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Résumé

En 2017, environ 5 millions de personnes sont décédées prématurément à cause de la pollution de l'air selon l'étude Global Burden of Diseases, Injuries and Risk Factors Study 2017 (GBD). L'objectif de cette thèse était d'identifier quelles nanoparticules atmosphériques ont des effets négatifs sur la santé humaine, ainsi que leurs mécanismes d'action, mais aussi comment prévenir ces effets négatifs. Pour cela, deux types de particules ont été testés, le naphtalène (d'origine anthropique) et les particules de pollution issues de la combustion de biomasse (d'origine anthropique et biogénique). Trois méthodologies différentes, sans marquage et en temps réel, ont été utilisées pour évaluer la toxicité des particules atmosphériques. La première est l'analyse cellulaire en temps réel (RTCA), une méthodologie qui donne le cell index, reflétant principalement le nombre de cellules. La seconde est la microscopie à contraste de phase quantitatif (Holomonitor, PHI), un microscope qui utilise un laser de faible puissance pour surveiller et construire des images 3D servant de référence à tous les paramètres donnés par le système, tels que le volume des cellules, la motilité et la migration. La dernière est la microscopie en temps réel à fond clair (Cytation, Biotek), utilisée pour l'imagerie cellulaire en temps réel. Des nanoparticules de naphtalène fraîches et d'autres ayant subi un vieillissement artificiel ont été testées à des concentrations de 25 et 50 µg/mL. Bien que les deux types de nanoparticules soient toxiques pour les cellules aux deux concentrations, diminuant leur cell index.

Les nanoparticules fraîches de naphtalène se sont avérées plus toxiques que les mêmes particules oxydées, ce qui se traduit par une diminution du delta cell index. Le glutathion antioxydant à 1 mM protégeait partiellement ces cellules contre les effects de naphthalène. Quatre sous-produits du naphtalène ont été testés sur le modèle de cellules pulmonaires A549. Les sous-produits étaient: la 1, , testée à 10, 20, 30, 40, 50 et µM pendant une heure avant l'application sur les cellules ou pré-incubé sur les cellules pendant 15h et retiré avant l'ajout de la 1. 4-NQ à 20 µM, tous deux à des concentrations de 2,5, 5, 7,5 et 10 mM. Dans les deux conditions, le glutathion à 2,5mM a protégé les cellules des effets du 1,4NQ. Cette protection du glutathion se traduit sur le nombre de cellules qui n'a pas diminué et la coloration au zombie red sur la cytometry en flux (fluorescence-activated single cell sorting, FACS), marquant la viabilité des cellules. Concernant le deuxième type de particules testées, trois types de particules de combustion de biomasse ont été testées aux concentrations de 31, 62, 125, 250 et 500 µg/mL : enflammées (FWS), combustion lente (SWS) et pyrolysées (PWS). Si l'on se réfère au cell index, les trois types de particules de combustion de biomasse étaient toxiques pour les cellules A549 aux concentrations de 125, 250 et 500 µg/mL. Après rinçage, parmi les trois concentrations qui étaient toxiques (125, 250 et 500 µg/mL) seules les cellules traitées au PWS à 125 µg/mL ont récupéré. Les cellules ont été surveillées avec Holomonitor pendant 10h. La vitesse de migration et la motilité des cellules étaient diminuées par SWS, FWS et PWS à 250 et 500 µg/mL, tandis que la motilité des cellules était diminuée par SWS et FWS à 250 et 500 µg/mL et PWS seulement à 500 µg/mL. SWS et PWS ont diminué l'épaisseur optique à 500 µg/mL, alors qu'ils ont augmenté le périmètre des cellules à la même concentration. PWS était légèrement moins toxique pour les cellules A549 que les deux autres types de particules hydrosolubles. La lignée cellulaire 3T3-L1 a été initialement utilisée pour tester la toxicité des nanoparticules de naphtalène, remplacée par la suite par le modèle de cellules pulmonaires A549. Les cellules 3T3-L1 étaient plus sensibles à 1,4 NQ que A549. Les méthodologies appliquées dans nos études ont également fait l'objet de comparaison. Le cell index donné par RTCA est directement lié à la surface occupée par les cellules résultant du nombre de cellules, de la taille des cellules et de l'adhésion cellulaire. Cependant, le système ne précise pas quel paramètre a été modifié. Pour répondre à cette question, Holomonitor a été utilisé pour compléter et mesurer la taille des cellules afin de déterminer si cela était la raison des changements du cell index et Cytation a été utilisé pour obtenir des images des cellules pendant le traitement. De plus, Holomonitor et Cytation ont aussi leurs limites puisque les mesures sont effectuées sur un nombre limité de cellules. Pour résoudre cette limitation, le FACS a été utilisé pour mesurer le nombre de cellules de cellules. Ainsi, la présente étude a été l'occasion d'évaluer trois méthodes en temps réel et sans marquage (RTCA, Cytation et Holomonitor), en prouvant qu'ils sont complémentaires pour évaluer la toxicité des nanoparticules et/ou des produits chimiques. La principale conclusion est que la toxicité des nanoparticules de naphtalène dépend de la 1,4-naphtoquinone qui provoque une augmentation du stress oxydatif. Les pics de pollution se produisant majoritairement en lien avec l'activité humaine, nos résultats recommandent d'augmenter la capacité anti-oxydante des cellules pour limiter l'effet délétère de la pollution, au moins celui dépendant du naphtalène.

