activity) or interference in
immunoassays, measured by ELISA IL-8 assays, where NPs bound to proteins and cytokines led
to underestimation of their possible pro-inflammatory effect. In our study, we highlight the im-
portance of carefully analysing the viability and how the ENMs characteristics (composition, redox

activity, absorbance, plasmonic and quenching properties) can greatly influence such results. Dis-
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crepancies between the values obtained using direct and indirect methods for cell viability deter-
mination have been described before (Chan et al., 2013) especially involving metal-based ENMs or
ENMs containing redox-active molecules. In this sense, we used two different assays to check the
cytotoxicity of cerium oxide NPs. The first one based on indirect viability examination is the MTT,
which provides information on the MTT reduction activity of live cells within a culture. Accordingly
to the manufacturer, MTT reduction activity is directly related to the number of cells in culture.
However, this test can be sensitive to temporary increases of metabolic activity (not related to pro-
liferation) or MTT could be reduced by direct ENM activity due to their redox properties, surface
modifications or composition(Sadik et al., 2009). In both cases these activities would interfere with
the viability results. According to the data obtained by MTT assay analysis, no cytotoxic effect was
found in any of the tested concentrations (ranging from 0 to 100 pg/mL). This is in accordance to
previously described viability of cerium oxide NPs in literature (Lyu et al., 2016; Vassie et al., 2017b;
Zholobak et al., 2014). Despite this, we observed an increase of formazan crystal formation in cell
cultures exposed to cerium oxide NPs but no increase in cell confluence and proliferation (under
contrast phase microscope), so the interference effect was reverse to that described by Wérle-
Knirsch et al. and was similar to the direct interference with the MTT assay described by Sadik et
al. (Sadik et al., 2009). In order to properly evaluate the possible interference of the indirect method
and quantify the cytotoxicity using a direct method, the SRB assay was used. This is a stoichio-
metrically method, based on protein detection (and therefore, directly related to the cell number in
culture). An additional centrifugation step prior to absorbance readings was introduced, to avoid a
possible interference of the remaining cerium oxide NPs on the supernatant or bound to cell rem-
nants. The centrifugation step should be evaluated depending on the ENMs type, since carbon
nanotubes interaction with several dyes showed that centrifugation can lead to misinterpretation of
reduced absorbance causing a false toxic response (Sadik et al., 2009). This method proved to be
essential to analyse cerium oxide NPs toxicity, when relevant differences in viability were identified:
the indirect MTT assay showed no cytotoxic effect while the direct stoichiometric SRB assay re-
vealed the real cytotoxic effect at high concentrations. Therefore, the effect on viability was masked
by the possible direct redox activity of the NPs on MTT reduction to formazan crystals. Accordingly,
an assessment workflow that combines complementary direct and indirect methods to evaluate the
same biological questions is recommended, in order to make sure that the conclusions the data led
are correct and discard possible interferences with the method used.

The investigation of toxicity and antioxidant properties of rare earth oxides is very limited. Specifi-
cally only cerium oxide nanoparticles have been studied and the results in literature are conflicting,
likely due to the differences in the procedures to synthesise them (Karakoti et al., 2010). In order to
prove the therapeutic efficiency of the cerium oxide NPs used in this thesis, we tested their thera-
peutic potential as an antioxidant to revert the effects of a commonly used ROS induction protocol

