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Resumo

A resisténcia bacteriana aos antibioticos € atualmente uma grande preocupacdo em todo o
mundo, sendo os biofilmes da bactéria Gram-positiva Staphylococcus aureus um dos mais
resistentes e também uma das causas mais comuns de infe¢des bacterianas humanas. Nesse
contexto, estdao a ser amplamente desenvolvidas alternativas as terapias convencionais e as
metodologias de screening mais rentaveis. Em particular, abordagens baseadas na
nanotecnologia estdao a comecar a fornecer estratégias eficientes para combater infecdes
bacterianas. Algumas nanoparticulas ja se mostraram eficazes como agentes antimicrobianos e
na diminuicdo do desenvolvimento de resisténcia bacteriana. Em particular, nanoparticulas
superparamagnéticas de oxido de ferro (SPIONs) mostraram recentemente propriedades
antibacterianas por meio de hipertermia magnética. No entanto, uma vez que os SPIONs sao
muito pequenos em tamanho e tendem a agregar-se, efeitos toxicos (como obstrucdo dos vasos
sanguineos e acumulacdo em varios sistemas do corpo) representam uma desvantagem
importante destas particulas. Deste modo, a sua combinacdo com outras nanoparticulas -
sistemas hibridos - pode ser uma alternativa promissora. Por outro lado, existe a necessidade
de um screening mais eficaz de novas moléculas e nanossistemas. Os estudos de interacao com
bactérias sdao demorados e muitas vezes requerem condicdes especiais de trabalho. Nesse
sentido, a nanotecnologia esta também a ser explorada, através do desenvolvimento de
sistemas miméticos da membrana bacteriana capazes de mimetizar a membrana externa das
bactérias e estudar a sua interacdo com potenciais moléculas e sistemas terapéuticos. Entre
eles, as vesiculas unilamelares gigantes (GUVs) tém um papel fundamental.

Neste contexto, o plano de trabalhos iniciou-se com o desenvolvimento, otimizacao e
caracterizacdo de lipossomas fusogénicos carregados com SPIONs (magnetolipossomas
PEGuilados) com carateristicas adequadas para administracao intravenosa, usando um desenho
experimental do tipo Box-Behnken. A caracterizacao incluiu o tamanho, a polidispersao e a
determinacao da quantidade de SPIONS encapsulados. A formulacao otimizada foi obtida para
uma concentracao lipidica de 30 mM utilizando 0,5 minutos de tempo de sonicacao e 1,5 mL
de SPIONs, tendo-se obtido resultados de caracterizacao de acordo com as previsoes do modelo
matematico. Posteriormente, GUVs com caracteristicas similares a membrana da S. aureus
foram desenvolvidos e preparados através de um processo de eletroformacdo. A capacidade
fusogénica dos lipossomas magnéticos desenvolvidos foi avaliada, utilizando o modelo dos GUVs
através de microscopia de fluorescéncia e lipossomas constituidos por 1,2-dimiristoil-sn-
glicero-3-fosforilglicerol (DMPG) para ensaios de transferéncia de energia de ressonancia

Forster (FRET). A capacidade fusogénica foi verificada com ambos os modelos: com os



lipossomas, obteve-se uma eficiéncia FRET de 26,5%; com os GUVs, a fusdo foi observada
através da combinacdo de imagens de canais diferentes (FITC e TRITC), um para os GUVs e
outro para os magnetolipossomas (com NBD e rodamina respetivamente, dois marcadores de

fluorescéncia com diferentes espectros de excitacao e emissao).



Abstract

Bacterial resistance to antibiotics is nowadays a major concern worldwide, with Gram-positive
bacterium Staphylococcus aureus biofilms among the most resistant and also one of the most
common causes of human bacterial infections. In this context, alternatives to conventional
therapies and high-throughput screening methodologies are being widely researched. In
particular, nanotechnology-based approaches are starting to provide efficient strategies to
combat bacterial infections. Some nanoparticles have already shown effective as antimicrobial
agents and to decrease the development of bacterial resistance. In particular,
superparamagnetic iron oxide nanoparticles (SPIONs) have recently showed antibacterial
properties through magnetic hyperthermia. Nonetheless, since SPIONs are very small in size
and tend to aggregate, toxic effects (such as obstruction of blood vessels and sequestration in
several body systems) represent an important drawback of these particles. Thereby, their
combination with other nanoparticles - hybrid systems - may be a promising alternative. On
another hand, there is a need for a more effective screening of new molecules and
nanosystems. Interaction studies with bacteria are time consuming and many times require
special work conditions. In this sense, nanotechnology is also being exploited, through the
development of bacterial membrane mimetic systems able to mimic the outer membrane of
bacteria and study their interaction with potential therapeutic molecules and systems. Among
them, giant unilamellar vesicles (GUVs) have a pivotal role.