Mots-clés : naphtalène, combustion de biomasse, 1,4-naphtoquinone, glutathion, RTCA, Holomonitor.
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•OH: hydroxyl radicals Human activities are the main determinant for intensifying a range of environmental issues (Wang et al., 2013a). An increasing concentration of people and economic activities in emerging megacities has been accompanied by a growing in motor vehicle and factories emissions [START_REF] Atash | The Deterioration of Urban Environments in Developing Countries: Mitigating the Air Pollution Crisis in Tehran, Iran[END_REF]Zhang et al., 2015a), a development that has led to rapid increases in energy consumption, exhaust emissions, and consequently air pollution, especially in developing countries [START_REF] Tanaka | Environmental Regulations on Air Pollution in China and Their Impact on Infant Mortality[END_REF]. There is no doubt that ambient air pollution, which constitutes an increasing environmental concern, poses a huge range of negative health implications at local, regional, and global scales [START_REF] Grimm | Global Change and the Ecology of Cities[END_REF], including, but not limited to, higher instances of cardiorespiratory diseases (lower respiratory infections), cancer (tracheal, bronchus and lung cancer), ischemic heart disease, ischemic stroke, intracerebral hemorrhage, type 2 diabetes mellitus, among other diseases in urban populations [START_REF] Vella | Ozone Exposure Triggers Insulin Resistance through Muscle C-Jun N-Terminal Kinase Activation[END_REF][START_REF] Eze | Review Association between Ambient Air Pollution and Diabetes Mellitus in Europe[END_REF]GBD, 2017;Boudrel et al., 2017;[START_REF] Khilnani | Air Pollution in India and Related Adverse Respiratory Health Effects: Past, Present, and Future Directions[END_REF]. These impacts incur real costs for individuals, medical systems, and economies [START_REF] Matus | Health Damages from Air Pollution in China[END_REF].

Air pollution is a worldwide recognized threat to health, since it has been associated with many diseases, including increased mortality and morbidity rates but also with ecosystems damage, impacts on the built environment and the climate (EEA, 2017;[START_REF] Landrigan | The Lancet Commission on Pollution and Health[END_REF]. Some air pollutants can persist for long periods of time what are these pollutants and why are they toxic, with the mechanisms of toxicology still to be studied. To start understanding these questions we first have to identify what are the toxic compounds produced by pollution.

Origin of air pollution

Air pollution is a complicated mixture of airborne particulates combined with gases. Its composition is highly variable from place to place, with differences observed between rural and city's locations, between neighbor cities, and even between regions within the same city [START_REF] Tranfield | Understanding Human Illness and Death Following Exposure to Particulate Matter Air Pollution[END_REF].

In urban areas, automobile fuel combustion is the main source of emission of pollutants [START_REF] Karagulian | Contributions to Cities' Ambient Particulate Matter (PM): A Systematic Review of Local Source Contributions at Global Level[END_REF]. The European Automobile Manufacturers Association (2020) revealed that out of all new registered cars in 2020, gasoline represents 52% of the market and diesel represents 29,9%. Diesel fuel is also used in heavy vehicles such as buses, trucks, ships, construction vehicles, agricultural equipment, military vehicles such as tanks, and train locomotives in railroad or commuter rail. Also, it is useful for hospitals in their back-up generators [START_REF] Abdallah | Chapter 3 -Energy[END_REF].

The chemical composition of diesel was described a few times over the years, and naphthalene is the major chemical component in this fuel [START_REF] Marr | Characterization of Polycyclic Aromatic Hydrocarbons in Motor Vehicle Fuels and Exhaust Emissions[END_REF]Chin & Batteramn, 2012).

Naphthalene is classified as both a polycyclic aromatic hydrocarbon (PAH) and a semivolatile organic compound (SVOC). PAH are industrially made organic compounds that are mostly colorless, white, or pale-yellow solids. They are a group of several hundred chemically related compounds, environmentally persistent with various structures and varied toxicity ( Abdel-Shafy & Mansour, 2016).

Volatile organic compounds (VOC) are organic compounds, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates and ammonium carbonate, that participates in atmospheric photochemical reactions (EPA, 2017). They can be divided into volatile organic compound (VOC), residing more in the gas phase; intermediate-volatility organic compound (IVOC); semi-volatile organic compound (SVOC), presenting considerable concentration in both phases; lowvolatility organic compound (LVOC); extremely low-volatility organic compound (ELVOC); and non-volatile organic compound (NVOC), residing more in the particle phase [START_REF] Gentner | Review of Urban Secondary Organic Aerosol Formation from Gasoline and Diesel Motor Vehicle Emissions[END_REF][START_REF] Johnston | Molecular Characterization of Atmospheric Organic Aerosol by Mass Spectrometry[END_REF].

VOCs in both gas-and particle-phase can be classified by their vapor pressure 1 , or volatility, the most important molecular property that affects the partitioning 2 between gas and particle-phase and the formation of aerosols [START_REF] Johnston | Molecular Characterization of Atmospheric Organic Aerosol by Mass Spectrometry[END_REF].

