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ABSTRACT

Nanomaterials (NMs) are compounds that have been emerging in many fields, mainly in
nanomedicine. With this, their biosafety to humans and other organisms must be
characterized. In this study, primary rat hepatocytes were exposed to low concentrations
(nM range) of six different NMs, namely gold nanospheres of three sizes (12, 40, and 60
nm, 1.50, 0.017, and 7.5x104 nM), gold nanostars (60 nm, 0.017 nM), silver nanostars (200
nm, 0.010 nM) and selenium nanospheres (300 nm, 1.67x10°3 nM), and their cytotoxicity
and metabolic changes were determined. For this, the MTT and NR assays were used to
obtain the highest non-cytotoxic concentration of each NM, which was then used for
metabolomics, performed through GC-MS. The results of the cytotoxicity assays showed
that all NMs, but the selenium nanospheres, exhibited no decrease in cell viability at the
concentrations tested. Several other concentrations of selenium nanospheres were tested to
determine the maximum non-cytotoxic concentration, which was 1.67 x 103 nM.

Regarding the metabolomic results, several metabolites and pathways were observed to be
altered between the control and exposed cells for all NMs. Generally, most metabolites were
downregulated. All the gold NMs presented dysregulation in fatty acid/lipid, energy and
protein metabolism as well as oxidative stress, with a particular effect in the propanoate
metabolism pathway. The smaller (12 and 40 nm) gold nanospheres caused alteration in
carbohydrate metabolism, while the larger (60 nm) seemed to have caused inflammation.
Gold nanostars provoked upregulation of L-alanine (one of the few metabolites that were
upregulated). The selenium nanospheres were associated with interferences in energy and
protein metabolism, amino acid synthesis, and changes in cell structure and processes, like
cell differentiation, growth, and apoptosis. Lastly, the silver nanostars changed the protein,
lipid, and nucleic acid metabolism, with indications of oxidative stress and cell cycle arrest.
With these results, we concluded that NMs can present effects in several metabolic
pathways, with overlapping effects across most of them, like dysregulations in protein, lipid,
and energy metabolism. These alterations were detected at non-cytotoxic concentrations,
which proves that NMs can influence cells even at very low concentrations and that highly
sensitive methods, like metabolomics, are of utmost relevance in nanotoxicity since classical

in vitro assays are not indicative of all the early effects that NMs can cause.

Keywords: cytotoxicity, hepatotoxicity, metabolomics, nanomaterials
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RESUMO

A aplicacdo de nanomateriais (NMs) tem surgido em diversos campos, principalmente na
nanomedicina. Por isso, a sua seguranca em humanos e outros organismos deve ser
caracterizada. Neste estudo, hepatodcitos primarios de rato foram expostos a baixas
concentracoes (nM) de seis NMs diferentes, nomeadamente nanoesferas de ouro de trés
tamanhos distintos (12, 40 e 60 nm 1.50, 0.017 e 7.5x104 nM), nanoestrelas de ouro (60
nm, 0.017 nM), nanoestrelas de prata (200 nm, 0.010 nM) e nanoesferas de selénio (300
nm, 1.67x103 nM), e sua citotoxicidade e alterac6es metabolicas foram determinadas. Para
isso, os ensaios de MTT e NR foram utilizados para identificar a maior concentracao nao
citotoxica de cada NM, que foi entdo utilizada para a metabolémica, realizada por CG-MS.
Os resultados dos ensaios de citotoxicidade mostraram que todos os NMs, exceto as
nanoesferas de selénio, nao produziram diminuicdo na viabilidade -celular nas
concentracoes testadas. Varias outras concentracoes de nanoesferas de selénio foram
testadas para determinar a concentracao maxima nao citotoxica, que foi de 1,67 x 103 nM.
Em relacao aos resultados da metaboldmica, varios metabolitos e vias apareceram alterados
nas células expostas a todos os NMs, comparativamente as células controlo. Em geral, os
niveis da maioria dos metabolitos diminuiram. Todos os NMs de ouro causaram
desregulacdo no metabolismo de 4cidos gordos/lipidos, energia e proteinas, bem como
stresse oxidativo, com efeito particular na via de metabolismo do propanoato. As
nanoesferas de ouro mais pequenas (12 e 40 nm) apresentaram alteracdo no metabolismo
de carboidratos, enquanto as maiores (60 nm) apresentaram possivel inflamacdo apo6s a
exposicao. As nanoestrelas de ouro originaram o aumento da L-alanina, um dos poucos
metabolitos que foram regulados positivamente. As nanoesferas de selénio foram
associadas a interferéncias no metabolismo energético e proteico, sintese de aminoacidos e
mudancas na estrutura e processos celulares, como diferenciagao, crescimento e apoptose.
Por fim, as nanoestrelas de prata mudaram o metabolismo de proteinas, lipidios e 4cidos
nucleicos, com indicacdes de stresse oxidativo e bloqueio do ciclo celular.

Com estes resultados concluimos que os NMs podem apresentar efeitos em diversas vias
metabdlicas, com véarias sendo alteradas pela maioria dos NMs testados, como
desregulacbes no metabolismo proteico, lipidico e energético. Essas alteracoes foram
detetadas para concentragdes nao citotoxicas, o que prova que os NMs podem influenciar
células mesmo em concentra¢des muito baixas e que métodos altamente sensiveis, como a
metabolomica, sdo de extrema relevancia no estudo da nanotoxicidade, uma vez que os
ensaios classicos in vitro nao fornecem indicacao precoce de todos os efeitos que os NMs
podem causar.

Palavras-chave: citotoxicidade, hepatotoxicidade, metabolémica

nanomateriais
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Figure 20 — Metabolic pathways significantly altered in cells exposed to 1.67x10-3 nM of
SeNPs for 24 h. A- aminoacyl-tRNA biosynthesis (L-aspartic acid, L-serine. p=0.002763);
B- Arginine biosynthesis (L-aspartic acid, p= 0.02687); C- Nicotinate and nicotinamide
metabolism (L-aspartic acid, p= 0.028771); D- Histidine metabolism (L-aspartic acid, p=
0.030669); E- Pantothenate and CoA biosynthesis (L-aspartic acid, p= 0.036348); F- beta-
Alanine metabolism (L-aspartic acid, p= 0.040123); G- Sphingolipid metabolism (L-serine,
p= 0.040123); H -Galactose metabolism (D-galactose, p= 0.051386); I- Alanine, aspartate
and glutamate metabolism (L-aspartic acid, p= 0.053254). «ccccecerervrerrerrrenernrenieenesseenenns 42
Figure 21 — Metabolic pathways significantly altered in cells exposed to 7.5x104 nM of 60
nm AuNPs for 24 h. A- Propanoate metabolism (2-hydroxybutyric acid, p=0.043887).... 42
Figure 22 — Metabolic pathways significantly altered in cells exposed to 0.017 nM of AuNSs
for 24 h. A- Selenocompound metabolism (L-alanine, p=0.038237); B- Propanoate
metabolism (2-hydroxybutyric acid, p=0.043887); C- Alanine, aspartate and glutamate
metabolism (L-alanine, P=0.053254). ..ccccererrerrirrrerrienienienerisesesssesesssessssssesssessesssessesssessanns 43
Figure 23 — Metabolic pathways significantly altered in cells exposed to 0.010 nM of AgNSs
for 24 h. A- D-Glutamine and D-glutamate metabolism (L-glutamine, p= 0.011575); B-
Nitrogen metabolism (L-glutamine, p=0.011575); C- Arginine biosynthesis (L-glutamine,

p=0.02687); D- Alanine, aspartate and glutamate metabolism (L-glutamine, p=0.053254).
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1. INTRODUCTION

Nanotechnology allows the design, fabrication, and application of nanomaterials (NMs) and
nanostructures, as well as the study of their physicochemical properties (also termed
nanoscience) (Cao and Wang, 2011). The recommended definition of NM by the European
Union is “a natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the
particles in the number size distribution, one or more external dimensions is in the size
range 1 nm - 100 nm” (http://ec.europa.eu/environment/chemicals/nanotech/faq/
definition_en.htm). Some authors, however, define NMs as a material with external
dimensions in the nanoscale, within a range between 1 nm — 1000 nm (Buzea and Pacheco,
2017). NMs can be classified according to their dimensional structures, that is, how many
of the three external dimensions are in the nanoscale area. Accordingly, the NMs can be:
zero-dimensional, when all three dimensions are in the nanoscale, such as spheres and
fullerenes; one-dimensional, when one of the three dimensions is beyond the nanoscale,
like nanorods and nanotubes; two-dimensional, when only one of the dimensions is in the
nanoscale, like nanowalls and nanofibers; and three-dimensional, when none of the
dimensions are in the nanoscale but they present features at the nanoscale, such as carbon
nanobuds, that have both nanotubes and fullerene films (Saleh and Gupta, 2016). Synthesis
of NMs can be top-down or bottom-up. In the former, bulk materials are taken and reduced
to build the NMs, which gives rise to many defects, such as surface imperfections. In the
latter, the NM is built in an atom-by-atom approach, which gives more chemically
homogenous NMs with fewer defects (Cao and Wang, 2011).

Due to the very small size of NMs, they exhibit physicochemical properties very
different from their bulk counterparts. They have a very large surface area as well as surface
to volume ratio, which makes the behavior of NMs controlled by their surface properties
rather than by their volume. This will give NMs characteristics like unique optical and
electrical properties, as well as greater hardness, strength, and abrasion resistance. The
larger surface area, coupled with the presence of more angles, edges, and crystal defects,
give NMs higher chemical reactivity. There is also a reduction of the melting temperature
relative to the bulk materials, and changes in the magnetic properties, like
superparamagnetism and magnetostriction (deformation of the NMs under a magnetic
field) (Dolez, 2015).

NMs have been used in several sectors due to these unique properties. Applications
can be found in the food sector, like in agriculture, animal feed and food processing,
packaging, and storage (Peters et al., 2016). NMs can also be found in electronics, energy
storage and production, and automobile and space engineering (Bachhav and Deore, 2015).

Uses in cosmetics are also common, like in the formulation of sunscreens (de Melo et al.,
1
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2015), and nanomedicine, that encompasses the application of NMs in the pharmaceutical
and medicinal fields, which has been of great interest over the last years. The development
of methods for nano-delivery of drugs and for in vitro diagnostics have been the major areas

of investment in nanomedicine (Valavanidis and Vlachogianni, 2016).

1.1 MEDICAL APPLICATIONS OF NMS

Nanomedicine is a field with increasing interest due to the new possibilities that NMs bring

to medicine, mainly in diagnostics and in therapy.

1.1.1 DIAGNOSTICS

One of the major tools for diagnosis is the medical imaging of tissues and organs. To this
end, contrast agents are needed to provide a contrast of what is being analyzed with the
surroundings, and they should be specific to the location of interest (Fadeel et al., 2013).
NM-based contrast agents have some advantages in relation with traditional ones, namely:
they stay in circulation for a longer period and have controlled biological clearance
pathways, which provides more time to perform the analysis (Bayford et al., 2017); their
physicochemical properties (shape, size, surface) are tunable (Sakamoto et al., 2010) and
they allow for the functionalization of the surface of NMs with organic groups or polymers.
This can modify their physicochemical characteristics to increase cellular uptake, for
example, as it happens with the functionalization of silica nanoparticles (NPs) with
polyethyleneimine (Atluri and Jensen, 2017). One example of NMs of great interest in
imaging diagnostics are the superparamagnetic iron oxide nanoparticles used in magnetic
resonance imaging since they have magnetic properties, are good enhancers of proton
relaxation, and do not aggregate after the magnetic field ceases to be applied. After they
serve their purpose, these NPs are phagocytized and metabolized into iron (soluble and non-
superparamagnetic) that joins with the iron pools of the organism (Luque-Michel et al.,
2017).

Another type of diagnosis is point of care, where the testing of diseases is performed
at the bedside, i.e. near the patient, using portable or mobile devices that give an immediate
diagnosis, which in turn allows immediate treatment (Wang et al., 2017). There is interest
in applying NMs in devices for point of care diagnostics, as they have characteristics (such
as shape, size, biocompatibility, thermal and electrical conductivity, magnetism, and
fluorescence) that can improve these detecting systems (Quesada-Gonzalez and Merkoci,
2018). Gold nanoparticles (AuNPs) are an example of a type of NM that is being developed
as a way of increasing the sensitivity of electrical biosensors for point of care diagnostics
since they increase their surface area (Bayford et al., 2017). Recently, a biosensor was

created with AuNPs with enhanced fluorescence to allow the detection of immunoglobulin
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concentration changes in urine samples in a few minutes. This very sensitive technique can
allow the detection of even minimal changes, which can be indicative of renal injuries (Della

Ventura et al., 2019).

1.1.2 THERAPY

Drug delivery systems are ways of transporting and releasing, in a specific cell or tissue,
controlled quantities of drugs for therapeutic effects. This allows the increase of drug
efficiency, as well as reduction of toxicity and optimization of kinetics and dynamics
(Medina-Reyes et al., 2017). NMs can be used in this context, either for drug encapsulation
or for attachment of drugs to the surface of the NMs, and both can be used to induce a
controlled release of the drug at the target tissues (Patra et al., 2018). This type of delivery
system can not only extend the time during which the drugs are in the bloodstream,
increasing the passage of drugs to tissues (Medina-Reyes et al., 2017) but also, due to their
small size, facilitate the uptake by diseased cells in the target tissue, resulting in higher
efficiency and decreased side effects (Patra et al., 2018)

The replacement of damaged tissues and organs by constructs made up of cells and
biomaterials is the main goal of tissue engineering (Padmanabhan and Kyriakides, 2015).
To this end, the creation of scaffolds that mimic the original tissues in their biochemical,
mechanical, and electrical properties is very important (Kim et al., 2014). These scaffolds
are the mechanical support for the cells so that they can differentiate in multiple cell types
and develop the 3D aspects of tissue systems (Bhattacharjee and Brayden, 2015). NMs can
be used to make up this scaffolding, due to their high surface area/volume ratio, that enable
higher cell attachment and activity, efficient bioactive molecular loading, and incorporation
of functional components (Jin et al., 2017). An example of the latter can be seen in a study
by Yun et al. (2009), where carbon nanotubes were functionalized to provide a more
hydrophilic surface, which increased fibroblast adhesion to the scaffold (Yun et al., 2009).