In this context, the work plan started with the development, optimization and
characterization of fusogenic liposomes loading SPIONs (PEGylated magnetoliposomes) with
suitable features for intravenous administration using a Box-Behnken design. The
characterization included size, polidispersity and the determination of the amount of loaded
SPIONS. The optimized formulation was obtained for a lipid concentration of 30 mM using 0.5
minutes of sonication time and 1.5 mL of SPIONs, with the characterization results in agreement
with the mathematic model predictions. Afterwards, GUVs resembling the S. aureus membrane
were developed and prepared through an electroformation process and the fusogenic capacity
of the developed magnetic liposomes was evaluated, using the GUVs model through
fluorescence microscopy and using 1,2-dimyristoyl-sn-glycero-3-phosphorylglycerol (DMPG)
liposomes for Forster resonance energy transfer (FRET) assays. The fusogenic capacity was
verified with both models: with liposomes, a FRET efficiency of 26,5% was obtained; with GUVs,
the fusion was observable by merging images from different channels (FITC and TRITC), one for
the GUVs and the other for the magnetoliposomes (with NBD and rhodamine respectively, two

fluorescence dyes with different excitation and emission spectrums).
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Bacterial Infection

Chapter 1

Bacterial Infections

The increasing investigation and development of new nanotechnologies over the last years has
enhanced their potential applications within biomedical sciences, with a major focus in
targeted drug delivery systems, theranostics applications and new therapeutics, such as for the
control of infectious diseases. In the past decades, antibiotic resistance has become a major
concern for the medical community and a rising issue for the public health in general, following
the prevalent use of antibiotics all around the globe, often poorly controlled (Labruére et al.,
2019). An example is the bacteria Staphylococcus aureus, a human pathogenic agent with
already several known resistant strains: the two most common are the methicillin-resistant S.
aureus and vancomycin-resistant S. aureus. Additionally, in response to aggressive conditions,
S. aureus can form biofilms, bacterial communities typically wrapped in self-produced
extracellular polymeric substances (EPS), decreasing the susceptibility to both antibiotics and
the immune system (Archer et al., 2011). A small overview focused on S. aureus biofilms will
be provided below, while the nano approaches for its treatment will be addressed in the

following chapter.

1.1. Staphylococcus Aureus

With a gram-positive coccus, S. aureus is a non-motile and non-spore forming bacteria,

belonging to the Micrococcaceae family. It is a facultative anaerobe bacterium, however, it
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presents a better development under aerobic conditions (Kanafani and Fowler, 2006). The
human host is one of the many species that S. aureus has adapted to, with the transmission
through organisms occurring upon contact, either by skin-to-skin contact or contaminated
object-skin contact, or through coughing and sneezing. Although a representative percentage
of the population are healthy carriers of S. aureus, there is a potential hazard associated with
the penetration of this bacterium through the epithelial and mucosa layers. Hence, it can reach
the bloodstream and lead to severe infections in the bone, brain, blood and other organs,
where S. aureus can release lethal toxins, such as a-, B-, y-, and &-toxins and enterotoxins
(Labruére et al., 2019).

Due to S. aureus portfolio full of possible infections, numerous antibiotics were
developed in the last century, where penicillin and methicillin (a penicillin analogue) found a
major role (Labruére et al., 2019). However, the extensive and under controlled use of such
antibacterial agents led to the appearance of S. aureus strains that acquired genes for drug
resistance. Methicillin-resistant S. aureus (MRSA) is the most common example of antibiotic-
resistant strain in these bacteria, with vancomycin, linezolid and daptomycin as some of the
antibiotics used against it. Yet, resistant S. aureus against those were already identified (Gu
et al., 2013; Mcguinness et al., 2017; Sabat et al., 2018). Moreover, the majority of antibiotics
struggle to reach the infection site across several possible locations of S. aureus, including the
fatty tissue and the surfaces of bone and implanted devices (Labruére et al., 2019). Another
limitation to the effectiveness of antibiotics is the formation of biofilms.