that uses TBHP as an inductor of oxidative stress.
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Regarding its antioxidant properties, it has been previously described that nanoceria can act both
producing and reverting ROS production within cells (Karakoti et al., 2010), depending on the va-
lence status of cerium in their composition (Leung et al., 2015). In our case, we were able to prove
that the valence status of cerium within the tested NPs in biological conditions, enabled electron
scavenging and lowered ROS production, having a protective behaviour on TBHP-ROS-induced
cultures comparable to that achieved by commercially available N-acetylcysteine. Using free anti-
oxidant compounds like N-acetylcysteine, gluthatione based formulations, or vitamin C, it is possi-
ble to have several drawbacks compared to the delivery of antioxidant therapeutics in nanoformu-
lations. Free antioxidant molecules show low permeability and are poorly soluble in hydrophilic
solutions, which leads to low bioavailability due to instability during storage and gastrointestinal
degradation (Hu et al., 2017). Delivery of antioxidants through nanoformulations like the cerium
oxide nanoparticles used in our study provides an alternative as antioxidant compounds that can
be delivered in colloidal suspension with high stability. Moreover, the auto-regenerative redox cycle
of cerium oxide NPs, with its ability to reversibly switch between both oxidation states and the
reduction potential of available cerium, allows them to modulate the oxidative stress rapidly and
reversibly, ensuring a stable and long-lasting antioxidant function compared to free antioxidant
molecules (Kumar et al., 2020). The antioxidant in vitro effect of cerium oxide NPs is comparable to
that observed by Vassie et al. (Vassie et al., 2017b), where a size-dependency effect was observed
in human ovarian and colon cancer cells. In Vassie et al. study, 7 nm sized cerium NPs showed less
efficiency than 94 nm sized cerium NPs, as they report that the smaller size of the NPs increased
their aggregation potential in aqueous solutions and in contact with the cell media, limiting ROS
from accessing the oxygen vacancies on the surfaces of nanoceria that impart their antioxidant
properties (Vassie et al., 2017b). However, their results are based on the basal ROS level charac-
terisation of the cell and not the induction of oxidative stress. The results were highly variable in
terms of cerium oxide NPs time-exposure, as 7 nm-sized cerium oxide NPs were found to increase
the intracellular ROS levels 24 h after treatment, reduce those levels after 48 h of exposure and had
no significant effect after 72 h. The direct protective antioxidant effect of our cerium oxide NPs on
ROS-induced cell cultures was more effective (leading to higher significative ROS-level fold change
decrease after oxidative stress induction) and in shorter times (3 h vs 24 h NPs exposure pre-
induction treatment) at the same concentration than that of 5-8 nm size cerium oxide nanoparticles
tested on cardiac progenitor cells (Pagliari et al., 2012), In addition to their direct therapeutic anti-
oxidant effect, the co-adjuvant use of antioxidant cerium nanoparticles can be beneficial to control
the secondary effects of chemotherapy, as they protect normal cells indirectly by priming cells to
respond to ROS insult or directly by scavenging cellular ROS. Meanwhile, they can be detrimental
to cancer cells by inhibiting their ROS-induced-invasion ability and sensitising them for radiother-
apy (Hafeli, 2004) as described by Madero-Visbal et al. in mice (Madero-Visbal et al., 2012).
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When bigger sizes, metallic composition and fluorescent properties are incorporated into the ENMs
design, like the SiNPs or MPNDs used in chapter 2 and 3, the investigation of their interaction with
cells was inevitably linked to visualisation techniques. This, was the main point to develop in the
second chapter's workflow, based on the 'seeing is believing' principle when investigating SiNPs-
cell interactions. These properties (presence of metals or fluorescence) allow direct inspection
through microscopy techniques and quantification based on the optical properties of the signal
detected by fluorescence and reflection imaging.

Commonly used techniques to assess NPs internalisation are CLSM and flow cytometry, the later
allowing for big population analysis. Despite the advantages of having reporter fluorescent probes
within the NPs design, several limitations arise when experimenting with this kind of NPs and the
quantification of their analysis. First, the size of the NPs can be a limitation when visualising and
quantifying their interaction with cells. Most commonly available microscopes at the cell culture
laboratories (epifluorescence) lack enough resolution to resolve small sized NPs within the na-
noscale. Second, in internalisation and localisation experiments, the kind of signal detected and
reported through microscopy techniques like CLSM must be corrected and restored considering
the diffraction within the sample, mounting media, the microscope's optical components and the
imaging properties. Failing to restore the signal will draw estimation errors as reported by Land-
mann et al. (Landmann, 2002). Moreover, the segmentation of single cells by staining of structures
like the plasma membrane or the actin cytoskeleton is vital for the correct identification of the NPs
within the cell limits and accurate uptake determination. Lastly, fluorescence can be easily
quenched by other materials and probes around the embedded fluorescent molecules within the
NPs design. That is, if the ENMs are functionalised with surface modifications such as the addition
of additional fluorescent reporters, covalent attachment of macromolecules or sputtering of metals
over their fluorescent cores, the photons emitted by the fluorescent reporters when excited could
trigger an excitation of other compounds and molecules within the design, leading to a decreased
fluorescent signal in the donor's fluorescent reporter (Gubala et al., 2020). This can be critical in
quantification experiments that depend solely on fluorescence signal determination and should be
taken in consideration when discussing the obtained results. Flow cytometry data analysis, despite
providing the ability to extract information from large populations to evaluate internalisation, has
been pointed to have several drawbacks. The first one is differentiating if the detected signal comes
from inside the cell or from NPs bound to the plasma membrane. The following is the data that can
be extracted from these analyses, as the percentage of positive cells for internalisation calculated
by setting up a threshold gives no indication about the actual number of particles that are inside of
the cells. Their mean fluorescence intensity information calculates these parameters for the whole
population, and despite the single-cell nature of the technique does not accurately distinguish be-
tween cells that have a high number of NPs internalised or the ones that have very few. It also