A schematic example of scaffolding can be seen in figure 1.
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Figure 1 — Scaffolding created using nanomaterials for cell fixation with functional components for tissue
engineering. The functional components can be growth factors or compounds that alter the properties of NMs
(like charge).



1.2 BIOKINETICS OF NMS

To be able to understand the ways that NMs can induce toxicity to the human being it is

important to understand their biokinetics and how the organism alters the original

characteristics of NMs.

1.2.1 ABSORPTION

Inhalation, ingestion, and dermal exposure are the three most common pathways for the
absorption of NMs (Warheit and Donner, 2015). NMs for biomedical applications can also
be injected directly into the bloodstream (Dusinska et al., 2015).

Upon inhalation, NMs tend to deposit throughout the respiratory tract, and the
smallest ones (10 to 20 nm) can reach the alveoli and deposit (Bierkandt et al., 2018).
Inhaled NMs generally have low systemic availability, as most types form aggregates that
are taken up by macrophages when they reach the alveoli (Landsiedel et al., 2012, Gebel et
al., 2014). However, this phagocytosis is not as efficient as with micromaterials, allowing
NMs to persist for a longer time in the lung and increasing the probability of crossing the
epithelial barrier of the alveoli and then, possibly, the air-blood barrier (Puisney et al.,
2018).

The oral administration of nanocarriers for drug delivery offers increased
bioavailability to drugs, since the NMs act as a protection from the gastrointestinal
environment, that could easily degrade the drugs (Ciappellano et al., 2016). This is
contrasting with the fact that, generally, only about 1% of the ingested dose of NMs is
absorbed from the gastrointestinal tract (mostly in the small intestine), and studies in mice
show that the absorbed fractions mostly reach the liver and the spleen, while the remaining
part is excreted with the feces (Landsiedel et al., 2012, Kermanizadeh et al., 2015a). Despite
this poor absorption, NMs can help drug delivery not only because of the protection that
NMs provide, but also because they prolong the period during which the drug is being
absorbed through the intestinal epithelium. This happens because the adhesive properties
of NMs allow for the gradient of concentration of the drug between the nanocarrier and the
gut mucosa to be maintained, which is one of the most important factors in drug absorption
(Shahbazi and Santos, 2013). Gastrointestinal absorption is affected by the characteristics
of NMs, such as size and charge, and also by gastrointestinal factors, such as variations in
pH, intestinal microbiota, and enzymatic and mucosal secretions (Pietroiusti et al., 2017).

Topical administration and subsequent dermal absorption of products containing
NMs can also occur. Studies are showing that there can be unwanted absorption of the
nanoparticles through the skin (McSweeney, 2016), which can provoke the activation of an

immune response and possible toxicity in the liver, spleen, and other organs (Saifi et al.,



2018). Nevertheless, this route seems to be less relevant, being enhanced, however, if the

skin has suffered some damage (Landsiedel et al., 2012).

1.2.2 DISTRIBUTION

NMs can suffer lymphatic transport, which will influence their overall distribution
throughout the organism (Li et al., 2017). It is common for NMs to be taken up by
macrophages and can thus be accumulated primarily in the liver and then in the spleen,
lymph nodes, and bone marrow, as these are the organs with the highest abundance of
macrophages (Yuan et al., 2019). These organs have a leaky endothelial barrier, which
promotes the entry of NMs. The capacity to permeate the blood-brain barrier is known for
some NMs, and it is thought that the adsorbed proteins on their surface can alter the
capacity of adherence to the endothelial cells and endocytosis of NMs through this barrier
(Landsiedel et al., 2012). Accumulation in the brain can also occur due to uptake by the
sensory nerve ends in the airway epithelia (Landsiedel et al., 2012). Some studies are
showing that there is a biodistribution of NMs to the placenta and fetus. In one study, 10-
day pregnant mice were orally given 30 nm zinc oxide NPs (ZnO NPs) at 20, 60, 180, or 540
mg/kg, and the distribution of the NPs was assessed at 10.5 and 17.5 days of gestation by
quantification of zinc with inductively coupled plasma mass spectrometry (Chen et al.,
2020). The results showed the presence of significantly higher levels of zinc in the uterus,
placenta, and fetus for the 540 mg/kg dose, which indicates distribution through the
placental barrier of ZnO NPs (Chen et al., 2020).

1.2.3 METABOLISM

NMs metabolism encompasses any process that alters the original form of the NMs, that is,
their physicochemical properties, and it is an area for which information is still lacking
(Yuan et al., 2019). NMs can be taken up by phagocytic cells, such as monocytes and
macrophages. After phagocytosis, NMs can be degraded inside of the lysosomes or, if this
does not happen, the phagocytic cells with the NMs can be sequestered by the liver or the
spleen, which can then lead to accumulation in these organs (Zhang et al., 2016).
Metabolism can also occur in the hepatocytes by enzyme-catalytic biodegradation, due to a
high abundance of phase I and II enzymes in the liver (Wang et al., 2013). In phase I,
functional groups are created on the coating compounds in the surface of the NM, by
reactions like hydrolysis or oxidations, that increase the reactivity and polarity of NM. Then,
in phase II, conjugation with endogenous compounds can occur, increasing water solubility
and diminishing reactivity, thus promoting excretion (Lungu et al., 2019). However, inert
NMs, like gold, tend to accumulate in the liver without being metabolized (Wang et al.,

2013).



Generally, inorganic NMs, such as gold and quantum dots, are very stable in the organism
and persist during a long period of time, resisting biodegradation, contrary to organic NMs
(liposomes and polymer conjugates for example) that degrade rapidly and whose metabolic
products are excreted through the bile or urine (Wilhelm et al., 2016, Yuan et al., 2019).
After internalization into cells, the coating materials that are commonly applied to NMs
surface can be cleaved off and degraded separately from the core, inside endosomes, such
as peptide cleavage by cathepsin L protease of peptide-coated NMs (Li et al., 2010). Figure

2 resumes the general mechanisms of NMs’ metabolism.
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Figure 2 — Metabolism of NMs.

1.2.4 EXCRETION
The excretion of absorbed NMs is mainly carried out through the bile and the kidneys.
Kidney excretion mostly relies on glomerular filtration for the clearance of compounds and
it is restricted to materials with very small hydrodynamic diameters (Yu and Zheng, 2015).
Therefore, particles with less than 5 nm can be excreted by this route (Longmire et al.,
2008). The glomerular membrane has proteoglycans that confer a negative charge to this
barrier, making cationic NMs filtration faster (Liang et al., 2016).

Hepatobiliary excretion is slower but is the preferable course for the elimination of
NMs that are too large for urinary clearance (Yuan et al., 2019). NMs that escape the Kupffer
cells reach the hepatocytes in the liver and can be then taken up by these cells (Zhang et al.,
2016). This is a process that is enhanced if the material has a positive surface charge,
contrary to Kupffer cell uptake, which is enhanced with negative surface charges (Wang et
al., 2015). Hepatic uptake was observed and it is likely since positive NMs bind with
immunoglobulin A and apolipoprotein E, which enhances uptake by hepatocytes (Cheng et
al., 2012). Kupffer cell uptake happens since these cells have scavenger receptors in their

membrane that bind molecules with a negative charge (Poelstra et al., 2012). In the



hepatocytes, the NMs can be metabolized (or not), and the original NM, or its degradation

products, are afterward excreted in the bile (Yuan et al., 2019).

1.3 FACTORS THAT AFFECT THE BIOKINETICS OF NMS

It is known that properties like surface charge, size, and hydrophobicity can alter the way

compounds interact with the organism, and this is no less true to NMs, as evidenced by a

great number of studies described below.

1.3.1 HYDROPHOBICITY AND HYDROPHILICITY OF THE SURFACE

Hydrophobicity and hydrophilicity have a strong influence on the surface interactions of
NMs, as with the increase of hydrophobicity there is usually a higher formation of
aggregates (Zhu et al., 2013). This will change the physicochemical characteristics of NMs,
altering parameters like size and solubility, which will affect cellular uptake and distribution
through the organism. Most of the time, the aggregation will decrease absorption and
toxicity (Hussain et al., 2014). Aggregate formation will also slow down the excretion of the
NMs (Zhu et al., 2013). Besides this, it is known that the more hydrophobic the NM surface
is, the more proteins will bind to its surface, and that this hydrophobicity also changes the
type of the adsorbed proteins (Aggarwal et al., 2009). For example, hydrophobic NMs show
higher binding to apolipoproteins and blood proteins like opsins, which increases
macrophage uptake (Chen et al., 2017). The combination of the adsorbed proteins and other
biomolecules (like lipids and sugars) present in fluids leads to the formation of a protein
corona (Monopoli et al., 2012, Vilanova et al., 2016). The presence of this corona changes
the way the NM interacts with the components of the organism, altering, for example, the
immunological response (Neagu et al., 2017). These changes can either increase recognition
by immune cells, favoring later elimination; camouflage the NM and decrease the immune
recognition; or alter the conformation of proteins adsorbed, which can in turn signal to the

immune cells, leading to the initiation of an inflammatory response (Boraschi et al., 2017).

1.3.2 SURFACE CHARGE

Surface charge of NMs is determinant in their kinetics and toxicity. Neutral surfaced NMs
decrease opsonization and removal from the bloodstream, as well as interactions with cell
surface (Landsiedel et al., 2012, Gebel et al., 2014). On the other hand, a positive charge
increases cellular uptake, as it favors adherence to the anionic cell surface, and interactions
with genetic material, which can increase the potential toxicity of the NMs (Zhu et al., 2013,
Saifi et al., 2018). The surface charge can influence the formation of agglomerates and
aggregates, altering the physicochemical properties of the NMs (Pietroiusti et al., 2018).
Anionic surfaced NMs are usually taken up by phagocytic cells, diminishing their toxicity,

since they are taken out of circulation and excreted and, hence, cannot affect cells and
7



tissues (Frohlich, 2012). In terms of uptake through the gastrointestinal tract, cationic

surfaces promote absorption (Landsiedel et al., 2012).

1.3.3 SIZE

NMs have, generally, a size under 100 nm. This small size translates into a higher surface
area to volume ratio, increasing the reactivity of NMs towards biomolecules and cells (Saifi
et al., 2018). Even usually inert materials, for example, gold, when at the nanoscale, end up
having reactive catalytic functions (Caputo et al., 2014). Size is one of the important aspects
when considering the mechanism of NMs’ cell uptake. NMs of a few nanometers can only
penetrate the cytoplasmatic barrier directly if they have appropriate surface properties. To
be able to undergo endocytosis, the NM needs to have the size of the corresponding
endocytic portal (Zhu et al., 2013). Once inside the cells, the NMs are kept for a longer
period, which can lead to accumulation and toxic effects in the long run (Rivera Gil et al.,
2010), and have a higher likelihood of interacting with cell components, such as
mitochondria, lysosomes, nucleus and genetic material (Saifi et al., 2018). The size also
plays an important role in penetration through the skin, as only NMs, with their small size,
have the potential of going through the stratum corneum (Kermanizadeh et al., 2015a). In
figure 3 a summary of the main biokinetic processes influence by physicochemical changes

in the NMs’ physicochemical properties is present.
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Figure 3 — Biokinetic components altered by nanomaterials characteristics.

1.4 MECHANISMS OF TOXICITY OF NMS

Oxidative stress, inflammatory effects, and genotoxicity are primarily agreed as the main

mechanisms of the toxicity of NMs.



1.4.1 OXIDATIVE STRESS AND MITOCHONDRIAL DAMAGE

Reactive oxygen species (ROS) production is one of the main and most frequently reported
mechanisms of toxicity of NMs. Typically, the levels of ROS are in balance with the
antioxidant system of the cells, comprised of compounds like glutathione (GSH) and
antioxidant enzymes, but when an imbalance occurs it leads to oxidative stress (Lv et al.,
2015). If this stress is not reversed, it can cause inflammation, adaptative immune
responses, initiation of apoptosis/necrosis, and oxidative damage to DNA, lipids, and
proteins (Kermanizadeh et al., 2015b).

NMs can increase ROS levels directly, due to their surface properties, or by
influencing their intracellular production (Saifi et al., 2018). Direct production has been
mostly linked to metal or metal oxide NMs, which produce free radicals that originate ROS
(Chen et al., 2018). On the other hand, NMs can interfere, for example, with the electron
transport chain by increasing the permeability of the mitochondrial membrane. This
process will allow the free oxygen radicals, that are usually quenched during the electron
transport chain, to leak to the outside of the mitochondria, causing oxidative stress in the
cell (Bhattacharjee and Brayden, 2015). The interference with the mitochondrial
membrane, combined with a significant alteration of mitochondrial proteins, will also end
up hindering processes like the production of ATP, the citric acid cycle, and (3-oxidation of
fatty acids (Chen et al., 2018, Zhang et al., 2018a). This dysregulation of the mitochondria
can also lead to the release of calcium to the cytoplasm, and, at high concentrations, this
can result in the activation of apoptotic and/or necrotic pathways for cell death

(Bhattacharjee and Brayden, 2015).

1.4.2 INFLAMMATORY EFFECT
Besides oxidative stress, NMs can induce an inflammatory response, either by promoting
the production of proinflammatory cytokines or by activating inflammasomes (Pietroiusti
et al., 2018). It is the interaction of the NMs with immune cells (such as monocytes,
neutrophils, macrophages, and others) in the circulation that potentiates the release of a
cascade of cytokines, including interleukin 1 beta, interleukin 6, tumor necrosis factor-alpha
and interleukin 8, that cause inflammation (Saifi et al., 2018). Inflammasomes are
intracellular multiprotein complexes that are produced by phagocytosis of NMs and rupture
of the phagosome or by the interaction of the cell membrane with the NMs. Activation of
these inflammasomes will lead to the activation of proinflammatory cytokines and,
therefore, lead to their increase in the organism and, therefore, inflammation
(Padmanabhan and Kyriakides, 2015).
It has also been shown that activation of inflammasomes in macrophages can result
in pyroptosis, a type of programmed cell death (Leso et al., 2018). It starts with the assembly
9



of inflammasomes, which will form large structures called pyroptosomes that have an
apoptosis-associated speck-like protein containing a C-terminal caspase recruitment
domain (Simard et al., 2015). Pyroptosis-induced cell death shares characteristics with
apoptosis (nuclear condensation and DNA fragmentation) and with necrosis (rupture of the
cellular membrane and release of the intracellular contents) (Wang and Tang, 2018).
Lastly, NMs can also activate mast cells and this can end up in allergic inflammation

(Smith et al., 2014).