By definition, bacterial biofilm is a complex and differentiated community of bacteria,
attached to an inert or biological surface and to each other and embedded in a matrix of self-
produced EPS (Archer et al., 2011). The bacterial cell cluster forming the biofilm, so-called
sessile cells, display an altered phenotype, affecting their growth, gene expression and protein
production. Additionally, the thickness can range from a singular layer to complex multilayer
domains. Structurally, biofilms can be divided based on the cell activity, with the majority of
cells located on inner layers, characterized by an anoxic environment where cells adopt a
dormant state. In the surface, cells remain metabolically active. Depending on the nutrient
source, biofilm growth can be mushroom or flat-shaped (Hall-Stoodley et al., 2004).
Additionally, bacteria can communicate between each other, in a process called quorum
sensing, strengthening the cooperation in response to hostile environments. Thus, treating
biofilm infections presents several complications, facing substantial resistance to antibiotics
coupled with high evasiveness to the immune system. The combination of these two adversities
rises the morbidity and mortality of chronic infections caused by biofilms (Forier et al., 2014).
Different mechanisms of antimicrobial resistance were already proposed, such as limited
diffusion into the matrix, antimicrobial agent deactivation through binding with matrix
components or due to the development of dormant persister cells as examples (Forier et al.,
2014; Lister and Horswill, 2014).
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S. aureus is a major biofilm-producing pathogen, associated with serious chronic
infections. The matrix is predominantly composed of polysaccharide intercellular adhesin
(PIA), a polymer with a noteworthy impact on the architectural integrity of the biofilm, also
found in biofilms of S. epidermidis (Lister and Horswill, 2014). It is also known as polymeric N-
acetyl-glucosamine (PNAG) and the enzymes responsible for its production are encoded in the
icaADBC locus. Besides PIA, the matrix is also composed of host factors, secreted and lysis-
derived proteins and extracellular DNA (eDNA), where the impact of each factor depends
heavily on the environment and the specific S. aureus strain in question (Lister and Horswill,
2014). Regarding the stages of development, S. aureus biofilms have a similar pathway as other
bacterial species, following a three-steps sequence - attachment, maturation and dispersion,
with subphases in between. Initially, a planktonic cell needs to attach to a surface, a procedure
mediated by microbial surface components recognizing adhesive matrix molecules (MSCRAMMs)
in biotic surfaces or driven by hydrophobic, electrostatic and Van der Waals interactions in
abiotic surfaces (Mohammed et al., 2018; Moormeier and Bayles, 2017). These MSCRAMMs
promote intercellular binding shortly after initial attachment, leading to a multiplication
period, characterized by a progressive proliferation of the biofilm. Before the maturation step,
an early dispersal event occurs via a nuclease-dependent degradation of eDNA - a process not
fully understood called “exodus”. It allows the formation of three-dimensional microcolonies,
functioning as a base for the maturation step. The final step is the biofilm dispersion, finding
new invasive phases to initiate new planktonic attachments and the development of more
biofilms (Moormeier and Bayles, 2017). The preferred dispersal mechanism used by S. aureus
is the production of enzymes and surfactants to disrupt the EPS matrix, with the effectiveness
depending on the specific composition of the strain. The most common enzymatic dispersal
mechanisms are mediated by proteases, nucleases and dispersin-B (Lister and Horswill, 2014).
Moreover, several dispersal mechanisms have been linked with the agr quorum sensing system,
which plays a role on the production of dispersal-mediating proteases and induces the
expression of both proteases and phenol-soluble modulins (PSMs). These surfactant peptides,
already proven to be effective in the dispersion of S. aureus biofilms (Lister and Horswill, 2014).

Biofilms remain linked with a substantial burden to the healthcare system, commonly
associated with various medical devices and human chronic infections (Pinto et al., 2020; Del
Pozo 2018). With all the resistances acquired, S. aureus biofilms are one of the most prevailing,
on both categories. Countless strategies to overcome the formation and proliferation of
biofilms were already studied, with the novel strategies currently focused on the EPS matrix as
a barrier to overcome through the use of matrix disruptive agents (Pinto et al., 2020). Here,
the biofilm dispersal agents are reversed against itself, engineered to be used for the biofilm
disassembly, with enzymes and mucolytic agents as the main strategies. Additionally,
nanosystems can also be used as a twofold strategy, in both targeting and disruption of the

matrix. Gold nanoparticles (NPs), positively charged lipids and polymeric-based NPs already
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proved to be effective against biofilms. For example, Hasan et al. (2019) developed polymeric
NPs capable of binding to the biofilm matrix to facilitate nitric oxide delivery to MRSA biofilm-
infected diabetic wounds (Hasan et al., 2019). Pinto et al. (2019) explored the impact of
several nanosystems in S. aureus biofilm treatment, reporting an extraordinary amount of
nanoformulations already developed as an attempt to eradicate S. aureus biofilms (Pinto et
al., 2019). In addition to lipid and polymeric-based NPs, quantum dots, metallic and silica-
based nanosystem were also stated.