By definition, aerosols are suspensions of solid and/or liquid particles in air (or in a gas). These particles can be small enough (less than 100 nm) that they remain airborne 1 The vapor pressure is defined as the pressure exerted by a vapor that is in thermodynamic equilibrium with the condensed phase (solid or liquid) at a given temperature in a closed system. The vapor pressure is an indication of the evaporation rate of a liquid. A substance with a high vapor pressure at normal temperatures is often referred to as volatile [START_REF] Speight | 9 -Gas Condensate[END_REF]. 2 The gas-to-particle partition coefficient measures the tendency of a gas or vapor to partition into aerosols particles [START_REF] Rao | Partitioning of Volatile Organic Compounds to Aerosols: A Review[END_REF].

(transported by air) for prolonged periods because of their low settling velocity [START_REF] Tellier | Review of Aerosol Transmission of Influenza A Virus[END_REF] with enormous range in its chemical composition due to several sources (anthropogenic or natural) or characteristics (chemical and physical) [START_REF] Souza | Understanding Aerosol Formation Mechanisms in a Subtropical Atmosphere Impacted by Biomass Burning and Agroindustry[END_REF]).

• Sources of production of aerosols:

Several examples can be given for each source. Anthropogenic sources are derived from human activities and/or products, and contain a vast group of examples, as fuel combustion, industrial processes, construction work and biomass burning (such as crop residue burning) [START_REF] Kang | Primary Biogenic and Anthropogenic Sources of Organic Aerosols in Beijing, China: Insights from Saccharides and n-Alkanes[END_REF]. It is interesting to notice that although several times anthropogenic sources are related and referenced to urban areas, they are not limited to it, since crop residue burning is a product of a human activity from a rural area. In the other hand, natural sources are directly derived from nature, such as soil dust, plant materials (pollen), volcanoes and fungal spore [START_REF] Kang | Primary Biogenic and Anthropogenic Sources of Organic Aerosols in Beijing, China: Insights from Saccharides and n-Alkanes[END_REF] Weather conditions, such as wind speed, precipitation, relative humidity and temperature also influence particle dispersion in the air, accumulation and thus the composition of aerosols. Therefore, it is important to assess the respective background concentrations of nature-produced aerosols and to compare them with concentrations in urban environments in order to correctly classify the dimension of the anthropogenic sources [START_REF] Slezakova | Atmospheric Nanoparticles and Their Impacts on Public Health[END_REF]. It is also important to mention that in natural environments (i.e., the sea and forests) the concentration of naturally produced particle are approximately 2-3 orders of magnitude smaller than those of anthropogenic particles in urban areas; however, given the total area covered by natural environments in the world, this production is relevant in the worldwide perspective [START_REF] Kumar | A Review of the Characteristics of Nanoparticles in the Urban Atmosphere and the Prospects for Developing Regulatory Controls[END_REF].

• Characteristics of aerosols:

From a chemical point of view, atmospheric aerosols can be classified as organic and inorganic aerosols. Inorganic aerosols are relatively large and are originated from sea spray, mineral dust, and volcanoes. These aerosols have short atmospheric lifetimes3 , typically only a few days, since their size interfere in their ability to be airborne. Organic aerosols constitute a substantial fraction (18-70%) of submicron aerosols worldwide [START_REF] Zhang | Ubiquity and Dominance of Oxygenated Species in Organic Aerosols in Anthropogenically-Influenced Northern Hemisphere Midlatitudes[END_REF] and are the products of combustion processes, biomass burning, and plant/microbial materials, being sources of carbonaceous aerosols, including both organic carbon and solid black carbon 4 (Kanakidou et al., 2005; Shrivastava et al., 2017; Shen et al., 2018).

Organic aerosols, also known as atmospheric organic aerosols, can be divided into two types:

-Primary Organic Aerosol (POA): organic particles emitted directly into the atmosphere, such as fossil fuel combustion, biomass burning and plants.

-Secondary Organic Aerosol (SOA): formed via the oxidation of POA or, more predominantly, the oxidation of VOCs [START_REF] Kanakidou | Organic aerosol and global climate modelling: a review[END_REF][START_REF] Ziemann | Kinetics, Products, and Mechanisms of Secondary Organic Aerosol Formation[END_REF][START_REF] Shrivastava | Recent Advances in Understanding Secondary Organic Aerosol: Implications for Global Climate Forcing[END_REF][START_REF] Wu | Ozone and Secondary Organic Aerosol Formation Potential from Anthropogenic Volatile Organic Compounds Emissions in China[END_REF][START_REF] Shen | Typical Polar Organic Aerosol Tracers in PM2.5 over the North China Plain: Spatial Distribution, Seasonal Variations, Contribution and Sources[END_REF].

VOCs, emitted from either natural or anthropogenic sources, are further oxidized turning into less volatile compounds (SVOC and NSVOC), then partition into the particle phase to form secondary organic aerosol (SOA). Studies show that the composition and toxicity of aerosols may be altered by the partitioning of atmospheric pollutants such as VOCs (Ebersviller et al., 2012a(Ebersviller et al., , 2012b) ) and the species of VOC with relatively high SOA capacity formation are naphthalene, terpenes, indene, alkanes phenol, or other large molecular compounds [START_REF] Chen | SOA Formation from Naphthalene, 1-Methylnaphthalene, and 2-Methylnaphthalene Photooxidation[END_REF][START_REF] Wu | Ozone and Secondary Organic Aerosol Formation Potential from Anthropogenic Volatile Organic Compounds Emissions in China[END_REF].