1.4.3 GENOTOXICITY

DNA damage induced by NMs can be primary, direct or indirect, and secondary (Saifi et al.,
2018). Primary direct damage occurs when the NM has the capacity of reaching the nucleus
and, once there, bind, chemically or physically, with the DNA molecule and provoke
structural damage (Lorscheidt and Lamprecht, 2016). The entrance into the nucleus can
occur either by nuclear pores or during mitosis since during this process the nuclear
membrane breaks down. The nuclear pores have an hourglass shape and a dynamic size,
which allows the entrance of NMs with size up to 90 nm (Frohlich, 2012). The major indirect
genotoxic mechanism is oxidative stress, as ROS attack DNA and cause oxidative injury
(Dusinska et al., 2017). Primary indirect damage can also occur when the proteins related
to the DNA lose or have a restricted function after NM binding (Lorscheidt and Lamprecht,
2016). Other mechanisms, such as interaction with the mitotic spindle or its components
and interference with cell cycle checkpoint functions can also have an indirect impact on
the genetic material (Gebel et al., 2014). Secondary mechanisms of DNA damage are mostly
associated with chronic inflammation from activation or recruitment of immune cells, such
as macrophages and neutrophils, and consequent production of extracellular ROS
(Dusinska et al., 2017, Saifi et al., 2018). Unrepaired DNA damage can activate pathways
that lead to apoptosis or changes in DNA that result in mutations, which can then culminate
in cancer or heritable diseases (Lorscheidt and Lamprecht, 2016). Figure 4 illustrates the

possible ways that NMs can cause toxicity in living organisms.
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Figure 4 — Mechanisms of toxicity of NMs.

It is important to note that most of the toxicity mechanisms described (oxidative
stress, inflammation, and genotoxicity) can be enhanced or diminished according to the
physical and chemical properties of the NM, as well as due to the possible corona that is
formed in contact with the biological system. For example, positively charged NMs have a
higher probability of provoking disruption of plasma membrane integrity, of damaging the
mitochondria and lysosomes, and of increasing the formation of autophagosomes as
compared to the negatively charged NMs, due to their higher interaction with biological
membranes (Frohlich, 2012).

It is also important to characterize the underlying mechanisms of each NMs’ toxicity,
and, for that, several techniques can be used. One of the most important is metabolomics,

which has been increasingly used, due to its many advantages, including its high sensitivity.

1.5 METABOLOMICS

The metabolome is the qualitative and quantitative collection of all low molecular weight

molecules in an sample, known as metabolites, that are usually organic compounds (amino
and fatty acids, vitamins and lipids for example), with a wide range of physicochemical
properties that are responsible for several cellular processes, such as maintenance, growth
and overall normal function of the organism. The metabolome varies in size depending on

the organism (Dunn and Ellis, 2005). Metabolites can be endogenous (from cells of the
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organism) or exogenous (derived from microorganisms, xenobiotics, diet, and others). The
focus of metabolomics is to identify and quantify all the metabolites present in the organism
in a high-throughput manner. This poses some challenges due to the chemical and
concentration variability of the metabolites as well as the fact that not every metabolite is
present in every tissue or biofluid (Wang et al., 2010).

The use of metabolomics to study NM induced toxicity allows an analysis of changes
in the metabolome of cells, tissues, and biofluids, which can give information on potential
nanotoxicity biomarkers, elucidate mechanisms of action, and analysis of pathways of
interest that can be difficult to measure using traditional methods, since these are less
sensitive and less specific (Schnackenberg et al., 2012).

The two main analytical platforms used in these types of studies are nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS), where the latter can
be coupled with chromatographic methods, and both can be combined to complement
metabolite coverage (Amberg et al., 2017). Metabolomics allows the identification of
metabolites and metabolic pathways that are associated with specific phenotypes as well as
the discovery of biomarkers of toxicity or disease, and it can be done in an untargeted
manner, which analyzes all the metabolites in a sample, or targeted manner, where specific
metabolites are selected for study (Johnson et al., 2016). Additionally, there is also
metabolomic fingerprinting (analysis of changes in intracellular metabolites by comparison
of metabolite patterns) or metabolomic footprinting (analysis of extracellular metabolites
secreted from cells or metabolites of the cellular medium not used by the cells) (Frohlich,

2017).

1.5.1 ANALYTICAL PLATFORMS

NMR spectroscopy uses electromagnetic radiation of a resonance frequency with enough
energy to induce the transition of spins between different energy levels from a magnetic
nucleus when placed in a magnetic field (Hore, 2015). In MS, the mass/charge ratio (m/z)
of ions, formed by induced loss or gain of a charge by a neutral species, provide information
that can be used to determine the identity of a molecule and its fragments. The complex
sample of metabolites can be directly injected into an MS or can go through a

chromatographic separation process before MS analysis (Johnson et al., 2016).

1.5.2 UNTARGETED VERSUS TARGETED METABOLOMICS

The main goal of untargeted metabolomics is to study all the metabolites in a sample. This
technique can be used to identify and characterize unknown metabolites and to measure
statistically relevant relative changes in metabolite levels between samples by comparing
integrated mass ion intensities (Vinayavekhin and Saghatelian, 2010). In targeted

metabolomics, the studies are hypothesis testing and focus on a specific number of
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metabolites, related by either class or function, and allow the absolute quantification of the
concentration of the metabolites under analysis by the use of internal standards, that are
generally isotope analogs of those metabolites (Dunn et al., 2011).

Overall, each method, targeted and untargeted, has strengths and shortcomings.
Untargeted metabolomics does not require previous knowledge of relevant metabolites,
being useful in finding new mechanisms and in identifying chemically unknown
metabolites, though this is only a semi-quantitative method that generates an enormous
amount of complex data and that requires validation of any identified metabolites (Menni
et al., 2017, Ribbenstedt et al., 2018). In contrast, targeted metabolomics, that focuses on
only some metabolites, has higher sensitivity and precision (and therefore lower detection
limits), easily identifies metabolites and gives absolute quantification, but does not allow
the discovery of unknown compounds and has limited metabolome coverage, which can
lead to the overlooking of metabolomic responses of interest (Menni et al., 2017,
Ribbenstedt et al., 2018).

1.5.3 FINGERPRINTING VERSUS FOOTPRINTING

Fingerprinting metabolomics studies the intracellular metabolites in a high-throughput
manner, where the main objective is not to generate quantitative data or to identify each
metabolite, but to compare fingerprints (patterns) of metabolites that change due to disease
or toxic exposure using statistical tools like hierarchical clustering or principal component
analysis (PCA) (Dettmer and Hammock, 2004). Global intracellular fingerprinting is
difficult to obtain with one method and it is a time-consuming technique that requires
robust methods for fast quenching of metabolism and extraction from cells since there is a
rapid metabolite turnover (Kim et al., 2010). On the other hand, metabolic footprinting
analyzes the extracellular metabolites that are secreted by the cells or tissues to the external
environment plus those metabolites that the cells or tissues do not uptake, which reflect the
cellular metabolic activity. When using this technique, the need for rapid quenching
disappears since the turnover of the metabolites is slower in the external environment (Kell

et al., 2005).

1.5.4 METABOLOMICS IN NANOTOXICOLOGY

When compared to classical toxicity tests, metabolomics is more sensitive, non or less
invasive (since urine, serum, and saliva can be used), is less time consuming, and gives a
more complete view of biochemical variations, which makes it useful in toxicity assessment
of NMs (Lin et al., 2012). Cell metabolomics can be integrated with traditional in vitro
toxicity endpoints to discover associations between metabolic profile alterations and NM

induced mechanisms of cytotoxicity, like oxidative stress, inflammation, and cell viability,
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and footprinting techniques can give indirect information about physiological status and
phenotype of cells (Lv et al., 2015).

An example of a study that comprises the methods explained above is the one
performed by Lindeque et al. (2018) that analyzes the endo and exometabolome of human
caucasian hepatocyte carcinoma (HepG2) cells exposed to three differently coated AuNPs,
poly-(sodiumsterene sulfonate) (PSSNa-AuNPs, 0.25 nM), poly-vinylpyrrolidone (PVP-
AuNPs, 0.25 nM) and citrate (Cit-AuNPs, 0.5 nM), for 3 h. The exometabolome was
analyzed by NMR spectrometry. For the endometabolome study, untargeted metabolomics
was performed with gas chromatography coupled with mass spectrometry (GC-MS), and
targeted analysis of amino acids and acylcarnitines was conducted by liquid
chromatography coupled with tandem mass spectrometry LC-MS/MS (triple quadrupole).
The comparison of the exometabolome from the medium of exposed cells and of controls
showed increased concentrations of several metabolites for PSSNa-AuNPs and PVP-AuNPs.
For PSSNa-AuNPs, moderate differences were detected for three metabolites (proline,
glutamine, and lactate), which could be related to decreased ATP production (lactate) and,
consequently, higher amino acid metabolism (proline and glutamine). PVP-AuNP exposure,
however, showed a significant increase in amino acids (proline, glutamic acid, glutamine,
and arginine) and of compounds related to phospholipid metabolism (choline and myo-
inositol). The increased proline was associated with the release of PVP monomers from the
coating of the AuNP, which are similar to proline, and this is why its pathways products
(glutamic acid, glutamine, and arginine) were also increased. Cit-AuNPs increased
concentrations of extracellular lactic acid, thus interfering with ATP production (Lindeque
et al., 2018). When looking at the endometabolome results, several metabolites were
identified, linked to amino acid, carbohydrate, lipid, energy, and acylcarnitine metabolisms.
In both untargeted and targeted metabolomics, almost all metabolite concentrations were
decreased, which was hypothesized to be related to metabolite binding to the ligands on the
surface of AuNPs, but the authors noted that more studies are needed to validate this
hypothesis Overall, PVP-AuNPs were the ones that interfered more with the intracellular
metabolome, relating to its higher internalization rate. Although every coating led to a
decrease in intracellular metabolites, only PSSNa-AuNPs and Cit-AuNPs affected ATP
production (Lindeque et al., 2018).

Our group carried out a metabolomics study to assess the mechanism of toxicity of
differently shaped AuNPs (Enea et al., 2019a), which had already been shown by others in
in vitro studies (Favi et al., 2015), but only at higher concentrations and without
demonstrating the mechanism behind the different effects. In the work by Enea et al.
(2019a), 40 nm gold nanospheres and 47 nm gold nanostars were administered

intravenously to rats (1.33 x 10" AuNPs/kg). After 24 h, the liver was removed for

14



evaluation of biomarkers of toxicity (levels of ATP, GSH and oxidized glutathione, GSSG)
and metabolomic analysis. The rats showed no behavioral or physical changes. Hepatic GSH
and GSH/GSSG ratio levels increased after administration of both types of NPs and ATP
levels did not change. Despite this apparent lack of toxicity or differences between the two
differently shaped AuNPs, when the metabolomic assay was performed this was not the
case. Both AuNPs produced alterations in several metabolic pathways, namely protein, fatty
acid, GSH, and purine/pyrimidine metabolism, changes that preceded toxicity. The
nanospheres had a stronger and significant effect on the fatty acid synthesis and nanostars
on protein synthesis. This shows the higher sensitivity of metabolomic studies in
discriminating responses to different NPs, which could not be noticed in conventional in
vitro assays and possibly predict toxic events, which proves that it is a great asset in
nanotoxicological studies. They can, however, also detect alterations that have no
consequence in the phenotype of cells or alterations related to adaptative responses to
damage, which is a shortcoming of these techniques. (Enea et al., 2019a).

Inorganic nanomaterials are of great interest in medicine, and because of this, it is
important to understand how they behave and interact with the human organism.
Metabolomics can be successfully used to uncover metabolic pathways of nanotoxicity, but
there is still the need to continue developing metabolomics research to further identify more

mechanisms and biomarkers of NMs toxicity.

1.6 NANOPARTICLES

1.6.1 GOLD NANOPARTICLES
AuNPs are important NPs that have a wide spectrum of applications. Their physicochemical
properties are extremely useful, mainly their redox behavior, the ability to quench
fluorescence, and the effect of surface plasmon resonance (Yeh et al., 2012). For their
biological uses, the most important characteristics are the great biocompatibility and the
large surface area, which allows the conjugation and functionalization of their surface with
a variety of molecules, to various ends (Khan et al., 2014). Synthesis of AuNPs can be
performed through many methods, but the most commonly used is the chemical reduction
of gold chloride with sodium citrate devised by Turkevich and improved later by Frens, who
changed the ratios of the compounds, which resulted in spherical AuNPs with control over
size (Frens, 1973).

AuNPs have been demonstrated to be of great use in medicine. This is both due to
their advantages on imaging techniques for diagnosis, like computed tomography imaging,
but also in therapy, with their potential for drug delivery systems and photothermal therapy

(Panahi et al., 2017). They can be widely applicable as biosensors for several different
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compounds, from metals to toxins. There are different types of sensors such as colorimetric
or fluorescence sensors (Elahi et al., 2018). Applications in cancer are currently being
developed since AuNPs, due to their small size, can penetrate and deposit in tumors and
can also bind to biomolecules and drugs for target delivery (Peng and Liang, 2019).
Several studies have been performed to assess AuNPs’ toxicity and, generally, these
particles have been found to exert little toxicity, particularly those that are smaller and with
a negative surface charge, the latter possibly being related with cells having a negative
membrane, leading to a weak interaction with anionic AuNPs (Goodman et al., 2004). This,
however, cannot assure the safety of the use of AuNPs since they can have long term effects,
as they accumulate in the body, particularly in the liver and spleen (Yuan et al., 2019).
Therefore, and similarly to the aforementioned NPs, further studies need to be conducted

to assure the safe use of AuNPs (Adewale et al., 2019).