Recently, innovative technologies for biofilm physical removal were proposed,
primarily focused on the application of magnetic fields combined with NPs, photodynamic
therapy, ultrasounds and laser-induced microbubbles. Pinto, Soares and colleagues (2020)
published a review on these topics, highlighting the bacteria strain used in each experiment,
with a higher focus on S. aureus and MRSA strains (Pinto et al., 2020). All the recent therapies

mentioned before are illustrated in Figure 1.
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Figure 1 - Innovative strategies for biofilm eradication through matrix disruption. Reproduced with
permission from the authors (Pinto et al., 2019)

Herewith, the next chapter will provide an overview on a specific nano approach for
biofilm disruption, resulting from the combination of liposomes as the nanocarrier, loaded with

iron oxide nanoparticles.
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Chapter 2

Nanossystems as a Solution

The urgent need for innovative strategies able to fight the resistance that many pathogenic
bacteria acquired against the most commonly used antibiotics, led to several possible
approaches proposed, but one of them is gaining considerable attention. The research for
nanomedicines, more precisely based on lipid and polymer nanoparticles, has seen the number
of publications sharply increase over the last decade, with various desirable properties on their
side. Specifically, lipid based nanoparticles can deliver antimicrobial agents directly to the
bacterial cell, by fusing with their outer membrane, thus maximizing the therapeutic effect
(Forier et al., 2014). This nanotechnology approach, combined with metal nanoparticles such
as superparamagnetic iron oxide nanoparticles (SPIONs), represents a solid strategy against the

increasing antibiotic resistance of bacteria, and will be further discussed below.

2.1. Liposomes

In 1963, Alec Bangham was able to obtain a “spontaneous formation of unlimited closed
membrane (‘smectic mesophases’)”. Two years later, he established the major properties of
the ‘smectic mesophases’ as a cell membrane model. From that moment onwards, this model
was called liposome (LP) (Bangham, 1993).

LPs can be defined as sphere-shaped phospholipid-based vesicles composed by one or

more phospholipidic double layers concentrically arranged around an aqueous core. Size-wise,
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these nanocarriers can range from incredible small vesicles (0.025 pm) (Akbarzadeh et al.,
2013) to amazingly large ones (up to 200 ym) (Dimova and Marques et al., 2012). Based on their
number of bilayers, liposomes have two classifications: multilamellar vesicles (MLVs) and
unilamellar vesicles. The last can be classified regarding size, with vesicles under 100 nm called
small unilamellar vesicles (SUVs), between 100 nm and 1 pm called large unilamellar vesicles
(LUVs) and above 1 pm called giant unilamellar vesicles (GUVs).

LPs possess several advantages that justifies their title as the main delivery nanosystem
in cosmetics and pharmaceutical industries. Their size and structure allows both hydrophobic
and hydrophilic drugs to be encapsulated into the phospholipid bilayer and the aqueous core
respectively, while the bilayer composition regulates charge, rigidity and fluidity of the cell-
like membrane. Moreover, LPs present high biocompatibility, low immunogenicity, flexibility,
biodegradability, reduce drug toxicity, increase efficiency, stability and ensures protection for
the drug or active biomolecule (Akbarzadeh et al., 2013). In order to maximize the efficacy of
LPs for each specific application, their physiochemical properties can be modified. Besides the
ones already addressed, the pH and temperature sensitivity also have a significant role (Drulis-
Kawa and Dorotkiewicz-Jach, 2010).

There are several methods already well established to prepare these vesicles, but the
core is the same to all: after drying down the lipids from an organic solvent, they are dispersed
in an aqueous media, purified and then analyzed. The most common methods can be divided
between mechanical dispersion, solvent dispersion and detergent removal (Akbarzadeh et al.,
2013).

As referred before, drug resistance amongst bacterial pathogens is a serious problem
restringing the traditional therapies, and LPs are the most widely used nanocarrier for
antimicrobial drug delivery. The interaction with the cell membrane, either by a mediated or
passive fusion process, allows a direct delivery of the drug into the membrane of the target,
which may reduce the amount of antimicrobial drug required to maximize the therapeutic

effect. These LPs can be called fusogenic liposomes and will be addressed below.

2.1.1. Fusogenic Liposomes

Fusogenic liposomes are traditional LPs with two unique features: not only they present a more
fluid lipid bilayer but, with the right lipids chosen for the assembly, can also promote the
disruption of biological membranes. Thus, a more direct drug deliver into cells is accomplished,
reducing unwanted interactions with the environment around the target (Forier et al., 2014;
Rukavina and Vanic, 2016).

The fluidity of fusogenic liposomes can be tweaked, depending on the lipids in play.