Both freshly formed POA and SOA can undergo further oxidation in the atmosphere to produce aged aerosol [START_REF] Johnston | Molecular Characterization of Atmospheric Organic Aerosol by Mass Spectrometry[END_REF] (Figure 1).

Figure 1: An illustration of the major sources and interconnections of gas-and particle-phase organic compounds in air (adapted from Johnston & Kerecman 2019, courtesy of Marcela Vieira).

Physically, atmospheric aerosols can be classified by their size, most known as particulate matter (PM) (Griffin, 2013). The particles in the PM classification are divided as: coarse, fine, quasi-ultrafine or ultrafine particles. The coarse particles are the particles with a range of aerodynamic sizes between 10 and 2.5 µm (PM10-2.5 μm).

The fine particles are the PM 1 µm and below; the quasi-ultrafine particles are the PM 0.4 µm and below. To finish, ultrafine particles (UFPM) are the particles with the aerodynamic size equal or less than 0.1μm [START_REF] Nemmar | Recent Advances in Particulate Matter and Nanoparticle Toxicology: A Review of the in Vivo and in Vitro Studies[END_REF][START_REF] Longhin | Season Linked Responses to Fine and Quasi-Ultrafine Milan PM in Cultured Cells[END_REF].

This classification can change depending on the author describing the particles, with very few papers on PM 0.4 μm and PM 1 μm, thus showing how these sizes are overlooked. This lack of literature in both sizes can be justified due to the difficulty in sampling such particles [START_REF] Furuuchi | Development and Performance Evaluation of Air Sampler with Inertial Filter for Nanoparticle Sampling[END_REF], they often being classified inside the number of PM 2.5 μm. The PM size classifications can be seen in Figure 2. Another terminology that is used for UFPM is nanoparticles (NPs), since the most acceptable definition of nanoparticles is those particles measuring 100 nm or less. However, the classification of nanoparticles is not clear in the scientific community, with authors stating that nanoparticles can reach sizes as big as 500nm [START_REF] Munawar | Investigating Nanohybrid Material Based on 3D CNTs@Cu Nanoparticle Composite and Imprinted Polymer for Highly Selective Detection of Chloramphenicol[END_REF], meaning that not only UFPM can be referenced as NPs, but also PM 0.1 and 0.4μm.

Different domains (geoscientists, toxicologists, environmental researchers) classify these particles with different names when characterizing their size. Another known classification of aerosol's particles are the common groupings, most called of modes: coarse, accumulation, Aitken and nucleation. While the classification of PM is more relevant and refers only to the size of the particles (used more in the environmental sciences' domain), the classification of modes is relevant for the size and the formation mechanisms (used more in the domain of geoscience). The modes are:

• Coarse mode: Particles with diameters bigger than 1.0 μm. These particles are primarily produced by mechanical processes and are emitted directly into the atmosphere from both natural and anthropogenic sources. From the natural sources, one example is the bursting of bubbles in the ocean, creating coarse particles of sea salt. Anthropogenic coarse particles can be introduced into the atmosphere in industrial and agricultural processes. Because of their large size, coarse particles have short lifetimes due to sedimentation caused by gravity or washout (rain) [START_REF] Buseck | Nanoparticles in the Atmosphere[END_REF].

• Accumulation mode: Particles with diameters between 0.1-1.0 μm. These particles grow mainly due to the addition of particles with diameters smaller than 0.1 μm and from condensation of gases onto existing particles. They can also be emitted directly into the atmosphere, mainly through the incomplete combustion of biomass fuel. Because of their big size, their lifetime is short; they accumulate there until they lost by washout during rain [START_REF] Buseck | Nanoparticles in the Atmosphere[END_REF][START_REF] Ahlm | Emission and Deposition of Accumulation and Coarse Mode Particles in the Amazon Basin[END_REF].

• Aitken mode: Particles with diameters from 0.01 to 0.1μm. They are formed from ambient-temperature condensation and coagulation of nucleation particles. The lifetime of these particles is short, as they are lost principally by coagulation with larger particles [START_REF] Buseck | Nanoparticles in the Atmosphere[END_REF][START_REF] Ueda | Individual Aerosol Particles in and below Clouds along a Mt. Fuji Slope: Modification of Sea-Salt-Containing Particles by in-Cloud Processing[END_REF][START_REF] Ueda | Number-Size Distribution of Aerosol Particles and New Particle Formation Events in Tropical and Subtropical Pacific Oceans[END_REF].

• Nucleation mode: particles with diameters smaller than 0.01 μm. They are formed by a process of same name called homogeneous nucleation5 

processes, that occurs at ambient temperatures and involves the nucleation of relatively nonvolatile products of gas-phase reactions. These particles have a very short lifetime due to their rapid coagulation with other particles [START_REF] Kulmala | Formation and Growth Rates of Ultrafine Atmospheric Particles: A Review of Observations[END_REF][START_REF] Seinfeld | Atmospheric Chemistry and Physics, from Air Pollution to Climate Change[END_REF]Dominich et al., 2019).