1.6.2 SELENIUM NANOPARTICLES

Selenium is a semi-metal, belonging to the same family of sulfur and oxygen. It is essential
for the organism since it is a vital component of selenoproteins, such as glutathione
peroxidase, that play an important part in several body functions (Mehdi et al., 2013).
Nanosized selenium or selenium nanoparticles (SeNPs) have been gaining attention in
various fields, such as in electronics, optics, and medicine. They can be synthesized through
chemical (e.g. acid decomposition) or physical (e.g. UV radiation) methods but
biosynthesis, using bacteria, fungi, or plants, has been growing in popularity, since these
methods produce stable SeNPs that do not aggregate, and it is cheaper and eco-friendlier
(Wadhwani et al., 2016). When compared with some selenium compounds, namely selenite,
Se-methylselenocysteine, and selenomethionine, SeNPs have overall lower toxicity (Zhang
et al., 2005, Zhang and Spallholz, 2011).

In terms of nanomedicine applications, SeNPs have gained increased interest. They
have high bioavailability, provide a sustained and targeted release of selenium, which leads
to the accumulation of this element in tumoral sites and reduction of distribution to healthy
tissue (Guan et al., 2018). In fact, one major area where SeNPs show incredible promise is
in anticancer treatment. In general terms, SeNPs suffer endocytosis and, when inside
cancerous cells, have a prooxidative effect because of the redox imbalance. This will lead to
mitochondrial leakage and cell stress, ending up with the activation of apoptotic pathways.
SeNPs will also interfere with pathways related to oncogenic signaling (like the vascular
endothelial growth factor pathway), which decreases cell proliferation and growth (Khurana
et al., 2019). Functionalization of the surface of SeNPs, with organic and inorganic
compounds, can impede their aggregation and decrease toxicity while also enhancing cell

uptake. Targeting can be achieved through functionalization as well, using biomolecules,
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like ligands and antibodies (Maiyo and Singh, 2017). Studies have demonstrated the use of
functionalized SeNPs in delivering doxorubicin and doxorubicin compacted with siRNA to
cancerous cells, with great results in selective uptake and cytotoxicity towards these cells,
attesting to the capacity of SeNPs to be used as drug and gene delivery agents in anticancer
treatment (Huang et al., 2013, Xia et al., 2018).

Besides their application in cancer, SeNPs have antibacterial and antiviral effects,
especially biogenic SeNPs. Cremonini et al. (2016) demonstrated inhibition of the growth
of Pseudomonas aeruginosa using SeNPs synthesized by gram-positive Bacillus mycoides
and gram-negative Stenotrophomonas maltophilia, with no effects on human cells
(Cremonini et al., 2016). In another study by Ramya et al. (2015), the SeNPs synthesized by
Streptomyces minutiscleroticus demonstrated antioxidant and anti-biofilm activities that
were concentration-dependent, as well as effective antiviral activity against type-1 dengue

virus, via reducing of growth (Ramya et al., 2015).

1.6.3 SILVER NANOPARTICLES

Silver nanoparticles (AgNPs) also belong to the group of metal nanoparticles. Their
characteristics, including being a great catalytic, having high sensitivity for optical sensors
due to the surface plasmon resonance effect, and having a high surface area, are what make
these NPs so desirable in many fields, including medicine (Abbasi et al., 2016).

It is well established that AgNPs have strong antimicrobial activity. Generally, these
particles accumulate on, and penetrate the cellular wall and membrane, binding with the
biomolecules on the membranes and inside, causing changes in membrane permeability
and essential cellular processes, like the respiratory chain or protein synthesis, which
eventually leads to bacterial cell death (Tang and Zheng, 2018). AgNPs also release silver
ions, that lower the cellular pH and lead to the formation of free radicals. Silver ions bind
with sulfur and thiol groups of proteins and peptides, namely GSH, eventually culminating
in oxidative stress (Naik and Kowshik, 2017). AgNPs are also being used to improve the
efficiency of cancer treatments by combining them with anticancer drugs, that are used in
smaller concentrations and with fewer side effects for non-cancerous cells (Yuan et al.,
2018). These nanoparticles have also been used in diagnosis and imaging, both due to their
efficiency at absorbing and scattering light and also because they can be used for fluorescent
labeling (Lee and Jun, 2019).

Despite all these uses, AgNPs must be used with care since they can have the same lethal
effects on human healthy cells as those that they have on bacteria. AgNPs can interfere with
the proliferation and be cytotoxic, effects that are dependent on coating and size (Souza et
al., 2018). Silver deposits from AgNPs exposure are common in many organs, like the liver,

kidney, or the skin, where it provokes discoloration to a blue-gray color, a phenomenon
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called argyria (Hadrup and Lam, 2014). It is also important to note the possible ecotoxic
side effects that particulate silver can have on different species. Hence, it is crucial to keep
studying AgNPs to close current knowledge gaps and to increase the safety of its use (Du et

al., 2018).
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2. OBJECTIVES

As seen in the previous section, NMs have a wide range of applications, mainly in
nanomedicine where they can improve classical therapeutic and diagnostic approaches.
However, their mechanisms of toxicity are not well defined. Bearing this in mind, it is
important to develop techniques that allow the detailed study of the possible alterations that
NDMs can cause to organisms.

In this work, the focus was to evaluate metabolomic changes in primary rat
hepatocytes after exposure to six types of nanoparticles at non-toxic concentrations. The
nanoparticles chosen were citrate coated nanospheres of gold (12, 40, and 60 nm), 11-
mercaptoundecanoic acid (MUA) coated nanostars of gold (60 nm), citrate coated nanostars
of silver (200 nm), and glucose coated nanospheres of selenium (300 nm). Ultimately, this
study aimed to determine if there are, at non-cytotoxic concentrations, changes in the cells
that cannot be detected in the conventional cytotoxic assays. For this, metabolomics was
chosen, since it has the potential to detect small changes in the metabolome due to its high
sensitivity.

To this end, the procedures aimed at:

(1) Assessing the highest concentration of the different NPs that caused no toxicity to
primary rat hepatocytes via two cytotoxicity assays (neutral red and MTT).

(2) Studying the metabolic changes induced by the different NPs at non-cytotoxic

concentrations via metabolomics performed with GC-MS.
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3. MATERIALS AND METHODS

3.1 CHEMICALS AND REAGENTS

All chemicals used in this study were of analytical grade and high purity unless stated

otherwise. All the chemicals were obtained from Sigma-Aldrich (Missouri, USA). Cell
culture reagents were purchased from Gibco (Alfagene, Lisbon, Portugal). For the NPs
synthesis, all chemicals and reagents were used without further purification unless
indicated otherwise. Gold (III) chloride 30% wt solution (99.99%), 11-mercaptoundecanoic
acid (MUA, 95%), silver nitrate (99.9999%), neutral hydroxylamine 50% wt (HA,
99.9999%), sodium selenite (98%) and D-(+)-glucose (99.5%) were from Sigma-Aldrich
(Missouri, USA). Trisodium citrate dihydrate (99%) was from Merck (Darmstadt, Germany)
and sodium hydroxide (98.7%) from Fisher Scientific (Hampton, New Hampshire, USA).

3.2 SYNTHESIS AND CHARACTERIZATION OF NPS

The synthesis and characterization of all NPs were kindly performed by the investigators in
the LAQV/REQUIMTE Laboratory, Department of Chemistry and Biochemistry, Faculty of

Sciences, University of Porto.

The NPs tested were: 12, 40 and 60 nm diameter gold nanospheres (AuNPs) coated
with citrate (15, 0.17 and 0.075 nM, respectively); ~60 nm tip-to-tip gold nanostars (AuNSs)
coated with MUA (0.17 nM); ~200 nm tip-to-tip silver nanostars (AgNSs) coated with
citrate (0.1 nM); 300 nm diameter selenium nanospheres (SeNPs) coated with glucose (0.1
nM). The concentrations stated above were those of the stock solutions of each NM,
dilutions were used for the exposure to cells. All solutions were prepared using ultrapure
water unless stated otherwise. All batches were stored at 4 °C.

The synthesis of AgNSs was performed via the reduction of Ag* with HA in an
aqueous solution followed by the addition of citrate to perform a capping-reduction. A total
of 9 mL of 103 mol/L of silver nitrate was added dropwise to a mix of 500 uL of 5 x 102
mol/L sodium hydroxide and 500 uL of 6 x 102 mol/L HA, under stirring. After 2 min, to
the resulting aqueous solution, 100 puL of 4.13 x 1072 mol/L (1% w/v) trisodium citrate was
added and the suspension was agitated for 3 hours, after which it presented a dark grey
color. This is a simple method that forgoes the use of strong surfactants (Garcia-Leis et al.,
2013).

To synthesize the SeNPs, glucose was used to act as the reductant and capping agent.
Sodium selenite (5 mmol/L) and a glucose solution (1 mol/L) were added to get a 100 mL
solution in a 250 mL Erlenmeyer flask covered at the top with tinfoil. This flask was put in

an autoclave at 115 °C for 15 min. This resulted in the formation of a red suspension that
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was promptly cooled. Afterward, this suspension was washed using water and centrifugated
at 1000 g for 20 min a total of four times (Nie et al., 2016).

For the AuNPs synthesis, the first ones to be prepared were the 12 nm diameter
AuNPs. For this purpose, a stock gold (IIT) chloride solution was diluted to a concentration
of 1 mmol/L (100 mL final volume). This solution was then transferred to a three-neck
round bottom flask with a stir bar, which was equipped with a condenser and put in a hot
oil bath. Under stirring, 1 mL of a 0.7 mol/L citrate aqueous solution (prepared from
trisodium citrate) was quickly added to the flask. After 20-30 min under reflux, the
synthesis was complete, with the suspension turning into a deep red color. This synthesis is
a modification of the Frens method, which is based on the use of citrate as a reducing and
stabilizing agent to get AuNPs from Aus* (Zabetakis et al., 2012).

For the bigger sized AuNPs (40 and 60 nm), a process similar to the 12 nm AuNPs
synthesis was performed to get the seeds: 150 mL of a 2.2 mmol/L sodium citrate solution
was heated in the flask previously mentioned under constant stirring at 100 °C, after which
1 mL of a 25 mmol/L tetrachloroauric acid (HAuCl,) solution was added. The solution
became a soft pink color after 10 min. Right after the synthesis of these seeds, the flask was
cooled to 90 °C. To get the 40 nm AuNPs, when the desired temperature was reached, 1 mL
of the HAuCl, solution was injected and, after a 30 min reaction period, the size was
assessed by UV-Vis. This process was repeated until the intended size was obtained (40 or
60 nm) (Bastus et al., 2011).

Finally, to produce AuNSs, an AuNPs seed solution, prepared the way described for
12 nm AuNPs, was used as a starting point. From this seed solution, 100 uL were added to
10 mL of a 0.25 mmol/L HAuCl, solution. While this solution, which had a light red/orange
color, was being stirred, 100 pL of a 2 mmol/L silver nitrate solution and 50 pL of a 100
mmol/L ascorbic acid solution were added simultaneously. The solution quickly changed to
a dark blue color. A wash was then performed by centrifugation at 3000 g for 15 min. The
resulting pellet was resuspended in ultrapure water. The capping was then exchanged from
citrate to MUA by the addition of 5 uL. of a 10 mM MUA ethanolic solution. After an
overnight period, the suspension was washed again as described above. (Yuan et al., 2012).

The aspect of the different NPs can be observed in figure 5.
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Figure 5 — Nanoparticles. From left to right: selenium nanoparticles, 60 nm gold nanoparticles, 40 nm gold
nanoparticles, 12 nm gold nanoparticles, gold nanostars and silver nanostars.

For the characterization of the NPs several techniques were used, namely dynamic
light scattering (DLS), electrophoretic light scattering (ELS), nanoparticle tracking analysis
(NTA), ultraviolet-visible spectroscopy (UV-Vis), and transmission electron microscopy
(TEM).

DLS and ELS were used for all NPs except for the 40 and 60 nm AuNPs. They were
performed in a Malvern Panalytical Zetasizer Nano ZS. DLS allowed the study of the
hydrodynamic size of the NPs, by assuming a spherical shape and studying the speed of the
Brownian motion, which is correlated with their size (Brar and Verma, 2011). ELS enabled
the study of the zeta potential. This determines the effective electric charge of an NP by
measuring the difference of potential between the fluid where the NP is and the thin layer
of ions of opposite charge that are attached on the NP’s surface. If the NPs have a high zeta
potential (positive or negative) the repulsive forces between them will be stronger and,
therefore, they will be more stable and less likely to form agglomerates (Kumar and Dixit,
2017, Selvamani, 2019). The study was performed at 25 °C and each sample was read three
times. Light detection was at a 17° angle, in backscatter mode, for ELS and at 273° angle for
DLS (Peixoto de Almeida et al., 2018).

NTA was performed using a Malvern Panalytical Nanosight NS300. This technology
works similarly to DLS. It combines a digital camera detector with laser light scattering
microscopy, which allows it to document single NPs. With this, not only the hydrodynamic
size was studied, but also the concentration (Filipe et al., 2010). This technique was applied
to AuNPs (40 nm), AuNSs, AgNSs, and SeNPs.

The UV-Vis extinction spectra were obtained using a Genesys 10S UV-Vis
Spectrophotometer. For AuNPs, besides the spectrum, the maximum absorbance value of
the localized surface plasmon resonance (LSPR) band was recorded, as well as the

absorbance at 450 nm, a part of the spectrum that is independent of the size, to be used as
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a normalization. With this, values for the size and concentration were obtained for all the
AuNPs tested in this work (Haiss et al., 2007).

TEM micrographs were obtained for SeNPs. This was accomplished using a Jeol JEM-
1400 microscope, at HEMS, 13S, University of Porto. This technique is based on the
transmission electron diffraction pattern formed after the penetration of electrons through
a thin layer of NPs (Egerton, 2005). The images obtained were used to assess the size of the

particles, using ImageJ 1.52u software (Schneider et al., 2012).