assumes that the intensity values of NPs will not change depending on intracellular parameters like
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the local environment, especially the pH(Han & Burgess, 2010), granularity and intracellular com-
pounds or the presence of other markers that could diminish the detection or quench the signal
(FitzGerald & Johnston, 2021). Moreover, it lacks precise localisation information. We propose this
method as an essential analysis for determining how cells internalise NPs in a semi-quantitative
manner as long as it has been previously demonstrated by SEM that no NPs remain bound to the
cell membrane once cells have been trypsinised before their analysis. This provides complementary
data on internalisation that can be later expanded using precise quantitative internalisation, co-
localisation and intracellular fate methods by CLSM analyses as proposed in chapters 2 and 3.

Regarding the conclusions that can be extracted from NPs visualisation in CLSM and other micros-
copy techniques, it is usually observed in literature that the data obtained from this kind of analyses
are often used as proof of internalisation and interaction with cells but are often reported as merely
informative in a qualitative or semi-quantitative manner (Cheng et al., 2015; Hesler et al., 2019; Hill
et al., 2015; Hou et al., 2014; Rothen-Rutishauser et al., 2014; Y. Wang et al., 2016). This leads to
a superficial analysis and results in conclusions by mere extrapolation that could be biased or in-
accurate. It was our goal to provide a new way to process and analyse CLSM-obtained data, using
precise data interpretation to provide a quantitative approach by single cell volumetric analysis
within the nanoscale. Taking advantage of the volumetric information of the obtained datasets we
were able to extract precise quantifiable single-cell internalisation information at a high resolution
and provide localisation analyses within a single experiment. This level of detail when analysing
internalisation and co-localisation in mammalian cell cultures at single-cell level and precise nano-
metric resolution has unprecedented records in literature. A previous article (Torrano et al., 2013)
that used a similar method when quantifying nanoparticles (silica and cerium) at the nanoscale used
a similar approach in terms of single-cell segmentation. Despite that, Torrano et al. method is based
on fluorescence determination and calibration, and the extrapolation of the results of this calibration
using different instruments on the data obtained. This procedure, despite having a similar resolution
(lower in the z-axis) and procedure for the segmentation of single cells, could be affected by
quenching happening within the samples, and therefore the determination of NPs aggregates of
more than 5 NPs is described as limited by this effect (Torrano et al., 2013). Moreover, it is a method
limited to two signals analyses and this is a limitation when trying to add more information on the
localisation of the NPs with other sub-cellular structures and compartments. The quenching of the
intensity of the NPs used in their work, and the inability to see any quenching effect when they
performed a test on the quenching phenomenon using trypan blue is only valid to test the quench-
ing efficacy of dyes that can't permeate the cell membrane (like trypan blue on healthy live cells),
but won't be applicable on dyes in close contact with the fluorochromes of NPs in protocols such
as co-localisation experiments, were structures in close contact with the internalised NPs are
stained with other fluorochromes that could interfere with the NPs signal (FitzGerald & Johnston,

2021). Our method brings spatial resolution that allows for intracellular distribution and localisation
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determination at a high level of resolution. The signal detected and quantified is accurate as the
datasets are deconvolved prior to quantification. This deconvolution uses GPU power making it
faster than other methods reported (Haase et al., 2020). It is also based on 3D object detection
using GPU powered algorithms (that make analyses faster than CPU methods) and provides the
possibility to analyse sub-cellular localisation of the data thanks to the addition of more immuno-
fluorescence detection channels. The sample size for the presented study for the determination of
internalisation and co-localisation of SiNPs within the nanoscale in cells is also bigger than those
observed in literature using CLSM (Johnston et al., 2010; Schweiger et al., 2012). Moreover, our
method doesn't require a calibration based on fluorescence. This is an advantage taking in consid-
eration that fluorescence detection could fluctuate between instruments, the self-quenching of dyes
or the quenching depending on contact with other intracellular fluorescent probes, degradative in-
tracellular compounds, with metals from the ENMs functionalisation or because of aggregation, as
explained above.