One example is the combination of cholesterol hemisuccinate (CHEMS) with 1,2-dioleoyl-sn-
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glycero-3-phosphoethanolamine (DOPE)(Scriboni et al., 2019), used alone or with other
phospholipids. Due to the DOPE acyl chains based on oleic acid, its main phase transition
temperature (Ty) is very low, thus dropping the overall Ty, of the obtained liposome. Thereby,
these fusogenic liposomes tend to be in the liquid crystalline phase, allowing them to lose the
bilayer arrangement and fuse under some conditions, like acidic media or in the presence of
cations (Scriboni et al., 2019). Moreover, the Ty can be even lower, if the chosen phospholipids
have smaller acyl chains (Forier et al., 2014) However, Scriboni and co-workers reported that
the use of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was required for stabilization of
the lipid bilayer, as a consequence of the presence of DOPE, which promotes destabilization at
acidic pH (towards inverse hexagonal structures) (Scriboni et al., 2019).

In order to begin the fusion process between the liposomal membrane and the target
membrane, the vesicle needs to adhere or aggregate to the membrane. This is the first step
required and mediated by different interaction forces such as electrostatic interactions,
attractive Van der Waals interactions and hydration forces. Secondly, a small perturbation in
the site of interest of the lipid membrane occurs, due to the fluidity presented by the LP
membrane. With that, the outer monolayers begins to merge, and the fusion is completed after
the mixing of the inner content of the vesicles and their membranes. This procedure can be
accelerated with different fusogens, ranging from fatty substances like lysolecithin, to inert
biological elements such as metal ions. The fusion also depends on other aspects, like
temperature, pH, the surface charge and the size and constitution of both vesicles in play
(Wang et al., 2016).

The most widely used method for monitoring and quantifying membrane fusion is the
lipid-mixing assay, using a Forster resonance energy transfer (FRET) technique (Forier et al.,
2014). The most common labeled liposomes used are derivates of N-(lissamine rhodamine B
sulfonyl) (Rho) and N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD) - e.g. combined with 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) or DOPE - representing the acceptor and
donor fluorescence dyes, respectively (Kao et al., 2012; Lira et al., 2019; Wang et al., 2016).
The underlines of this procedure will be discussed later in the materials and methods chapter.
Additionally, there are less used techniques, like negative staining, fluorescence activated cell
sorter and immunoelectron microscopy (Rukavina and Vanic, 2016; Wang et al., 2016).
However, the lipid-mixing assay has proven to be more reliable, since it measures the distance
between the two fluorescent probes (one in the fusogenic liposome and the other in the
bacteria), while other methods evaluate vesicular aggregation (Wang et al., 2016).

Wang et al. (2016) have studied the mechanism of fusion between tobramycin-
encapsulated fusogenic liposomes (composed of DPPC/1,2-dimyristoyl-sn-glycero-3-
phosphorylglycerol [DMPG] 9:1) with different bacteria cells (P. aeruginosa, E. coli, B. cepacia,
S. maltophilia and S. aureus) and the different factors involved. The highest percentage of

fusion was obtained near the Ty of the fluid liposomes - 37°C - and with both low pH and high
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pH. Regarding the effect of various divalent cations in the medium, Fe?* presented the best
degree of fusion, followed by Mg?*, Ca?* and Ba?*, in that order. The authors had already studied
the influence of the size and demonstrated that fusion is not dependent on either liposomal
size or lamellarity, with same results across a wide range of diameters - 100 to 800 nm.
Additionally, the level of fusion was shown to be dependent on the membrane fluidity,
decreasing with the addition of cholesterol - responsible for perturbations in the fluid state -
while increasing with higher PE content in the outer membrane. However, the most important
identified factor in liposome-bacterial fusion was the nature of the bacterial membrane, with
gram-negative bacteria presenting superior degrees of fusion compared to gram-positive
bacteria. The bactericidal efficacy was also evaluated and compared to PBS and free
tobramycin, with the liposomal formulation having a quicker effect in the bacteria, which may
be justified by the fusion process. The tobramycin encapsulation efficiency was superior to 70%
for all the preparations (Wang et al., 2016).

A recent study from Scriboni and co-workers (2019) was aimed at studying different
vancomycin-encapsulated liposomal preparations and compare their in vitro antimicrobial
activity against S. aureus biofilms. Fusogenic liposomes of DOPE:DPPC:CHEMS (4:2:4) were
prepared following a composition already well-established in the literature (Nicolosi et al.
2010). The 50x MIC (Minimum Inhibitory Concentration) results demonstrated that fusogenic
liposomes encapsulated with vancomycin present better antimicrobial activity than cationic
liposomes, traditional liposomes and free vancomycin (Scriboni et al., 2019).