3.3 ANIMALS

Female Wistar Han rats with a bodyweight of 150-250 g were kept in sterile facilities under

controlled temperature (20+2 °C), humidity (40—60%), and light (12 h-light/dark cycle)
conditions, and were fed with sterile standard rat chow and tap water ad libitum. Isolation
of hepatocytes was always conducted between 8:00 and 10:00 a.m.. This experiment was
performed at the highest standards of ethics after approval by the local Ethical Committee
for the Welfare of Experimental Animals (University of Porto-ORBEA) and by the national
authority Direcdo-Geral de Alimentacdo e Veterinaria (DGAV). Housing and all
experimental procedures were performed by investigators accredited for laboratory animal
use in accordance with the Portuguese and European legislation (law DL 113/2013, Guide
for Animal Care; Directives 86/609/EEC and 2010/63/UE) under the strict supervision of

veterinary physicians.

3.4 ISOLATION OF PRIMARY HEPATOCYTES

Rat anesthesia was performed by an intraperitoneal injection of a mixture of 200 pg of
xylazine (Rompun® 2%, Bayer HealthCare, Germany) and 100 g of ketamine
(Clorketam® 1000, Vétoquinol, France) per 300 g body weight. Inhalation of isoflurane
(IsoVet® 1000 mg/g, B. Braun VetCare, Germany) was employed during the isolation, to
ensure the anesthesia was maintained.

Isolation of primary rat hepatocytes was based on a modification of the method
designed by Moldeus and collaborators, which consists of an in situ collagenase perfusion
of the liver in two steps (Moldeus et al., 1978). Initially, a cannula was inserted into the
portal vein and the liver was perfused with a carbonated and sterile ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) washing buffer, at 37 °C, for 8-10 min
at a 10 mL/min flow rate. This buffer was a calcium-free balanced salt solution, with the
EGTA acting as a chelating agent for that ion, decreasing the overall concentration of Ca2*
and irreversibly cleaving the desmosomes that bind the hepatocytes (Berry et al., 1991,
Puviani et al., 1998). It contained 155 mL of 9 g/L glucose, 25 mL of Krebs-Henseleit (KH)
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buffer at pH 7.4, which is a combination of 60 g/L sodium chloride (NaCl), 1.75 g/L
potassium chloride (KCI) and 1.6 g/L potassium dihydrogen phosphate (KH.PO,), 25 mL of
60 g/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 8.5), 18.5 mL of
minimum essential medium (MEM) non-essential amino acids solution, 18.5 mL of MEM
essential amino acids solution diluted 1:5, 2.5 mL of 7 g/L glutamine and 1 mL of 47.5 g/L
EGTA (pH 7.6). The inferior vena cava was immediately cut so the perfusion fluids could
leave the liver. Afterward, a collagenase buffer at 37 °C was perfused through the liver until
the consistency of this organ changed, which took about 8-10 min. The collagenase cleaves
the collagen molecules specifically and hydrolytically and is dependent on Ca2* to be
activated, which does not interfere with cell adhesion at this stage due to the irreversible
nature of the desmosomes’ cleavage (Berry et al., 1991, Puviani et al., 1998). This buffer was
constituted by 77.5 mL of 9 g/L glucose, 12.5 mL KH buffer (pH 7.4), 12.5 mL of 60 g/L
HEPES (pH 8.5), 7.5 mL of MEM non-essential amino acids solution, 7.5 mL of MEM
essential amino acids solution diluted 1:5, 2.5 mL of 19 g/L calcium chloride dihydrate
(CaCl,-2H,0), 1.25 mL of 7 g/L glutamine and 1525 U/mL of collagenase type IA from
Clostridium histolyticum, which was only added after successful cannulation since it is
expensive and should not be wasted. At this stage, the liver was extracted from the animal,
by cutting the ligamentous attachments to the mesentery. The set up used in this isolation

can be seen in figure 6.

Figure 6 — Hepatocyte isolation set up. Thermostatic water bath (left), peristaltic pump (center).
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The liver was transferred into a petri dish that contained a suspension buffer. This
buffer is composed of 124 mL of 9 g/L glucose, 20 mL KH buffer (pH 7.4), 20 mL of 60 g/L
HEPES (pH 7.6), 15 mL of MEM non-essential amino acids solution, 15 mL of MEM
essential amino acids solution diluted 1:5, 1.6 mL of 19 g/L CaCl.-2H,0, 2 mL of 7 g/L
glutamine, 0.8 mL of 24.6 g/L magnesium sulfate heptahydrate (MgSO,-7H.0) and 400 mg
of bovine serum albumin (to inactivate the collagenase). To help the disruption of the liver,
a gentle mechanical dissociation was employed. The suspension obtained contained the
hepatocytes but also other residues and types of cells, so hepatocyte purification was
required. To this end, the suspension was first passed through a fine-mesh sieve and
centrifuged at 50 g for three minutes at 4°C. The supernatant was rejected, and suspension
buffer was added to resuspend the pellet, which contained the hepatocytes that, due to their
higher density, tend to deposit. This was repeated three times or until the supernatant was
clear.

Cell viability and number were assessed using a Neubauer chamber and the trypan
blue method (Marquis et al., 2009). This is a charged molecule that can only enter cells with
damaged membranes, hence a cell with blue coloring is an indicator of its death. The
number of alive and dead cells was counted, and the viability, that is the percentage of living

cells, was always above 80%.

3.5 CELL PILATING AND EXPOSURE

For the cytotoxicity assay, the cells were seeded into 96-well plates at 50 x 103 cells per well.
For metabolomics, the cells were cultured in 100 x 10 mm petri dishes at a density of 6x10°
cells per dish. The hepatocytes were cultured in William’s Medium E medium supplemented
with 10 % heat-inactivated fetal bovine serum, 10 ug/mL gentamicin, 2 ng/mL insulin from
bovine pancreas, 5 nM of dexamethasone, and a combination of penicillin G and
streptomycin at 100 U/mL and 100 pg/mL, respectively. The plates used for cell seeding
were previously coated with collagen G (Biochrom Ltd.) diluted in Hanks balanced salt
solution (HBSS, without calcium and magnesium) to a final concentration of 40 ng/mL. The
hepatocytes were incubated overnight at 37 °C so they could adhere to the bottom of the
plates.

Then, on the day of the cytotoxicity experiment, the cell culture medium in each well
was replaced by each test NPs (12, 40, and 60 nm AuNPs, 60 nm AuSNs and 200 nm
AuSNs), diluted 10x from the stock, in the culture medium. For the SeNPs, 20x, 30x, 40X,

50X, 60X, 70X, 80x and 9ox dilutions were also studied.
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3.6 CYTOTOXIC ASSAYS
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test is a

metabolic activity assay based on the cellular reduction by dehydrogenases (mainly
mitochondrial but also cytoplasmatic) of tetrazolium salts to colored formazan products.
MTT is a soluble, positively charged yellow dye that enters the cells easily, and is converted
to formazan, forming insoluble purple precipitates. These need to be solubilized to enable
the absorbance reading, which is proportional to the amount of formazan formed
(Ciappellano et al., 2016, Martin and Sarkar, 2019). After the exposure period to NPs, the
culture medium was removed and the cells were incubated with 1 mg/mL of MTT solution
for 30 min at 37 °C, with 5% CO.. The resulting precipitates were dissolved with dimethyl
sulfoxide and the absorbance was read at 550 nm in a multi-well plate reader BioTek
Synergy™ HT (BioTek Instruments, Inc.).

The neutral red (NR) dye uptake technique was also used to assess cell viability. This
is an uncharged compound that is protonated and retained inside acidic lysosomes of live
cells and, since energy is needed to maintain the pH gradients, reduced dye detection will
correlate to reduced cell viability (Ciappellano et al., 2016, Martin and Sarkar, 2019). After
the exposure period to NPs, the culture medium was removed and the cells were incubated
with 50 ug/mL of NR for 50 min at 37 °C, with 5% CO.. After that, the cells were washed
with HBSS to remove the non-incorporated dye, and a lysis solution (50% ethanol, 49%
distilled water, 1% glacial acetic acid) was used to dissolve the dye. The absorbance was read
at 540 nm.

Negative (only culture medium) and positive controls (1% Triton X-100) were
included in both assays. Data were expressed as % of MTT reduction and % of NR

incorporation normalized to negative and positive controls.

3.7 METABOLOMICS

3.7.1 COLLECTION OF SAMPLES
For metabolomics, the cells were cultured in petri dishes at a density of 6x10° cells per petri
dish and exposure was performed as explained above. After 24 h of exposure, samples for
the study of intracellular metabolome were extracted. Six independent experiments were
performed, giving a total of 42 samples for metabolomic analysis. All tubes referred below
were coated with a solution of methanol:water (80:20 v/v) and all the procedure was
performed on ice.

Firstly, the culture medium was removed. Then, the petri dishes were washed twice
with 12 mL of sodium chloride (0.9 %), to remove interferences. Afterward, 9 mL of the ice-

cold methanol:water solution was added to quench the metabolites, and the cells were
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scraped from the bottom and transferred to a falcon. The cells were sonicated on ice for 30
seconds, centrifuged at 3000 g for 10 min at 4 °C and the supernatant was transferred to
new falcons.

Quality controls (QCs) were prepared by combining an equal volume of all samples
(controls and exposures) into a glass vial. These were used to assess the reproducibility of
the metabolomic results, as well as for the identification of metabolites. All the samples and

QCs were stored at -80 °C until needed.

3.7.2 DERIVATIZATION OF ANALYTES

To obtain the spectra of the endometabolome, the method used was based on protocols from
our groups (Lima et al., 2018, Lima et al., 2020). To be able to analyze all components of
the metabolome, derivatization was performed to increase the volatilization of the
metabolites. In a glass vial, 1 mL of each sample was added, followed by 8 uL of desmosterol
(1 mg/mL), which is the internal standard. The mixture was vortexed and was let to
evaporate at room temperature with a flow of nitrogen gas. When this was achieved, 100 pL
of N-methyl-N-(trimethylsilyl) trifluoroacetamide (for derivatization) was added to the vial,
vortexed, and incubated for 30 min at 80 °C to perform the derivatization. When the time

ended, the mixture was transferred to autosampler vials and taken to the GC-MS system.

3.7.3 GC-MS ANALYSIS
For this study, the equipment used was an EVOQ-436 gas chromatography coupled with a

Bruker Triple Quadrupole mass detector and a Bruker MS workstation software version 8.2.
The analysis was performed using a Rxi-5Sil MS (30 m x 0.25 mm x 0.25 um) column
(Restek), and using helium C-60 (Gasin, Portugal) with a flow of 1 mL/min as a carrier gas,
in full scan mode. A volume of 2 puL of each sample was injected, in a split mode (1/10 ratio),
using a CombiPAL automatic autosampler (Bruker), with the injecting port heated to 250
°C. The oven temperature was 70 °C for 2 min, followed by an increase to 250 °C at a rate
of 15 °C/min, which was held for 2 min. Then, the temperature was increased to 300 °C at
arate of 10 °C/min and kept there for 8 min, for a total of 26 min per sample. The manifold
temperature was 40 °C and the transfer line temperature was 250 °C. The mass spectra were
obtained by the electron impact mode and the mass range was from 40-600 m/z. The
emission current was 50 pA and the electron multiplier was set in a relative mode to an
autotune procedure.

The samples were injected randomly, and a QC was injected every 5 samples to

ensure reproducibility, with a total of 42 samples and 9 QCs.
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3.7.4 GC-MS DATA PRE-PROCESSING

The identification of metabolites was performed using reference standards. In the cases
where this was not possible, the National Institute of Standards and Technology (NIST 14)
spectral library database and a comparison of the theoretical and experimental Kovats index
were combined to obtain an identification.

The chromatograms obtained from GC-MS were pre-processed using MZmine 2.53
for chromatogram deconvolution, peak detection, alignment, and baseline correction
(Pluskal et al., 2010). Parameters that were used to perform this pre-process included m/z
range (50-500) and m/z tolerance (0.2), MS data noise level (1x105), retention time (RT)
range (4.40-23.00), peak duration range (0.02-0.5), and chromatogram baseline level
(1x10%). The ions (m/z) with values of relative standard deviation (RSD) higher than 30%
as well as artifact ions were excluded. The remainder values were normalized to the total
area of the chromatogram and a process of variable selection was performed to refine the
matrix and remove data from uncontrolled confounding factors. This was done by
calculating the p-value for each m/z RT pair using Metaboanalyst and all values with p >

0.05 were removed.

3.8 STATISTICAL ANALYSIS

The statistical analysis for the MTT and NR assays was performed using GraphPad Prism 8
software (GraphPad Software, San Diego, CA). The normality of the data was assessed
through the Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-
Smirnov tests. All obtained results had a non-normal distribution and, so, statistical
comparison of the groups with the control was performed with a one-way analysis of
variance on ranks, also known as the Kruskal-Wallis test. All the results obtained are
expressed as the mean + standard error of the mean and the values were considered
statistically significant when p < 0.05.

Multivariate analysis to compare the metabolomic results of the NPs with the controls
was conducted through principal component analysis (PCA), for the QCs, and partial least
squares discriminant analysis (PLS-DA) with a Pareto scaling, for the treatments, using the
SIMCA-P software. The models obtained were validated using a permutation test of 200
permutations of two components and Y-observations. Afterward, the metabolites that were
involved in the discrimination of the control cells vs. the NP exposed cells were identified
through the values of variable importance of projection (VIP) from the PLS-DA, which had
to be higher than 1 for that metabolite to be considered potentially discriminant. For
confirmation, three univariate analyses were implemented. Since all results followed a non-
normal distribution, the non-parametric unpaired Mann-Whitney test was used to obtain

the p-values, with the GraphPad Prism 8 software (GraphPad Software, San Diego, CA), the
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effect size (and standard error associated) and percentage of variation (and uncertainty of
the percentage of variation) were also obtained. For the metabolites to be discriminant, the
p-value had to be inferior to 0.05, the effect size higher than the standard error, and the
percentage of variation higher than the uncertainty of the percentage of variation (Berben
et al., 2012). The metabolites upregulated had positive values of effect size and percentage
of variation, while the metabolites downregulated had negative values of effect size and
percentage of variation. Finally, a pathway analysis was performed with MetaboAnalyst 3.0
(Pang et al., 2020) to assess the metabolic pathways altered in each NP related to each
metabolite and the significance of that pathway. Only the ones with a p-value < 0.05 were

considered.
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4. RESULTS

4.1 CHARACTERIZATION OF NANOPARTICLES

The NPs were synthesized and characterized as described above. The results from the

different techniques used for the characterization of NPs can be seen in table 1.