In this sense, SiNPs proved to be excellent in providing information through the several methods
used for their investigation in characterising how distinct cell types behave under their exposure.
Their stability in storage and in biologically compatible conditions was excellent. Their fluorescent
cores provide a high-brightness signal that can be easily detected both through flow cytometry and
in common microscopy instruments, from the live cell epifluorescence microscope to the more
advanced CLSM microscopes once samples have been fixed, immunostained and processed for
CLSM investigation. They were also observable in SEM in contact to the cell plasma membrane at
the very first contact between SiNPs and the cells and proved to be non-toxic after compatible
cytotoxicity assays investigation. This leads to the conclusion that they are a good alternative to
investigate ENM-cell interaction and common biological processes such as the internalisation of
drugs and other molecules and their intracellular fate. The development of ENMs such as the SiNPs
we used, that are easily internalised into cancer cell lines and make them easily detected through
fluorescence and spectroscopic data, is contributing to new diagnostic and theranostic technolo-
gies that help to improve the accuracy of detection of cancer cells. Moreover, their use as a model
for the biological investigation of ENMs in mammalian cells, provides data identifying the mecha-
nisms responsible for the biological responses observed after NPs exposure related to their physi-
cochemical characteristics and therapeutic effect. Through the analyses from a cellular perspective,
scientists are able to understand their interaction with low complexity biological systems and pre-
dict their in vivo behaviour, getting closer to optimise their design towards low-toxic and safe na-
nomaterials for human use. The single-cell evaluation of NP internalisation, localisation and intra-
cellular fate over-time expands the knowledgebase of the mechanistic effects of inorganic nano-
particles in vitro and their effective cellular dosage and effects.

For the last chapter of the thesis, we evaluated the therapeutic potential of MPNDs to kill cancer

cells. We tested the biointeraction of MPNDs with a human cervical adenocarcinoma (HeLa cell

153



line) and breast epithelial cell lines, the tumoral SKBR3 and the non-tumoral MCF10a. To harvest
the potential therapeutic effect of these NPs, cell cultures were treated with a 1064 nm wavelength
laser that triggers hyperthermia due to the plasmonic properties of MPNDs. MPNDs present two
different layers on the semi-shell structure, the gold that confers de plasmonic properties and the
iron oxide layer that allows their concentration using neodymium magnets and their hyperthermia
effect that can be triggered when an alternating magnetic field is applied (Li et al., 2018). The results
obtained prove that the magnetically-driven internalisation of MPNDs results in specific intracellular
fate within the endosomes after magnetic actuation, a proof of the active endocytic mechanisms
involved in their internalisation and are in accordance with other studies. That is, magnetically driven
local delivery of drug-loaded nanoparticles to tumours has been reported both experimentally(Alex-
iou et al., 2000) and clinically(Lemke et al., 2004; Libbe et al., 1996) using direct positioning of a
fixed magnet over the targeting site for localisation. In most cases, the magnetic drug targeting/de-
livery is accomplished upon the application of an external magnetic field from electromagnetic coils
(Hoshiar et al., 2017) or various types of permanent magnets (Carenza et al., 2014; Li et al., 2018).
The magnet geometry and tumour-magnet distance can be of crucial importance for the effective
magnetic drug delivery (Shamsi et al., 2018), by generating a magnetic field strong enough and with
a field gradient deep enough to magnetise the magnetic NPs as deep as possible inside the tissue
to treat. Thus, the importance of proving that ENMs have a strong magnetic moment (both for MRI
qualities and targeting purposes) and the application of targeting actuators within the tumour by
locating the magnetic field in the tumour region (for superficial tumours) or the installation of mag-
netic implants within deep-tissue tumours (Price et al., 2018). The ability to concentrate magnetic
NPs in flow conditions (Matuszak et al., 2015; Nguyen et al., 2020; Sanz-Ortega et al., 2019;
Tapeinos et al., 2019) was previously described in literature, specially using in vitro phantoms (Cao
et al., 2012; Radon et al., 2015) but its effect on the internalisation and localisation have not been
previously quantified at a single-cell level. The effects of magnetic field actuation on internalisation
in mammalian cells have been previously reported by means of 2D whole-field fluorescence inten-
sity analysis(MacDonald et al., 2012) or by evaluation of the iron content by direct analyte detection
an spectroscopy methods (ICP-MS, ICP-AES or H-NMR spectroscopy) by quantification of whole
population lysates(Gunn et al., 2009). The investigation of whether this internalisation process is a
result of force-driven processes due to magnetic forces applied to the magnetic NPs solely or in
combination with the active uptake processes involved in endocytic pathways to enter the cell was
tested by MacDonald et al. (Sensenig et al., 2012). In their work, after treating bovine aortic endo-
thelial cells with cytochalasin-D (a cell permeable inhibitor of actin polymerisation resulting in phag-
ocytosis inhibition), magnetic nanoparticle uptake was significantly decreased in cultures with (up
to 3.6 times less) and without magnetic actuation (up to 10 times less) when compared to cyto-