In conclusion, aerosols have several classifications due to their chemical composition (POA vs SOA; different VOCs can be SOA's precursor) or size (PM and group's modes), but these classifications can overlap, since they are all classifying the same subject: aerosols. In the literature, it is not rare to see terms like primary and secondary PM (instead of POA or SOA), since authors may want to indicate both the chemical composition and size at the same time [START_REF] Gramsch | Variability in the Primary Emissions and Secondary Gas and Particle Formation from Vehicles Using Bioethanol Mixtures[END_REF]Zhang et al., 2019). In the end, the size of particles in the atmosphere is an important parameter, because it controls much of the dynamic behavior of particles as well as their chemical and physical impacts upon the environment. Due to their small size, they can be airborne for longer time, thus being found in more locations of the atmosphere. If measuring few nanometers, particles can more easily enter the cells and go more deeper inside the respiratory system, increasing the ratio of surface contact, thus determining how they will affect human health [START_REF] Oberdörster | Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine Particles[END_REF][START_REF] Foroozandeh | Insight into Cellular Uptake and Intracellular Trafficking of Nanoparticles[END_REF].

Particulate Matter and health

The respiratory system

The respiratory system is an important pathway for the entrance of substances into the human body, additionally to the digestive system. The air with the airborne particles, when entering the body through the respiratory system, follows the pathway: nasal cavity, pharynx, larynx and trachea, finally arriving at the lung.

The respiratory system is separated into four main layers: respiratory mucosa, which includes epithelium and lamina propria, submucosa, cartilage and/or muscular layer and adventitia. All of the respiratory system, from the nasal cavity to the tracheobronchial tree, have the mucosa (epithelium tissue that covers internal cavities) composed by the respiratory epithelium, that is, a pseudostratified ciliated columnar epithelium, with a majority of these organs also having secretory cells and producing mucus. Only the larynx and pharynx are exceptions to this, with regions covered with the respiratory epithelium, but also regions covered with the stratified squamous epithelium due to the stresses these organs have to endure. It is reported that the role of respiratory epithelium, a unique type of epithelium, is to work as a barrier to pathogens and foreign particles; however, it also operates by preventing infections via the use of the mucociliary system (Junqueira & Carneiro, 2016;Kia'I & Bajaj, 2020).

In general, the respiratory system is composed of five types of cells, as explained by Junqueira & Carneiro, 2016:

1. Ciliated columnar cells are the most abundant, each with 250-300 cilia on its apical surface;

2. Goblet cells are also numerous and predominate in some areas with basal nuclei and apical domains filled with granules of mucin glycoproteins;

3. Brush cells are a much less numerous, columnar cell type, in which a small apical surface bears sparse, blunt microvilli. Brush cells are chemosensory receptors resembling gustatory cells, with similar signal transduction components and synaptic contact with afferent nerve endings on their basal surfaces.

4. Small granule cells (or Kulchitsky cells) are difficult to distinguish in routine preparations, but possess numerous dense core granules 100-300 nm in diameter. Like enteroendocrine cells of the gut, they are part of the diffuse neuroendocrine system. Like brush cells, they represent only about 3% of the cells in respiratory epithelium.

5. Basal cells are mitotically active stem and progenitor cells that give rise to the other epithelial cell types.

First, the conducting portion of this system consists of the nasal cavity, pharynx, larynx, trachea, bronchi, and terminal bronchioles. The luminal surfaces of this entire portion is composed of ciliated epithelium, varying from columnar to cuboidal, with inserted goblet cells. Their role is to secrete mucus that serves as the first line of defense against incoming environmental pathogens and impurities. Cilia move the mucus-bound particulate up and away for expulsion from the body. The goblet cells can vary in number and type depending on which region of the airway they are (Junqueira & Carneiro, 2016;Kia'I & Bajaj, 2020).

In the most upper airway, a series of C-shaped rings of hyaline cartilage between the submucosa and adventitia reinforces the wall and keeps the tracheal and bronchi lumen open to facilitate the passage of air. These rings of cartilage decrease along with the decrease in the diameter of the bronchi, being then replaced by isolated plates of hyaline cartilage. Three major cell types are found in the mucosa of this region: ciliated, non-ciliated secretory cells, and basal cells (Junqueira & Carneiro, 2016;Kia'I & Bajaj, 2020).

Ciliated cells account for more than half of all epithelial cells in the conducting airway, but as the degree of branching within the airway tree continues, the epithelium gradually changes from pseudostratified to simple cuboidal; and the predominant cells become non-ciliated cells, Clara cells (Junqueira & Carneiro, 2016;Kia'I & Bajaj, 2020). Clara cells, also known as goblet cells, are producers of surfactant, which is primarily composed of dipalmitoylphosphatidylcholine and has a vital role in lowering the surface tension of water to allow an effective gas exchange and removing small particulate contaminants from the outer surface of the respiratory system (Junqueira & Carneiro, 2016).