Table 1 — Characterization of the NPs.

AuNPs AuNPs AuNPs AuNSs AgNSs SeNPs

(12 nm) (qonm) (6onm) (60 nm) (200 nm) (300 nm)

NPs

UV-Vis
Diameter (nm)
DLS
Hydrodynamic 15.7 + 0.1 n.d. n.d. 679+04 1368+15 378.0+4.1

12 40 59 n.a. n.a. n.a.

diameter (nm)
NTA
Hydrodynamic n.a. 54.4 £ 1.9 n.d. 62.0+ 0.7 190.4+4.4 196.6 +£3.8

diameter (nm)
TEM
Diameter of tip- n.d. n.d. n.d. n.d. n.d. 328.8 +18.8

to-tip (nm)
UV-Vis

Concentration 15 0.17 0.075 n.a. n.a. n.a.
(nM)
NTA

Concentration n.a. n.d. n.d. 0.17 0.10 0.10
(nM)
ELS

Zeta potential -49.0 + 5.1 n.d. n.d. -33.8+0.6 -38.3+06 -42.9+0.3
(mV)

Abbreviations: AgNSs (silver nanostars); AuNPs (gold nanospheres); AuNSs (gold nanostars); DLS (dynamic

light scattering); ELS (electrophoretic light scattering); SeNPs (selenium nanospheres); n.a. (non-applicable);
n.d. (not determined); NPs (nanoparticles); NTA (nanoparticle tracking analysis); TEM (transmission electron
microscopy); UV-Vis (ultraviolet-visible spectroscopy). All these data were kindly provided by the investigators
of the LAQV/REQUIMTE Laboratory, Department of Chemistry and Biochemistry, Faculty of Sciences,

University of Porto.

All the NPs (except 40 and 60 nm AuNPs) have a negative charge, as demonstrated
by their zeta potential, due to the capping (citrate, MUA, and glucose) used. Different results
were obtained with the different techniques for the size of the NPs as the different
techniques analyze different parameters, namely hydrodynamic size (NTA) and tip to tip
size (TEM).
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The UV-Vis spectrum was obtained for all the NPs, and they are represented in figure 7.
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Figure 7 — UV-Vis spectrum of the nanoparticles and maximum extinction wavelength.

The images obtained from TEM can be seen in figure 8.
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Figure 8 — TEM images of nanoparticles. SeNPs (A, B), AgNSs (C, D), AuNPs (E) and AuNSs (F). C, D, E and F
are representative. All images were provided by the investigators of the LAQV/REQUIMTE Laboratory,

Department of Chemistry and Biochemistry, Faculty of Sciences, University of Porto.
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4.2 CYTOTOXICITY

The cell viability of the primary hepatocytes after 24 h exposure to the NPs was evaluated
by the MTT and NR assays. Figures 9 and 10 show the results obtained for
AuNPs/AuNSs/AgNSs and SeNPs, respectively. The concentrations of SeNPs are dilutions

from the stock solution.
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Figure 9 — Percentage of MTT reduction (left) and percentage of NR incorporation (right) for 12 nm AuNPs
(1.50 nM), 40 nm AuNPs (0.017 nM), 60 nm AuNPs (7.5 x 104 nM), AuNSs (0.017 nM) and AgNSs (0.010
nM). Comparison with controls performed with one-way ANOVA Kruskal-Wallis test. *p < 0.05.
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Figure 10 — Percentage of MTT reduction (left) and percentage of NR incorporation (right) for SeNPs
Concentrations: 10x (0.010 nM), 20x (5.0 x 103 nM), 30x (3.33 x 103 nM), 40x (2.5 x 103 nM), 50x (2.0 x 103
nM), 60x (1.67 x 1073 nM), 70x (1.43 x 103 nM), 80x (1.25 x 103 nM) and 90x (1.11 x 103 nM). Comparison with
controls performed with one-way ANOVA Kruskal-Wallis test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <

0.0001.

All the AuNPs, the AuNSs, and the AgNSs had no cytotoxicity at the concentrations
tested in both the MTT and NR assay after 24 h. The 60 nm AuNPs had a significant increase

in the percentage of MTT reduction (p < 0.05). Hence, a 10x dilution of the stock solutions
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was used for the metabolomics study, which is 1.50 nM of 12 nm AuNPs, 0.017 nM of 40 nm
AuNPs, 7.5 x 104 nM of 60 nm AuNPs, 0.017 nM of AuNSs, and 0.010 nM of AgNSs.

For the SeNPs, several concentrations were tested. In the MTT assay, concentrations
of 0.010 nM (p <0.0001), 5.0 x 103 nM (p <0.0001), 3.33 x 103 nM (p <0.0001), 2.5 x 10
3nM (p <0.001) and 2.0 x 103 nM (p < 0.05) (10X, 20X, 30%, 40x and 50x dilutions of the
stock solution, respectively) elicited a significative decrease of cell viability after 24 h of
exposure. In the NR assay, exposure of the cells to concentrations of 0.010 nM (p <0.0001),
5.0 x 103 nM (p <0.01), 3.33 x 103 nM (p <0.001) and 2.5 x 103 nM (p <0.05) (10x, 20X,
30x and 40x dilutions of the stock solution, respectively) led to a significative decrease in
cell viability. Both assays showed that SeNPs have a concentration-dependent toxicity to
primary hepatocytes, but the MTT assay was more sensitive to these changes. Based on this,
a concentration of 1.67 x 103 nM was chosen for the metabolomic study, as it was the highest
concentration that did not induce significative cytotoxicity in both tests. The IC50 of the

SeNPs obtained in the MTT assay was of 0.010 nM.

4.3 METABOLOMICS RESULTS
A total of 167 chromatographic peaks were detected and analyzed from the GC-MS

chromatograms. After this, two multivariate analyzes (PCA and PLS-DA) were performed
with the results obtained. The PCA performed with the QCs can be seen in figure 11, where
they can be seen all pooled together. This proves the reproducibility of the results since the
QCs were all obtained from the same original sample and, therefore, should be similar. The
PLS-DA analysis to compare the controls to each of the NPs tested can be seen in figure 12.
One of the replicas related to the SeNPs was excluded from the respective PLS-DA since it
presented a value outside the range of all other results.
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Figure 11 — PCA of QCs (green) and samples (light blue). The QCs represent a pool of all samples, controls and

P

| |

treatments, and are identical, which should lead to equal samples. Since they are all together, the

reproducibility was confirmed.
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Figure 12 — PLS-DA models. A — Control (green) vs. 24 h exposure to 1.67x103 nM SeNPs (red); B — control
(green) vs. 24 h exposure to 1.50 nM 12 nm AuNPs (light blue); C — control (green) vs. 24 h exposure to 0.017
nM 40 nm AulNPs (yellow); D — control (green) vs. 24 h exposure to 0.017 nM AuNSs (purple); F — control
(green) vs. 24 h exposure to 0.010 nM AgNSs (dark blue). Q2 superior to 0.5 indicates a discrimination between

control and NP exposure samples.

All the models showed differences between the control groups and the NP exposed
cells, with values of Q2, that assess the predictive capability of the model, all above the limit
of 0.5 necessary for discrimination. All the models were valid, as can be seen in the
permutation tests (figure 13), which assess the overfitting of the models, that is, if the model
fits the results used but has low prediction power. This is done by comparing the original
R2 and Q2 of the PLS-DA (far right) with those obtained by 200 permutations in which the
order of the Y-observations (classes) was switched randomly. Our PLS-DA models passed
validation because all Q2 and R2 values are lower than the original and the regression line

of the Q2-values intersects the x-axis at or below zero.
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Figure 13 — Validation of PLS-DA models through permutation tests (200 permutations, two components). A —
24 h exposure t0 1.67x103 nM SeNPs; B — 24 h exposure to 1.50 nM 12 nm AuNPs; C — 24 h exposure to 0.017
nM 40 nm AulNPs; D — 24 h exposure to 7.5x104 nM 60 nm AuNPs; E — 24 h exposure to 0.017 nM AuNSs; F -
24 h exposure to 0.010 nM AgNSs. Validation required Q2 (blue) and R2 (green) values lower than original (far

right) and intersection of regression line of Q2 values (blue) with x-axis at or below zero.

The discriminant metabolites that cause the separation between the controls and the
hepatocytes exposed to the different NPs were obtained and compiled in table 2. For this,
the metabolites with VIPs (importance) superior to 1 were statistically analyzed, which also
allowed us to understand if they were increased or decreased (table 3). The boxplots of the
metabolites are presented in figures 14-19. A total of 5 metabolites were significantly altered
in SeNPs, were 2 were classified as unknown. In 12 nm AuNPs, 8 metabolites were
identified, with 3 unknowns. In 40 nm AuNPs, 6 metabolites were identified, with 2
classified as unknowns. In 60 nm AuNPs, 7 metabolites were identified, with 3 unknowns.
In AuNSs, 4 metabolites were identified, with one unknown. Lastly, in AgNSs, 4 metabolites

were identified, with 1 unknown.
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Table 2 — List of discriminant metabolites for all NPs.

Literature

Calculate

Name RT m/z Match Rmatch CAS HMDB
kovat kovat
Unknown 1 4.603 207;208;133;200;105;73;191;135;75;103 - 1013 - - - -
Unknown 2 4.636 146;73;238;119;59;147;77;75;239;148 - 1015 - - - -
1,3-Propanediol, 2TMS
, 5.117 147;130;115;73;148;177;149;131;66;133 1051 1057 937 937 504-63-2 -

derivate
Unknown 3 5.449 73;311;207;223;89;193;191;312;59;133 - 1086 - - - -
L-Alanine, 2TMS derivative 5.672 116;73;147;117;190;118;74;75;59 1095 1105 731 780 56-41-7 HMDB0000161
Unknown 4 5.765 73;155;225;240;88;105;110;278;133;221 - 1113 - - - -
2-Hydroxybutyric acid,

6.616 73;131;147;75;74;66;132;148;133 1136 1189 709 762 3347-90-8 HMDB0000008
2TMS derivate
Unknown 5 6.603 147;73;148;149;66;190;131;74;72;219 - 1195 - - - -
Unknown 6 7.158 154;73;110;117;75;77;59;69;56 - 1241 - - - -
L-Serine, 2TMS derivate 7.308 116;132;73;75;147;103;57;144;133 1252 1255 708 765 56-45-1 HMDB0000187
L-Aspartic acid, 2TMS
deri 8.850 73;160;130;75;117;116;147;74;161 1420 1418 877 885 56-84-8 HMDB0000191

erivate

Aminomalonic acid,

9.236 73;147;218;320;174;219;86;148;133 1485 1463 676 763 1068-84-4 HMDBooo01147
tris(trimethylsilyl)
L-Threonic acid,
tris(trimethylsilyl) ether, 9.945 73;147;202;205;220;117;103;217;293; 148 1523 1548 652 722 7306-96-9 HMDB0000943

trimethylsilyl ester
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Literature Calculate
Name RT m/z Match Rmatch CAS HMDB
kovat kovat

L-Glutamine,

N,N'di(trifluoroacetyl)-. 10.030  73;116;75;212;77;152;69;55;74 1513 1558 529 593 56-85-9 HMDB0000641
Trimethylsilyl esther
Unknown 7 10.308 73;211;75;133;283;227;212;59;239;129 - 1592 - - - -
L-(-)-Sorbofuranose,
© 11.788  73;217;147;218,75;103;129;74;219 1779 1789 666 773 36468-68-5 -
pentakis(trimethylsilyl) ether
D-Galactose, 5TMS
derivati 12.516 73;204;191;147;217;205;75;129;206;74 1970 1995 698 809 3646-73-9 HMDB0000143
erivative
D-Glucopyranose, 5TMS
11CopyT > 12.958 204;73;191;147;205;217;206;189;129; 192 2037 2061 904 906 -
derivative
2-Palmitoylglycerol,
17.434  73;129;218;103;147;57;75;55 2558 2643 750 811 23470-00-0  HMDBo0011533
2TMS derivative
Docosahexaenoic acid,
17.469 73;79;91;117;75;67;93;105;119;106 2562 2647 883 884 6217-54-5 HMDB0002183
TMS derivative
Unknown 8 20.235  73;57;79;55;93;117;58;69;103;80 - 2979 - - - -
Cholesterol, TMS derivative ~ 22.305 129;73;329;368;75;57;95;55;81 3150 3244 912 912 57-88-5 HMDB0000067

Abbreviations: RT (retention time); m/z (identifiable ions); Kovat (index, characteristic of each metabolite); CAS (Chemical Abstracts Service registry number, unique for each
chemical compound); HMDB (human metabolome database number, characteristic of human metabolites). Similar literature and calculated kovats (less than a difference of 50),

combined with a match and Rmatch values superior to 700 indicate good identification of the metabolites.
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Table 3 — List of discriminant metabolites with p-value, percentage of variation, and effect size.