chalasin-D-free cell cultures(MacDonald et al., 2012). The results described after affecting a com-
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mon endocytic pathway depending on cytoskeletal reorganisation and actin polymerisation, high-
light the importance of the active role of the cell in the internalisation and transportation systems
for the uptake of magnetic NPs by the cell despite magnetic actuation forces.

It is also worth mentioning, that the magnetic arrest in fluidic conditions and its effects on internal-
isation and localisation on cell cultures is vaguely described in literature and is rarely quantified. For
example, Matuszak et al. (Matuszak et al., 2015) tested SPIONs internalisation in endothelial cells
by optical microscopy, but didn’t perform a quantification of the number of NPs internalised. Ac-
cording to our results, magnetic actuation affects drastically the uptake and internalisation in epi-
thelial breast cells, being almost zero when there was no magnetic concentration. Tapeinos et al.
performed a similar study replicating the blood-brain barrier conditions using two different cell lines
and testing the magnetic arrest, internalisation and crossing efficiency of magnetic nanocubes un-
der flow conditions and static magnetic field actuation (Tapeinos et al., 2019). Similarly to our ob-
tained results, magnetic actuation produced and arrest that led to a higher presence of magnetic
NPs within the cells after short incubation times. This increase in internalisation was qualitatively
shown in images, and the localisation within the endolysosomal system was not analysed, contrary
to our study, Moreover, the data obtained was not quantified at a single cell-level as it was done
with the MPNDs we tested in chapter 3. This leads to the conclusion that the magnetically-targeted
administration of MPNDs to tumours is effective and lead to great internalisation and effective ther-
apeutic results. Despite the internalisation was greatly affected by the magnetic concentration of
MPNDs in fluidic conditions, a lot of the MPNDs remain outside the cells forming chain-like struc-
tures in close contact with the plasma membrane and their surrounding ECM. These structures,
could be beneficial when targeting the tumour microenvironment rich in proteins and glycoproteins
and collagen fibres that prevent the specific interaction of MPNDs or other synergistic treatments
with the tumoral cells. Their presence within the tumour ECM could lead to a hyperthermia-triggered
'solubilisation' of dense protein and collagen fibres that contribute to the tumours self-protective
environment (Kolosnjaj-Tabi et al., 2017; Piehler et al., 2020), helping targeted therapeutics reach
their destination.

In terms of hyperthermia efficiency, MPNDs showed good hyperthermia inducing properties once
exposed to the 1064 nm wavelength laser for 15 min or 5 min, at a low concentration 10 pg/mL and
short MPNDs incubation times (3 h) even after rinsing, especially in the more sensitive SKBR-3 cell
line. Other magnetic NPs based on iron oxides showed good hyperthermia efficiency when mag-
netic hyperthermia was triggered using an alternating magnetic field, but only when no rinsing was
performed in human osteosarcoma cells (R. Wang et al., 2020), proving the effect of locally-induced
heat production and the effects on cell membrane of bound and extracellular but close NPs in
generating heat damage. Apart from the differential sensitivity of SKBR-3 at low hyperthermia con-

ditions (5 min exposure to laser), we described that the cell death induced in this tumoral cell line
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is apoptosis, a regulated cell death pathway dependant on caspase-3 activity activation, as previ-
ously described in literature by other magnetic NPs and triggers (Beola et al., 2020; Prasad et al.,
2007; Shetake et al., 2015; Yoo et al., 2012). The activation of regulated cell death mechanisms is
beneficial for the therapeutic outcome of the therapy per se, but also because it lowers side-effects

related to uncontrolled cell death induction within the tumour and surrounding areas.