Secondly, there is the gas-exchange portion, composed of the lung and its millions of alveoli. The lung can be divided into the bronchioles, the alveolar duct and the alveoli. Bronchioles are the intralobular airways with diameters of 1mm or less, divided into terminal bronchiole (the last part of the air conducting system) and respiratory bronchiole (first part of the gas-exchange region). Histologically, the respiratory bronchioles lack both mucosal glands and cartilage, although dense connective tissue is associated with the smooth muscle; the epithelium tissue goes from a simple cuboidal epithelium to a simple squamous epithelium (Junqueira & Carneiro, 2016).

The biggest difference between the terminal and respiratory bronchioles is that the respiratory bronchioles have openings for the alveoli. From each alveolus opening there is an alveolar duct that extends, and as the name indicates, is used as a duct between the respiratory bronchioles and the alveolar sacs, a larger cluster of alveoli (Junqueira & Carneiro, 2016).

Alveoli are saclike evaginations, each around 200 μm in diameter. Along with the tracheobronchial, alveoli are responsible for the spongy structure of the lungs. Each adult lung has approximately 200 million alveoli with a total internal surface area of 75 m 2 . Air enters these structures and exchanges O2 and CO2 with the blood in surrounding capillaries, through thin specialized alveolar walls that enhance this exchange (Junqueira & Carneiro, 2016).

Between neighboring alveoli there is a thin interalveolar septa consisting of scattered fibroblasts and sparse extracellular matrix, rich in elastic and reticular fibers.

The arrangement of elastic fibers enables alveoli to expand with inspiration and contract passively with expiration; reticular fibers prevent both collapse and excessive distention of alveoli. The interalveolar septa are vascularized with the richest capillary networks in the body (Junqueira & Carneiro, 2016).

The alveoli are composed mainly of two cell types: type I and type II pneumocytes (or type I and type II alveolar cells). Type I pneumocytes are flattened cells that create a very thin diffusion barrier for gases. The principal functions of Type I pneumocytes are gas exchange and fluid transport and they make up about 95% of the alveolar lining; type II alveolar cells make up the remainder. Type II pneumocytes secrete surfactant, which stops alveoli from collapsing during exhalation by decreasing the surface area between thin alveolar walls. Type II pneumocytes also play a vital role in acting as progenitor cells to replace injured or damaged Type I pneumocytes (Junqueira & Carneiro, 2016).

Since the lung is the organ where the gas exchange is performed, this organ is of extreme importance when studying the health impacts of air pollution. Two cell lines have been mostly used as models for lung studies in vitro: NCI-H441 and A549 [START_REF] Lee | Protective Effects of Chebulic Acid on Alveolar Epithelial Damage Induced by Urban Particulate Matter[END_REF][START_REF] Yang | PM2.5 Exposure Significantly Improves the Exacerbation of A549 Tumor-Bearing CB17-SCID Mice[END_REF][START_REF] Wu | PM2.5 Promotes Replication of VSV by Ubiquitination Degradation of Phospho-IRF3 in A549 Cells[END_REF]. NCI-H441 exhibits morphological properties of both Clara cells and type II pneumocyte cells [START_REF] Gazdar | Establishment and Characterization of a Human Adrenocortical Carcinoma Cell Line That Expresses Multiple Pathways of Steroid Biosynthesis[END_REF][START_REF] Hermanns | Lung Epithelial Cell Lines in Coculture with Human Pulmonary Microvascular Endothelial Cells: Development of an Alveolo-Capillary Barrier in Vitro[END_REF]. [START_REF] Hermanns | Lung Epithelial Cell Lines in Coculture with Human Pulmonary Microvascular Endothelial Cells: Development of an Alveolo-Capillary Barrier in Vitro[END_REF] further confirmed that NCI-H441 is suited to be a Clara cell model, since it tested positive to markers such as the production of surfactant proteins SP-A, SP-D, SP-B and the associated expression of the nuclear factor TTF-1, markers that are both present in Clara and type II pneumocyte cells. The A549 cell line is often used as a model for type II pneumocytes, since this cell line shows type II pneumocytes differentiation characteristics [START_REF] Cooper | Long Term Culture of the A549 Cancer Cell Line Promotes Multilamellar Body Formation and Differentiation towards an Alveolar Type II Pneumocyte Phenotype[END_REF].

Particulate Matter and the respiratory tract

The annual levels of PM 2.5μm in the atmosphere should be <10μg/m 3 according to the WHO in 2018, but the World Map provided by WHO in 2020 shows that Africa and Asia held critical values of >70μg/m 3 (Figure 3). This makes incredibly important to understand the impacts of PM in the body, since almost all continents are concerned with the bad quality of the air. When particles enter the body, the nasal cavity, trachea and the bronchia trap and remove larger particles. So, when entering the respiratory tract, particles bigger than 200 nm will be trapped in the mucus of the upper airways. Small atmospheric particles behave increasingly like gas molecules and therefore bypass these defense mechanisms, going to the lungs, where gas exchange occurs. The cilia from the ciliated cells will continuously lead the particles to the trachea, where they will be englobed by the mucus produced in the trachea. From there, this mixture of mucus + particles will be swallowed into the digestive tract [START_REF] Newby | Technological Strategies to Estimate and Control Diffusive Passage Times through the Mucus Barrier in Mucosal Drug Delivery[END_REF][START_REF] Detampel | In Vivo Clearance of Nanoparticles by Transcytosis across Alveolar Epithelial Cells[END_REF].