With several reports already published about the bactericidal effect of antibiotic-
encapsulated fusogenic liposomes, this method allows an effective drug delivery to bacterial
cells with increased contact between cell and antibiotic, and therefore a more efficient
antibacterial activity. Moreover, fusogenic LPs ensures protection of the antibiotic from
degrading enzymes. Yet, a new foe appeared when bacteria began to resist the most common
antibiotics and such resistance is improving fast. A possible solution may be combining
liposomes with magnetic nanoparticles, particularly superparamagnetic iron oxide
nanoparticles (SPIONs), to obtain promising multifunctional nano weapons against antibiotic-
resistant bacteria, presenting good biocompatibility and magnetic behavior as key properties.

These nanoformulations will be addressed in the next section.

2.2. SPIONs

The interest towards magnetic nanoparticles has been rising in the scientific community,
furthering several investigation areas such as biotechnology, biomedical, engineering, material
science and environment-focused research, each one facing their challenges (Akbarzadeh,

Samiei and Davaran, 2012). For biomedical uses, SPIONs remain as one of the most useful
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nanosystems. Here, the nature of the magnetic component, the size of the particles, the
coatings and the concentration strongly influence the NP’s toxicity and biocompatibility (M.
Mahmoudi et al., 2011).

In fact, the applied coating deeply influences the potential of these NPs, mainly for
biomedical applications. It acts as a shield for the magnetic particle from the surrounding
environment, reducing SPION’s agglomeration and increasing their stability. Also, an extra
functionalization, by adding biotin, avidin, carboxyl groups and other molecules, can increase
the direct targeting of these particles (M. Mahmoudi et al., 2011). Different coatings have
already been reported, from polyethylene glycol (PEG), polyvinyl pyrrolidine (PVP), polyvinyl
alcohol (PVA) and chitosan to other compounds such as silica and dextran. A common example
is dextran coating of SPIONs with cores between 3 to 6 nm for magnetic resonance imaging
(MRI), which have already originated commercial products like Feridex, Endorem, Combidex
and Sinerem (M. Mahmoudi et al., 2011). Additionally, SPIONS have also already been combined
with other nanoparticles, like liposomes, which will be discussed on a following section.

SPIONs are, by far, the most used NPs for biomedical applications - e.g. magnetite
(Fe;0,4), maghemite (y-Fe,0;) and hematite (a-Fe,0;) (Akbarzadeh et al., 2012). These
magnetic compounds present a magnetic behavior when an external magnetic field is applied,
but, once that field is removed, the particles no longer show magnetic interaction, due to their
reduced size and increased surface-to-volume ratio. This phenomenon is called

superparamagnetism.

2.2.1. Superparamagnetism

Using an external magnetic field combined with micron size magnetic ions was already
introduced in the past century (Freeman, Arrott and Watson, 1960), gathering considerable
attention for various targeted drug delivery applications. The concept was deeply exploited,
and nowadays magnetic NPs show remarkable properties, such as high field irreversibility, high
saturation field, extra anisotropy contributions, shifted loops after field cooling and the already
mentioned superparamagnetism (Akbarzadeh et al., 2012). When exposed to an external
magnetic field, the behavior of the most traditional magnetic materials (ferri- and
ferromagnetic) follows a hysteresis loop, which is defined by two parameters: coercivity (H.)
and remanence. The first one is strongly size-dependent and becomes zero when the size drops

below a certain diameter (dsp), as observable in Figure 2 (Koo et al., 2019).
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Figure 2 - Relation between coercivity (Hc) and particle diameter. Adapted from Koo et al., 2019

This phenomenon is the superparamagnetism, where thermal variations are strong
enough to demagnetize the particles previously magnetized with the external field, returning
them to a nonmagnetic state (Akbarzadeh et al., 2012). Thus, having nearly no hysteresis and
avoiding magnetism in the absence of external field (Figure 3). This property allows SPIONs to

be incredible particles for biological applications, from targeting drug delivery to MRI.

f

Figure 3 - Superparamagnetic particles magnetization (H) as a function of the applied magnetic
field(M) . Adapted from Majetich et al., 2013

The size of NPs is one of the most important features affecting the potential for
developing superparamagnetic properties. As the nanoparticle size is reduced, a diameter at
which the coercivity reaches the maximum value can be identified, where the magnetic
nanoparticles go from a multi-domain to a single-domain; from there, a small decrease can
result in the coercivity rapidly drop to zero (Figure 2). The nanoparticles became

superparamagnetic at that moment (Majetich et al., 2013).
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2.2.2. Hyperthermia