300 nm SeNPs
Metabolite J L-serine J L-aspartic acid 1 D-Galactose 4 Unknown 2 4 Unknown 5
p value 0.0303 0.0173 0.0173 0.0173 0.0303
% variation +
uncertainty -47.731 + 19.303 -14.905 + 5.019 53.819 + 16.978 110.250+27.698 -35.281 + 16.294
ES + ESsg 1.619+ 1.279 -1.734 + 1.305 1.302+ 1.214 1.444+ 1.242 -1.395+ 1.232
12 nm AuNPs
. J 2- JL- .
Metabollte ,r 1,3 . Hydr()xybutyric Threonic 4’ D- ¢,D0cosahexaen01c 'P Unknown 1 'P Unknown 3 Jl Unknown 7
Propanediol acid acid Glucopyranose acid
p value 0.0260 0.0260 0.0022 0.0260 0.0152 0.0260 0.0043 0.0260
% variation + -32.097 £ -59.695 + -49.001 £ } 115.109 * 223.173 -71.361 +
uncertainty 86.344% 23.927 14.064 16.874 16.525 47.601 +19.623 26.355 18.388 42.487
ES + ESse 1.343+ 1.175 -1.449+ 1.195 ;iggSi 12?;333 * -1.697 £ 1.246 1.477+1.200 3.057+ 1.608 -1.392+ 1.184
40 nm AuNPs
. J 2-Hydroxybutyric { L-Threonic J D- 4 L-(-)-
Metabaolite acid acid Glucopyranose Sorbofuranose T Unknown 3 T Unknown 4
p value 0.0043 0.0022 0.0411 0.0152 0.0022 0.0152

% variation +
uncertainty

-32.529 + 8.705

-57.390 + 15.473  -41.804 + 20.315 -43.710 + 19.911

260.731 + 16.731

135-955 + 27.299

ES + ESse

-2.536+ 1.456

-2.772+ 1.524 -1.387+ 1.183 -1.497+ 1.204

3.605+ 1.781

1.580+ 1.221
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60 nm AuNPs

Metabolite  2-Hydroxybutyric acid ;tidAmi“"mal"“i" J 2-Palmitoylglycerol  J Cholesterol M Unknown3 /M Unknowng “ Unknown 6

p value 0.0022 0.0411 0.0152 0.0022 0.0173 0.0411

Gt otoitass At omosmsio gyt e Dgor gt

ES + ESsg -2.536+ 1.456 -1.474+ 1.199 -1.374+ 1.180 -2.439+ 1.429 4.152+1.962  1.603+ 1.226 -1.411+ 1.187
60 nm AuNSs

Metabolite J/ 2-Hydroxybutyric acid 1 L-alanine J Cholesterol + Unknown 3

p value 0.0087 0.0260 0.0260 0.0152

% variation +

-36.950 £ 10.612

77.407 + 16.211

-38.801 £ 18.303

-56.682 + 25.168

uncertainty

ES + ESgg -2.276+ 1.386 1.835+ 1.277 -1.402+ 1.186 -1.675+ 1.241
200 nm AgNSs

Metabolite J Aminomalonic acid J L-Glutamine J Cholesterol J Unknown 8

p value 0.0260 0.0260 0.0260 0.0152

% variation +
uncertainty

-29.823 + 11.913

-26.710 + 11.340

-37.237 + 20.334

-62.934 + 29.339

ES + ESse

-1.568+ 1.218

-1.449+ 1.195

-1.199+ 1.149

-1.668+ 1.240

Abbreviations: ES (effect size); ESsk (effect size standard deviation). Metabolites increased related to positive variation and effect size, decreased metabolites related to negative

variation and effect size. Variation and effect size had to be higher than their respective uncertainty/error to be considered significative, as well as have a p-value below 0.05.
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Unknown 2 Unknown 5 L-serine, 2TMS derivative L-aspartic acid, 2TMS derivative D-Galactose, 5TMS derivative
0.000025 * 0.0015 0.00008 0.00065 0.0010
0.00060 *
0000020 0.00006 0.0008
0.0010 * 0.00055
0.000015 0.0006
0.00004 . 0.00050 *
0.000010 0.0004
0.0005 5 0.00045
0.00002
0.000005 0.00040 0.0002
o T T 0. T T 0 T T 0.00035 0.0000
Control  SeNPs Control  SeNPs Control  SeNPs Control  SeNPs Control  SeNPs

Figure 14 — Boxplots of altered metabolites after 24 h exposure of cells to 1.67x10-3 nM of SeNPs. * p<0.05.
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Figure 15 — Boxplots of altered metabolites after 24 h exposure of cells to 1.50 nM of 12 nm AuNPs. * p<0.05,

** p<o.01.
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Figure 16 — Boxplots of altered metabolites after 24 h exposure of cells to 0. 017 nM of 40 nm AuNPs. * p<

0.05, ** p<0.01.
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Figure 17 — Boxplots of altered metabolites after 24 h exposure of cells to 7.5x104 of 60 nm AuNPs. * p<0.05,

** p<0.01.
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Unknown 3 L-alanine, 2TMS derivative 2-hydroxybutyric acid, 2TMS derivate  Cholesterol, TMS derivative

0.000020+ 0.008 - 0.000010+ 0.0004:
*
0.000015- * 0.006 9:0000083) 0.0003 Q
0.000006 * %k
0.000010+ 0.004 0.0002
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0.000005+ 0.002 0.000002 0.0001
0.000000 - ———7— 0.000 0.000000 +———1— 0.0000
Control  AuNSs Control  AuNSs Control AuNSs Control  AuNSs

Figure 18 — Boxplots of altered metabolites after 24 h exposure of cells to 0.017 nM of AuNSs. * p<0.05, **
p<0.01.
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Figure 19 — Boxplots of altered metabolites after 24 h exposure of cells to 0.010 nM of AgNSs. * p<0.05.

Cells exposed to SeNPs had higher levels of D-galactose and lower levels of L-
aspartic acid and L-serine. Cells exposed to 12 nm AuNPs had higher levels of 1,3-
propanediol and lower levels of 2-hydroxybutyric acid, L-threonic acid, D-glucopyranose,
and docosahexaenoic acid. Cells exposed to 40 nm AuNPs had lower levels of 2-
hydroxybutyric acid, L-threonic acid, D-glucopyranose, and L-(-)-sorbofuranose. Cells
exposed to 60 nm AuNPs had lower levels of 2-hydroxybutyric acid, aminomalonic acid, 2-
palmitoyilglycerol, and cholesterol. Cells exposed to AuNSs had higher levels of L-alanine
and lower levels of 2-hydroxybutyric acid and cholesterol. Lastly, cells exposed to AgNSs
had lower levels of aminomalonic acid, L-glutamine, and cholesterol. All gold nanoparticles
led to a downregulation of 2-hydroxybutyric acid. All these differences are statistically
significant as compared with the controls.

A total of 13 metabolic pathways were significantly altered (p < 0.05) amongst all
the NPs, as obtained from MetaboAnalyst (figures 20-23). Only one pathway was obtained

altered after exposure of cells to 12 and 40 nm AuNPs.
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Figure 20 — Metabolic pathways significantly altered in cells exposed to 1.67x10-3 nM of SeNPs for 24 h. A-
aminoacyl-tRNA biosynthesis (L-aspartic acid, L-serine. p=0.002763); B- Arginine biosynthesis (L-aspartic
acid, p= 0.02687); C- Nicotinate and nicotinamide metabolism (L-aspartic acid, p= 0.028771); D- Histidine
metabolism (L-aspartic acid, p= 0.030669); E- Pantothenate and CoA biosynthesis (L-aspartic acid, p=
0.036348); F- beta-Alanine metabolism (L-aspartic acid, p= 0.040123); G- Sphingolipid metabolism (L-serine,
p= 0.040123); H -Galactose metabolism (D-galactose, p= 0.051386); I- Alanine, aspartate and glutamate

metabolism (L-aspartic acid, p= 0.053254).
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Figure 21 — Metabolic pathways significantly altered in cells exposed to 7.5x104 nM of 60 nm AuNPs for 24 h.
A- Propanoate metabolism (2-hydroxybutyric acid, p=0.043887).
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Figure 22 — Metabolic pathways significantly altered in cells exposed to 0.017 nM of AuNSs for 24 h. A-
Selenocompound metabolism (L-alanine, p=0.038237); B- Propanoate metabolism (2-hydroxybutyric acid,
Pp=0.043887); C- Alanine, aspartate and glutamate metabolism (L-alanine, p=0.053254).
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Figure 23 — Metabolic pathways significantly altered in cells exposed to 0.010 nM of AgNSs for 24 h. A- D-
Glutamine and D-glutamate metabolism (L-glutamine, p= 0.011575); B- Nitrogen metabolism (L-glutamine,
p=0.011575); C- Arginine biosynthesis (L-glutamine, p=0.02687); D- Alanine, aspartate and glutamate
metabolism (L-glutamine, p=0.053254).

For the cells exposed to 12, 40, and 60 nm AuNPs, propanoate metabolism (2-

hydroxybutyric acid, p=0.043887, 2-hydroxybutyric acid, p=0.029467, and 2-
hydroxybutyric acid, p=0.043887, respectively) was altered. In the AuNSs, the
selenocompound metabolism (L-alanine, p=0.038237) and alanine, aspartate, and
glutamate metabolism (L-alanine, p=0.053254) and propanoate metabolism (2-
hydroxybutyric acid, p=0.043887) were dysregulated. The SeNPs altered the aminoacyl-
tRNA biosynthesis (L-aspartic acid, L-serine, p=0.002763), arginine biosynthesis (L-
aspartic acid, p= 0.02687), nicotinate and nicotinamide metabolism (L-aspartic acid, p=

43



0.028771), histidine metabolism (L-aspartic acid, p= 0.030669), pantothenate and
coenzyme A (CoA) biosynthesis (L-aspartic acid, p= 0.036348), beta-alanine metabolism
(L-aspartic acid, p= 0.040123), sphingolipid metabolism (L-serine, p= 0.040123), galactose
metabolism (D-galactose, p= 0.051386) and alanine, aspartate and glutamate metabolism
(L-aspartic acid, p= 0.053254). Lastly, the AgNSs led to effects in D-glutamine and D-
glutamate metabolism (L-glutamine, p= 0.011575), nitrogen metabolism (L-glutamine,
p=0.011575), arginine biosynthesis (L-glutamine, p=0.02687) and alanine, aspartate and

glutamate metabolism (L-glutamine, p=0.053254).

44



5. DISCUSSION

As previously mentioned, NMs have great potential for application in several different
fields, many of which are related to human exposure, like medicine and food (Khan et al.,
2018, Su et al., 2018). Therefore, it is of the utmost importance that their safety is assessed.
One of the major organs where NMs are accumulated and can have higher effects is the liver,
and, consequently, it is vital to understand the hepatotoxicity of NMs. For this, several
models can be used (Zhang et al., 2016). Immortalized liver cell lines have several
disadvantages, namely not having the phenotypic characteristics of liver tissue and variance
in genes that express enzymes related to metabolism (phase I and II) (Gokduman et al.,
2018). Thus, other in vitro models are needed to have a more accurate sense of
hepatotoxicity, as is the case of primary rat hepatocytes that were used in this study. They
retain their functionality for up to 72 h after isolation and allow the study of alterations on
the metabolism, induction/inhibition of enzymes, and inter-individual differences,
although there can also be inter-species differences, which is a disadvantage (Soldatow et
al., 2013).

The characterization of the NPs we obtained was performed through several
methods. However, due to either cost or time constraints, not all NPs were analyzed with all
the methods. Of the results obtained, we can conclude that the suspensions were stable,
since, generally, when the zeta potential is + 30 mV the NPs solutions are highly stable, and
all our NPs (except 40 and 60 nm AuNPs, for which we had no data) had zeta potentials
inferior to -30 mV (Bhattacharjee, 2016). With the different techniques, we also obtained
different size measurements, which is standard since they are based on distinct principles,
and some measure the hydrodynamic size (DLS and NTA), which encompasses the capping
as well, and another measure the core diameter (TEM).

None of the AuNPs presented toxicity at the concentrations tested. A study by Fraga
et al. (2013) evaluated the viability of HepG2 cells exposed to concentrations from 0-200
uM of 20 nm AuNPs for 24, 48, and 72 h and they concluded that no concentrations caused
significative toxicity (Fraga et al., 2013). This agrees with the results we obtained with the
12 and 40 nm, which also resulted in no cytotoxicity at low concentrations. Another study
used HepGz2 cells and normal human hepatocyte L-02 cell line to assess the cytotoxicity of
5, 20, and 50 nm AuNPs with concentrations from 1.67-12.5 ug/mL for 72 h. No alteration
in cell viability was obtained for any concentration of the 20 and 50 nm AuNPs in either cell
line, but it was observed with the 5 nm for all concentrations in L-02 cells and the highest
concentration in HepG2 cells (Xia et al., 2019). Both studies combined show that smaller
AuNPs have higher toxicity but also show that for that to happen, the concentrations needed
must be higher than the ones used in our study, explaining why none of the differently sized

AuNPs showed any cytotoxicity. We also observed an increase in MTT reduction induced by
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the 60 nm AuNPs. It is reasonable to assume, since AuNPs distribute to the mitochondria
(Karatas et al., 2009) and since the MTT assay gives mainly, but not exclusively, the
metabolic activity in the mitochondria (Stepanenko and Dmitrenko, 2015), that the 60 nm
AuNPs could have either potentiated the cellular reduction of MTT or even reduce the MTT
themselves, which would explain the increase that we detected. Another reason for this
might be interferences of the NPs with the spectrophotometric analysis at the wavelength
used for the MTT analysis since this increase in cell viability was not present in the NR test.
Interference of NPs with cytotoxic assays have been reported, which is why it is important
to use more than one test when studying the cytotoxicity of NPs (Kong et al., 2011). The
AuNSs also did not alter cell viability under the assay conditions. Toxicity has been shown
for MUA-capped AuNSs of similar size in non-hepatic cells, but only at concentrations much
higher than the one used in our study (1-60 uM) (Enea et al., 2019b).

The AgNSs used did not show any toxicity at the concentration tested (0.010 nM). A
study was conducted where it was assessed the toxicity and intracellular distribution of 20
nm and 200 nm spherical AgNPs in HepGz2 cells exposed to 10, 50, and 100 pg/mL of each
NP for 24, 48, and 72 h. An MTT assay was performed and it only showed toxicity after 72
h of exposure to the 200 nm AgNPs at the two higher concentrations, when compared to
the 20 nm AgNPs that induced toxicity at the same concentrations already at 24 h (Lankoff
et al., 2012). Despite the differences in shape and concentrations of the silver NPs used in
this experiment with ours, this study clearly shows that there is no toxicity for low
concentrations of larger AgNPs, which validates the results that we obtained since the
AgNSs had a concentration of only 0.010 nM.