Therefore, only small particles (~100nm) can pass through the mucosa barrier and arrive at the lung.

The smaller the particles are, the less susceptible they are to the gravitational settling (increase of their lifetime), benefiting from the ability to travel very long distances in the atmosphere in very few days [START_REF] Anastasio | Atmospheric Nanoparticles[END_REF]. Also, the size plays an important role in the entrance of the particles in the body, since in the past few years it became clear that PM can enter the human body through several routes, such as the skin, lung and gastrointestinal tract [START_REF] Nel | Toxic Potential of Materials at the Nanolevel[END_REF][START_REF] Stölzel | Daily Mortality and Particulate Matter in Different Size Classes in Erfurt, Germany[END_REF].

The smaller the size, the most the particle can enter into the respiratory tract.

Theoretically, PM10 μm particles reach the upper airways, while the PM 2.5μm, PM 1μm and PM 0.1μm particles can reach more easily the smallest airways and alveoli and PM 0.1μm may further penetrate the alveolar-capillary membrane, which eventually spread into the systemic circulation [START_REF] Terzano | Air Pollution Ultrafine Particles: Toxicity beyond the Lung[END_REF][START_REF] Esposito | Morphology Changes in Human Lung Epithelial Cells after Exposure to Diesel Exhaust Micron Sub Particles (PM1.0) and Pollen Allergens[END_REF]Du et al., 2016). Once in the blood stream, PM 0.1μm can also reach several vital organs, as the central nerve system and the liver [START_REF] Helland | Reviewing the Environmental and Human Health Knowledge Base of Carbon Nanotubes[END_REF]. However, it can also go directly to the brain moving along the olfactory nerve and avoiding the blood-brain barrier (Oberdöster et al., 2004) (Figure 4). (Oberdöster et al., 2004;[START_REF] Helland | Reviewing the Environmental and Human Health Knowledge Base of Carbon Nanotubes[END_REF][START_REF] Theodorou | Inhalation of Silver Nanomaterials-Seeing the Risks[END_REF][START_REF] Teleanu | Impact of Nanoparticles on Brain Health: An Up to Date Overview[END_REF].

Several studies have already linked the PM 2.5 μm in the air with mortality [START_REF] Fang | Highly Acidic Ambient Particles, Soluble Metals, and Oxidative Potential: A Link between Sulfate and Aerosol Toxicity[END_REF][START_REF] Tsai | Ambient Fine Particulate Matter (PM2.5) Exposure Is Associated with Idiopathic Ventricular Premature Complexes Burden: A Cohort Study with Consecutive Holter Recordings[END_REF]. When they are inhaled, their behavior differs from coarse particles. A study conducted by [START_REF] Zwozdziak | Influence of PM1 and PM2.5 on Lung Function Parameters in Healthy Schoolchildren-a Panel Study[END_REF] in children of a school in Poland confirmed that, as predicted, PM 1 μm is probably more toxic than PM 2.5 μm, causing more dysfunctions in lung small airways. The authors continue to say that it is a fact that the smallest fraction penetrates the deepest into the airways, but the health effects of PM 1 μm on lung function have been poorly investigated. The toxic effects of PM 1 μm are probably considered inside the toxic effects attributed to PM 2.5 μm, since they are collected and studied together, due to the previous problem in sampling them separated [START_REF] Zwozdziak | Influence of PM1 and PM2.5 on Lung Function Parameters in Healthy Schoolchildren-a Panel Study[END_REF]. So, the literature on the health effects of PM Through the olfactory nerve 1 μm or even PM 0.4 μm is very scarce, being predominant papers studying PM 2.5 μm.

Furthermore, another indicative of health impact caused from these particles is that they count with a large surface area, explained by the number of particles that can enter the body at once due to the small size, increasing the surface of contact [START_REF] Kumar | A Review of the Characteristics of Nanoparticles in the Urban Atmosphere and the Prospects for Developing Regulatory Controls[END_REF][START_REF] Tranfield | Understanding Human Illness and Death Following Exposure to Particulate Matter Air Pollution[END_REF]. Additionally, although bigger particles cannot get through the nasal cavity, children tend to breathe through their mouths instead of only by the noses, increasing the risk of contamination [START_REF] Oliveira | Assessment of Air Quality in Preschool Environments (3-5 Years Old Children) with Emphasis on Elemental Composition of PM10 and PM2.5[END_REF].

Previous studies have already shown an association between exposure to atmospheric PM, decreased lung function and a higher incidence of respiratory diseases including shortness of breath, asthma, rhinitis, sinusitis, and chronic obstructive pulmonary disease; additionally, long term exposure has been associated

with the lung cancer [START_REF] Brunekreef | Effects of Long-Term Exposure to Traffic-Related Air Pollution on Respiratory and Cardiovascular Mortality in the Netherlands: The NLCS-AIR Study[END_REF][START_REF] Hamra | Outdoor Particulate Matter Exposure and Lung Cancer: A Systematic Review and Meta-Analysis[END_REF][START_REF] Kim | A Review on the Human Health Impact of Airborne Particulate Matter[END_REF]. Not only restricted to pulmonary diseases, exposure to PM 2.5 μm has been linked with an increased risk of cardiovascular pathologies, including stroke, myocardial infarction, and the exacerbation of congestive heart failure (Giorgini et al., 2016;[START_REF] Kim | A Review on the Human Health Impact of Airborne Particulate Matter[END_REF].