SPIONs already have a significant importance in several clinical applications, both diagnostics
and therapeutics. Recently, their potential as theranostic agents have also been addressed,
with cancer theranostic applications as one of the main focus for these NPs (Kandasamy et al.,
2018; Kandasamy and Maity, 2015; Musielak et al., 2019; Zhang and Song, 2017). Furthermore,
one of the two major areas of applications for SPIONs is MRI related applications, focusing on
cancer diagnosis and theranostics, with SPIONs as T2 MRI contrast agents (Guo et al., 2015;
Rost et al., 2020). Targeted drug delivery is the other major field of research for these
particles, with SPIONs-assisted drug delivery systems capable to deliver peptides, DNA
molecules and various drugs (such as chemotherapeutic and radioactive agents) (Mahmoudi et
al., 2011)). Other applications of multifunctional SPIONs include stem cell tracking, gene
delivery and hyperthermia (Mahmoudi et al., 2011). This last therapy holds a great potential
for cancer treatments and bacterial biofilm inactivation.

Hyperthermia therapy is defined as the elevation of the body temperature, carried out
by irradiation of light, electromagnetic waves or external medical devices (Kandasamy and
Maity, 2015). It can be divided into three categories: local, regional and whole-body
hyperthermia. Such temperature increase can lead to intracellular heat stress, degradation of
cellular components, abnormal protein folding and aggregation, pH variations and possible cell
death (Musielak et al., 2019). This therapy found the most success when applied as a cancer
treatment, and for that purpose, magnetic hyperthermia (MHT) was proposed. Recently, other
applications have been explored with magnetic hyperthermia, performed by using SPIONs to
heat targeted areas with an alternating, time-varying magnetic field (AMF) (Zhang and Song,
2017). SPIONs have the capacity to randomly flip the magnetization direction, allowing the
transformation of electromagnetic energy into heat, being considered as one of the most
effective heating particles for local hyperthermia. Moreover, SPIONs can be incorporated by
the target cells, leading to heat deliver at a single cell level, due to their small size (Seabra et
al., 2017). In fact, nano-sized particles present much more absorption power at bearable AC
magnetic fields than micron-sized particles (Akbarzadeh et al., 2012). The heat can also be
controlled by the applied field and several properties of the SPIONs, such as shape,

crystallinity, composition and magnetic features (Kandasamy and Maity, 2015).

2.2.3. Cytotoxicity

As a therapy meant to interact with a biological host, it is of extreme importance to consider

several details regarding hyperthermia. Even with numerous magnetic NPs available, SPIONs
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are the gold standard for MHT. For biomedical applications, MNPs must be composed of a non-
toxic and non-immunogenic material, with such a small size that allows a prolonged circulation
and the passage through the capillary system, avoiding vessel embolism due to agglomerates
(Akbarzadeh et al., 2012). Although the hysteresis loop of other magnetic particles
(ferrimagnetic and ferromagnetic) may induce a greater hyperthermia effect, it also might lead
to embolization (Laurent et al., 2011). Therefore, SPIONs are preferred for in vivo applications,
assembling various advantages - good biocompatibility and theranostic potential, capable to be
functionalized, guided by a magnetic field with demagnetization once the field is removed,
reduced side effects for the patients and without detectable cytotoxicity. However, it is
imperative to understand the toxicity range of SPIONs and how they interact with the human
body.

The four key parameters of SPIONs impacting biocompatibility and toxicity were
already pointed - the nature of the magnetic component, the final size, the coating and the
concentration of the SPION (M. Mahmoudi et al., 2011). With the increased attention that these
nanoparticles gained recently, several cytotoxicity studies have been conducted. Firstly, the
interaction between SPIONs and the target cell can occur by various possible mechanisms, like
passive diffusion, receptor mediated endocytosis, clatharin mediated endocytosis and
caveoline mediated endocytoses (Patil et al., 2018). Secondly, the exposure to SPION could
theoretically lead to diminished mitochondrial activity, inflammation, membrane leakage,
formation of apoptotic bodies, chromosome condensation, DNA damage and generation of
reactive oxygen species (ROS) (Patil et al., 2018). After entering the cell, enzymes can degrade
SPIONs, forming Fe?* ions, which are responsible for the generation of ROS, by modifying
mitochondrial and other organelle functions (Singh et al., 2010). However, adding a
biocompatible coating to the SPION may have a negative correlation with toxicity. Mahmoudi
and colleagues (2009) studied the effect of a PVA coating in the SPION’s toxicity against a
mouse fibroblast cell line, obtaining a polymer/iron mass ratio of approximately 3 as the
maximum level to maintain the greatest compromise for both biocompatibility and magnetic
saturation (M. Mahmoudi et al., 2009).