In this study, we demonstrated that SeNPs even at low concentrations, in the range
of nM, cause toxicity to hepatocytes. A study has shown toxicity of SeNPs to buffalo rat liver
cells, but only at concentrations of 24 yM and higher, with no toxicity at concentrations
from 0.1 to 12 uM (Wang et al., 2020). These are much higher than the concentrations we
tested, where the highest one that caused no visible toxicity was 1.67 x 103 nM. This could
be related to either the size or coating of our SeNPs, since the ones used in the study of Wang
et al. (2020) were 78.99 nm and uncoated, while ours have a size of 300 nm and are coated
with glucose. Their SeNPs also have a positive zeta potential, while ours has a negative one.
This could impact cell uptake and, consequently, the observed toxicity.

Regarding metabolomics, SeNPs elicited the highest number of affected pathways.
D-galactose was shown to be increased, and this sugar is usually metabolized into glucose
that is then used to produce energy. The accumulation of D-galactose can be a sign of
decreased hepatocyte metabolic functions and decreased energy metabolism caused by
SeNPs (Coelho et al., 2015). It can also be related to the coating of our SeNPs, since galactose

can be synthesized using glucose. In contrast, the nonessential amino acids L-serine and L-
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aspartic acid were downregulated, demonstrating that SeNPs can interfere with amino acid
biosynthesis. These amino acids take part in many biological pathways, which some were
identified to be significantly altered, primarily the metabolism and synthesis of other amino
acids, like arginine, histidine, alanine, and glutamate, mainly associated with L-aspartic
acid, which will ultimately affect protein metabolism. Another indicator of protein
metabolism alteration due to SeNPs exposure is the dysregulation of aminoacyl-tRNA
biosynthesis since this is a component of ribosome-dependent protein and peptidoglycan
synthesis and protein degradation (Moutiez et al., 2017). Alterations in sphingolipid
metabolism due to L-serine downregulation was also evident, which have been proved to
play a role not only in the structure of the cell but also to affect several processes, like cell
differentiation, growth, and apoptosis (Pralhada Rao et al., 2013). Further dysregulation in
energy metabolism was also shown since the pathways of nicotinate and nicotinamide
(precursors of NAD*) metabolism and coenzyme A synthesis (from pantothenate, also
known as vitamin B5) were altered, and both NAD+* and coenzyme A are vital for ATP
synthesis in the tricarboxylic acid cycle (TCA cycle) (Yang and Sauve, 2016, Gout, 2018).

There are very few metabolomics studies for the safety assessment of SeNPs. In one
study, HepGz2 cells were exposed to 16 uM of 100 nm SeNPs for 24 h, after which a targeted
metabolomic approach was used to identify altered metabolites (Liu et al., 2020). The
principal pathway found dysregulated was protein digestion and absorption, which is in line
with our results that indicate that protein metabolism is one of the major metabolic routes
affected by SeNPs. Less evident interactions were also seen in sphingolipid and galactose
metabolism, as well as aminoacyl-tRNA biosynthesis (Liu et al., 2020), which were also
altered in our results. Another study tested the alteration of metabolite excretion in urine
after in vivo oral exposure of rats to 0.05 or 0.5 mg Se/kg body weight/day of 19 nm SeNPs
for 14 days. The results pointed to alteration in protein and fatty acid metabolism (Hadrup
et al., 2016), which is, again, relatable to what we uncovered.

When looking at the AgNSs exposed hepatocytes, the pathways that were
dysregulated were associated with the alteration of L-glutamine levels. Arginine
biosynthesis was altered since it requires L-glutamine, and the metabolism of glutamate,
alanine, and aspartate will also be affected, leading to alterations in protein metabolism.
The biosynthesis of nucleic acids can also be modified due to interferences in D-glutamate
metabolism (Yelamanchi et al., 2016). Glutamine supplies nitrogen, whose metabolism is
involved in processes related to purine/pyrimidine nucleotide, nonessential amino acid,
and glucosamine-6-phosphate synthesis (Kodama et al., 2020), and its downregulation
indicates that AgNSs can potentially cause cell cycle arrest. Another metabolite that was also
downregulated was aminomalonic acid, which is a dicarboxylic acid that is synthesized from

cysteine by the B-elimination of the sulfur residue, which is a marker of oxidative stress
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since cysteine instead of being degraded is potentially being used for GSH synthesis (Ibarra
et al., 2014). Decreased levels of cholesterol were also observed, which hints at interference
with lipid metabolism since hepatocytes have a role in de novo synthesis and metabolism of
cholesterol (Zhou and Liu, 2014).

As far as we know, there are no studies of metabolomics made with AgNSs so we will
be comparing our results to spherical silver NPs. Mice were intravenously exposed to 8
mg/kg body weight of 26 nm AgNPs and an NMR metabolomics study was performed
(Jarak et al., 2017). In the liver, the preliminary results after 6 h of injection showed
increased levels of total lipids and cholesterol, which would point to increased lipid
synthesis, contrary to the results we observed. However, after 24 and 48 h, the effects were
reversed and cholesterol and other lipids decreased, indicating that lipolysis occurs in the
liver after a longer period (Jarak et al., 2017), and aligning with the results we obtained with
a 24 h exposure. Differences can also be because our study was done in vitro while this one
was performed in vivo, which will inherently have discrepancies. Another in vivo study,
with rats, was conducted to study the effects of 20 nm citrate capped AgNPs on the
metabolome at concentrations of 40 mg/kg/d administered through oral gavage for 4
weeks. Despite none of the altered pathways observed relate to what we observed in our
results, the alanine levels were downregulated, impairing urea synthesis and causing liver
damage, which can be similar to the outcome of alanine metabolism dysregulation in our
results (Xie et al., 2018).

All gold nanoparticles tested in our study produced a decrease in 2-hydroxybutyric
acid and consequent dysregulation of propanoate metabolism. Propanoate, or propanoic
acid, is a short-chain fatty acid that participates in fatty acid metabolism, so this
dysregulation in its metabolism is an indication that gold nanoparticles can interfere with
fatty acid metabolism (Fluegge, 2017). This pathway is also related to the catabolism of
several amino acids (isoleucine, threonine, valine, and methionine) and cholesterol, with
the formation of products that feed into the TCA cycle, implying some sort of effect of gold
NPs in energy and protein metabolism (Wongkittichote et al., 2019).

For the smaller AuNPs (12 and 40 nm) a common decreased in L-threonic acid was
found. This sugar acid is a metabolite that results from the ascorbic acid oxidative
degradation, an important antioxidative pathway, since ROS catalyze these reactions and
are, therefore, quenched, impeding their potential oxidative damage (Dewhirst and Fry,
2018). Since L-threonic acid is downregulated, this can mean a decreased ascorbic acid
catabolism and the consequent increase of ROS. Another common trait between these
AuNPs was the decrease of levels of sugars, namely D-glucopyranose and L-(-)-
sorbofuranose, possibly alluding to interference in energy and carbohydrate metabolism.

The 12 nm AuNPs evidenced, besides what was already exposed, a decrease in
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docosahexaenoic acid. This is a highly unsaturated omega-3 fatty acid that is usually
synthesized in the liver from the metabolism of a-linolenic acid, and its decrease can be
associated with deficient fatty acid metabolism, consistent with the altered propanoate
metabolism mentioned above, and can possibly lead to cognitive or cell/tissue
physiology/function problems (Calder, 2016).

For the 60 nm AuNPs, metabolites associated with alterations in fatty acid
metabolism disturbances were found dysregulated. Levels of 2-palmitoylglycerol were
decreased. As a type of monoacylglycerol, this compound is a product of lipolysis and can
be used either for resynthesis of triacylglycerols or metabolism of endocannabinoids, which
regulate, among others, lipid metabolism and inflammation (Zhang et al., 2018b). This
coupled with the decrease of cholesterol, which was also evident in the AuNSs, further
emphasizes the impact of gold nanoparticles in lipid metabolism. The aminomalonic acid
levels were decreased, which could indicate oxidative stress caused by these AuNPs.

For the AuNSs some metabolites were noted to be altered in the cells. L-alanine, an
amino acid, was up-regulated. A pathway that was found significantly altered that is also
related to L-alanine was the selenocompound metabolism, as L-alanine is a metabolite of
selenocysteine degradation (Seale et al., 2019). This is an amino acid present in
selenoproteins that regulate several cellular processes, like selenium homeostasis and
protection against oxidative damage (Schmidt and Simonovi¢, 2012). The increase of L-
alanine can mean an upregulation of selenocysteine catabolism, which could lead to
dysregulation in protein metabolism and increased oxidative stress. The dysregulation of
the alanine, aspartate, and glutamate metabolism also supports the protein metabolism
interference of AuNSs.

A study on human colorectal adenocarcinoma cells tested 5 and 30 nm AuNPs at
concentrations of 300 uM to analyze the effect of AuNPs size on the metabolism of the cells
(Gioria et al., 2016). Propionylcarnitine, a metabolite of the propanoate metabolism, was
dysregulated, which corroborates the effect of AuNPs on this pathway, although the levels
of propionylcarnitine in this study were increased while the levels of the metabolite we
found (2-hydroxybutyric acid) were decreased (Gioria et al., 2016). Propionylcarnitine and
other metabolites they found altered (like glycine) can also be related to alterations in
carbohydrate metabolism, also noted with our smaller AuNPs (12 and 40 nm), which have
a similar size. Differences in results could also be due to the concentration tested, which was
significantly higher (300 uM) than the ones used in our study (1.5 and 0.017 nM for the 12
and 40 nm AuNPs, respectively) (Gioria et al., 2016). In HepG2 cells, the overall decrease
of all metabolite levels that we observed has also been observed in the previously mentioned
study by Lindeque et al. (2018), which had concentrations similar to those we used (0.25-
0.5 nM). Briefly, they tested the effects of 0.25 nM of PSSNa-AuNPs and PVP-AuNPs and
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0.5 of Cit-AuNPs in HepGz2 after a 3 h exposure in the exometabolome (through NMR) and
the endometabolome, where they did an untargeted (GC-MS) and target (LC-MS) approach.
They hypothesized that the overall decrease in metabolite levels could be related to the
metabolites binding themselves to the AuNPs, which could have happened in our study as
well (Lindeque et al., 2018). Alterations of energy metabolism were also present in an NMR
metabolomics study performed with human cervical cancer-derived cells exposed to AuNPs
coated with chitosan (112 nm) and ceria (104 nm) at concentrations of 20 ug/mL (Herance
et al.,, 2019). The pathway of alanine, aspartate, and glutamine metabolism was
dysregulated, and this produces metabolites that participate in the TCA cycle and also
participate in the synthesis of glutathione, interfering with the antioxidant capacity of the
cells (Herance et al., 2019).

A study by our group previously described evaluated the metabolomic alteration in the
liver after in vivo exposure to AuNPs and AuNSs of equal size and coating (40 nm MUA
capped). The rats were exposed to 1.33x10" gold NPs/kg of AuNPs and AuNSs
intravenously and after 24 h the liver was extracted and submitted to a pretreatment
procedure for the extraction of metabolites, with GC-MS being used to study the metabolite
alterations. Increased levels of several amino acids, like L-proline and L-threonine, was
mainly associated with AuNSs. This is comparable to what we obtained in our in vitro
model, despite in our study only L-alanine being upregulated, which can be due to the
difference in size (40 vs 60 nm of our AuNSs). Interferences in fatty acid metabolism were
caused by both NPs (more pronounced for AuNPs) but, contrary to what we obtained, the
levels of fatty acids, like docosahexaenoic acid, were increased. This could be related, again
to the size, since in our study the decrease was observed only in the smaller 12 nm AuNPs.
Alterations in propanoic acid and ascorbic acid metabolism were also recorded, which relate
to the alterations we observed in propanoate metabolism and levels of L-threonic acid (Enea
et al.,, 2019a).

Generally, the NPs we tested affected pathways like energy, lipid, and protein
metabolism. Oxidative stress was also present for all NPs. A common effect on the
propanoate metabolism was observed only for the AuNPs, which can mean that it is a

characteristic alteration related to these NPs.
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6. CONCLUSION

In conclusion, the use of metabolomics allowed the identification of altered metabolic
pathways caused by several NPs in primary hepatocytes. These were obtained at non-
cytotoxic concentrations, which shows that metabolomics has higher sensitivity and can
detect early alterations that other classical in vitro tests would not.

The alteration in the profile of metabolites elicited by SeNPs showed interference in
energy and protein metabolism, amino acid synthesis, and alterations in cell processes and
structure.

The AgNSs interfered with protein, lipid, and nucleic acid metabolism, and caused
alterations that can be indicative of oxidative stress and cell cycle arrest.

Generally, all gold NPs affected fatty acid/lipid, energy, and protein metabolism as
well as caused oxidative stress, with a particular shared dysregulation on the propanoate
metabolism. Smaller AuNPs (12 and 40 nm) also presented interferences with carbohydrate
metabolism. The larger 60 nm AuNPs exhibited potential initiation of inflammation

processes in the exposed hepatocytes.

7. FUTURE PERSPECTIVES

The importance and potential of NMs are increasing each day. However, their mechanisms
of toxicity must be clarified. Omics constitute a valuable tool to contribute to this
clarification. This is especially important since a lot of the times the effects of NMs are very
subtle and, yet, very harmful, something that must be known when one of the main goals is
to use them on medicine.

The results of the present study generally agree well with the data reported in the
literature, though some of the NPs we studied had either none (AgNSs) or very few (SeNPs)
studies using metabolomics. It would be interesting to perform the analysis of the
exometabolome, to better understand the results we obtained. This was supposed to be
carried out but, due to time constraints associated with the global pandemic, it was
impossible in the time we had but will be done at a later date since samples of the culture
medium were preserved. Also, some in vitro classical assays, like oxidative stress
assessment or ATP levels determination, could be realized to further validate the results
from our metabolomic studies. Of interest would also be to study the effect of the different
coatings on the metabolome, as well as sub-toxic concentrations of the NPs, to see if any

other metabolic pathways that we did not see were also altered.
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