Moreover, the ability to manipulate and target tumours and cells with magnetic NPs by applying an
external magnetic field has been explored for the last three decades, but the precise nanoscopic
volumetric analysis of how this manipulation affects the retention and intracellular fate of MPNDs
in human cells at a single-cell level has never been described before. The precise visualisation and
quantification of these data allows for better interpretation on the behaviour of MPNDs in biological
conditions, under magnetic actuation and their effects on extracellular and intracellular potential
targets. This will allow for a better identification of the mechanisms involved in hyperthermia-derived

damage and the mechanisms by which the treatment is effective at impairing tumour progression.

Overall, the advances presented in this thesis will help future generations of scientist to navigate
the questions that arise from the interrogation of how ENMs and cells interact. It will lead to better
interpretation of results obtained in terms of viability and internalisation experiments in the biologi-
cal characterisation workflow. The results obtained using cerium oxide NPs showed that NPs can
be a great therapeutic alternative to revert oxidative stress in cell cultures solving common antiox-
idant drawbacks like their low solubility and bioavailability of potential reactive sites when delivered
to the cells. Cerium oxide NPs provide a colloidal suspension solution that delivers efficiently stable
and reversible redox capabilities to modulate the oxidative stress rapidly and reversibly, ensuring a
long-lasting antioxidant function compared to free antioxidant molecules. The evaluation of NP in-
ternalisation, localisation and intracellular fate at the nanoscale using SiNPs and MPNDs expands
our knowledgebase of the mechanistic effects of inorganic nanoparticles in vitro and the effects of
dosage in terms of concentration and exposure time at a single-cell level. It also allows us to identify
the potential differences between cell lines and how treatments can have very different potential
effects depending on the cell line used to analyse the therapeutic effect of ENMs. We believe our
results can contribute from a methodological perspective to guide further experiments in the direc-
tion of highly quantitative and reproducible in vitro data analysis. It also highlights the hyperthermia
sensitivity of two different cell lines, SKBR3 and MCF10a and how differences in hyperthermia-
triggered treatment can lead to differential regulated cell death activation in tumoral cells. The pre-
sent study highlighted the importance to precisely adapt the NPs and hyperthermia trigger treat-
ment to induce a regulated cell-death to effectively treat cancer cells, without compromising normal
ones. Thanks to the calibration between effective NP/cell ratio, exposure time, internalisation en-

hancements by magnetic concentration and duration of the laser irradiation treatment we have been
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able to modulate the hyperthermia effect of MPNDs in order to reduce the uncontrolled cell death

induction that would lead to strong side-effects in their potential use for tumour ablation.
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5 Conclusions

1. Cerium oxide NPs (CeO. NPs) were non-toxic at low concentrations (5 and 10 yg/mL). Their
bioapplication and efficiency as antioxidants was demonstrated, as they were able to revert up
to a 23% the oxidative stress level in ROS-induced human cervical adenocarcinoma cells at 25

ug/mL CeO. NPs at a similar efficiency than commercial products.

2. Internalisation of silicon dioxide NPs (SiNPs) is detected after 20 min of incubation reaching a
plateau after 1 h of incubation, in HeLa and Caco-2 cells, according to flow cytometry results.
They were non-toxic at 50 yg/mL after 1 h exposure with no effects on viability and progression

up to 7 days post-incubation time.

3. The development of a single-cell semi-automatic segmentation and deconvolution procedure of
CLSM data and their analysis allows to accurately quantify differences in the number of NP per
cell due to time exposure (1 or 3 h) as well as to differentiate the intracellular fate in HeLa cells
incubated with 50 pyg/mL SiNPs.

4. Gold and Iron magnetoplasmonic nanodomes (MPNDs) were non-toxic to SKBR3 and MCF10a
cell lines. Magnetic actuation proved to concentrate MPNDs and increased their cell internalisa-

tion using short incubation times (30 min).

5. The efficiency to arrest MPNDs using a magnetic field and enhance their internalisation in dy-
namic conditions was demonstrated both in MCF10a and SKBRS cells, especially in the later as

they internalise MPNDs more efficiently in such conditions.

6. Hyperthermia was achieved in MPNDs-incubated cell cultures using a 1064 nm NIR laser at 10
pg/mL concentration. SKBR3 showed higher mortality and therefore differential sensitivity to 5
min laser irradiation compared to the MCF10a non-tumoral cell line. Differential activation of the
caspase 3 by 5 min laser irradiation proved that SKBR3 cells are progressing into apoptosis
while MCF10a are not affected by the treatment. Longer exposure to the laser increased the

effects in cell viability in MCF10a, the non-tumoral cell line.
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