An extensive compilation of cytotoxic assays was performed by Mahmoudi et al. (2012),
highlighting the cell line used, the average SPIONs size, the coating material, the concentration
of SPIONs, the exposure time and the toxicity evaluation assay used by each research paper
(Mahmoudi et al., 2012). With numerous scientific reports presented, some conclusion could
be gathered, regarding the concentration - SPIONs appear to be non-toxic at low
concentrations, with some articles showing no-cytotoxicity up to 100 yg/mL. Depending on the
coating, the size of the SPIONs and the cell line used, concentrations as high as 1 mg/mL were
also reported as non-toxic in some cases. For example, Gholami et al. (2018) tested the in vitro
cytotoxicity of PVA-coated SPIONs with various concentrations on Neuro2A and HUVEC cells,

after 24h of treatment. The results showed no toxicity for both cell lines up to 37.5 pg/mL,
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diverging after that concentration - for HUVEC cells, no toxicity was found, with cellular
viability superior to 80% even after 150 pg/mL; however, for N2A cells, a decrease in the
viability was observed, dropping the viability to 50% with 150 pg/mL SPIONs (Gholami et al.,
2018).

2.2.4. SPIONs and Biofilm Disruption

The research from the last decades has been crucial for the development and improvement of
techniques using SPIONs for biomedical applications. Besides the plethora of studies focused
on cancer theranostics, a revolutionary application was recently established - antibacterial
activity, focused on eradication and inactivation of bacterial biofilms. In this context, SPIONs
can be used to heat targeted areas relaying on the energy from the external magnetic field.
Moreover, their size allows a site-specific penetration into the bacterial biofilm (Seabra et al.,
2017).

Eradication of biofilms can face several drawbacks, since their growth favors a dormant
state for the bacteria in the inner layers of the biofilm and the amount of antibiotic-resistant
strains are rising. Subbiahdoss et al. (2012) studied the SPION’s effect in the treatment of
biomaterial-associated infections (BAl), looking for a deep penetration into the biofilm
followed by eradication. In this context, various surface-modified SPIONs were tested - bare,
with carboxyethylsilanetriol (CES), with aminopropyltriethoxysilane (APTES) and with PEG -
against gentamicin-susceptible S. aureus and gentamicin-resistant S. epidermidis, with the
help of an external magnetic field. The results confirmed the antibacterial efficacy of these
SPIONs against adhering Staphylococci, with increased percentage of disruption when applied
the magnetic field. CES-grafted SPIONs were directed into a gentamicin-resistant biofilm,
yielding an 8-fold higher antibacterial efficacy, compared to gentamicin. Moreover, PEGylated
SPIONs were not able to perform an antibacterial role, compared to the other surface-modified
SPIONs (Subbiahdoss et al., 2012). However, such modification was already used to enhance
contrast efficiency in MRI (A. Carvalho et al., 2014).

In 2011, Park et al. used SPIONs to increase the temperature of a P. aeruginosa biofilm,
by producing local hyperthermia with an AC magnetic field. With SPIONs at concentrations from
10 to 60 mg/mL, the temperature increased from 20°C up to 60°C in 4 min (and maintain that
value in the following 4 min), for the most concentrated SPION solution. For that solution, a
higher than 4 log inactivation of the biofilm was obtain, in the first 8 min, while no inactivation
was detected without the magnetic field (Park et al., 2011).

Taylor et al. (2012) studied the antibacterial properties of SPIONs coated with many
antibacterial metals, such as silver, iron and zinc, using S. aureus antibiotic-resistant biofilms

and compared the obtained results with the most traditional antibiotics used (vancomycin,
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penicillin, oxacillin, gentamicin and streptomycin). The most effective formulation against the
antibiotic-resistant biofilm was the zinc conjugated SPIONs. Although, for planktonic bacteria,
the silver conjugated SPIONs presented the best antimicrobial activity (Taylor et al. 2012).

Local hyperthermia was also studied by Nguyen et al. (2015) as a detachment agent of
Pseudomonas aeruginosa biofilms, mediated by iron oxide nanoparticles (IONPs), coated with
poly((oligo(ethylene glycol) methyl ether acrylate)-block-poly(monoacryloxyethyl phosphate)
(POEGA-b-PMAEP). The treatment resulted in 69.2% biofilm dispersion after 20 min, with the
temperature increasing from 23 to 40°C, while the treatment without external magnetic field
was only able to decrease 19.7%. Moreover, when the IONPs were added in the beginning of
the biofilm growth and only magnetically activated 24h later, during the standard 20 min, the
obtained reduction in biofilm colony-forming unit (CFU) was 93.8% and an increase of 614% was
observed for planktonic CFU, compared to untreated cultures (Nguyen et 