Neurological health problems, such as schizophrenia, mood disorders and autism spectrum disorders, are also effects that have been associated with exposition to both PM 2.5 μm and PM 1 μm [START_REF] Gao | Particulate Matter Air Pollution Associated with Hospital Admissions for Mental Disorders: A Time-Series Study in Beijing, China[END_REF][START_REF] Chen | Early Life Exposure to Particulate Matter Air Pollution (PM1, PM2.5 and PM10) and Autism in Shanghai, China: A Case-Control Study[END_REF].

Furthermore, for PM 0.4 μm the results are still very contradictory, probably due to the lack of publications specifying the size of the PM studied. A study from [START_REF] Longhin | Season Linked Responses to Fine and Quasi-Ultrafine Milan PM in Cultured Cells[END_REF] stated that PM 0.4 μm was not cytotoxic in A549 cell line, although these particles increased the oxidative stress and the expression of γH2AX6 when compared to control. However, a study from Verma and collaborators (2014) demonstrated that PM 0.5 μm (also a quasi-ultrafine particle) showed cytotoxic effects on 10T1/2 fibroblast cells by DNA-damaging potential.

Moreover, the UFPM particles, also known as PM 0.1 μm, are also a subject of investigation due to their toxicological properties. [START_REF] Jeon | Airborne Nanoparticles (PM0.1) Induce Autophagic Cell Death of Human Neuronal Cells[END_REF] studied the effects of PM 0.1 μm on SH-SY5Y neuronal cells and discovered that these particles induced autophagic cell death. Bhargava and collaborators (2019) in an attempt to understand the link between epigenetic alterations7 and PM 0.1 μm discovered that PM 0.1 μm can increase the concentrations of transcription factor nuclear factor-kappaB (NF-kB)8 

to values higher than PM 2.5 μm and PM 10 μm can, thus inducing the epigenetic alterations.

The concentration of γH2AX caused by PM0.1µm was also higher than the concentrations caused by PM 2.5 μm and PM 10 μm, proving once more that PM 0.1 µm are more toxic than PM 2.5 µm or 10µm. However, even if the difference in size of the PM, between 0.1 µm and 10 µm, causes a stronger toxic effect, it does not change the cell proliferation index for human lymphocytes [START_REF] Bhargava | Exposure to Ultrafine Particulate Matter Induces NF-ΚΒ Mediated Epigenetic Modifications[END_REF].

Uptake and Toxicity of NPs

The line that separates nanoparticles and PM, which resumes to a physical classification, is very thin. PM can vary from 0.1 µm to 10 µm and the concept for nanoparticles varies from those particles smaller than 0.1 µm to particles as big as 0.5

µm [START_REF] Munawar | Investigating Nanohybrid Material Based on 3D CNTs@Cu Nanoparticle Composite and Imprinted Polymer for Highly Selective Detection of Chloramphenicol[END_REF]. As not all researchers state the size of their particles when calling them nanoparticles, the following section is focused on nanoparticles (of unknown sizes sometimes) in an attempt to cover the characteristics of small-sized PM.

Uptake of NPs by cells

One of the crucial issues for both the evaluation of the action of nanoparticles in cells and the assessment of their potential toxicity is whether they enter cells [START_REF] Salvati | Quantitative Measurement of Nanoparticle Uptake by Flow Cytometry Illustrated by an Interlaboratory Comparison of the Uptake of Labelled Polystyrene Nanoparticles[END_REF]. It is known that the arrival of nanoparticles at cells is shaped by many factors including unique physico-chemical characteristics (size, surface charge, hydrophobicity, corona), ions and protein-particle interactions and subsequent agglomeration, diffusion and sedimentation [START_REF] Rees | The Origin of Heterogeneous Nanoparticle Uptake by Cells[END_REF]. It is also important to understand how they enter the cell due to the entrance being a determining factor in their biomedical functions, biodistribution and toxicity [START_REF] Foroozandeh | Insight into Cellular Uptake and Intracellular Trafficking of Nanoparticles[END_REF].

NPs will inevitably come into contact with several biomolecules including ions, proteins, saccharides and lipids that are dissolved in body fluids. These proteins from plasma and/or intracellular fluid immediately coat the NP surfaces and form the 'protein corona' [START_REF] Jiang | Quantitative Analysis of the Protein Corona on FePt Nanoparticles Formed by Transferrin Binding[END_REF], which determines the biological characteristic of the NP [START_REF] Lynch | Protein-Nanoparticle Interactions[END_REF].

The plasma membrane uses different mechanisms to exchange substances with the extracellular fluid which can be divided into two categories: passive and active transports. Gases, hydrophobic and molecules such as ethanol diffuse across the membrane according to the concentration. This kind of transport occurs without assistance of energy and it is called passive transport (Feher, 2017;[START_REF] Makaraci | Trans-Golgi Network-Bound Cargo Traffic[END_REF]. Biomolecules, such as some NPs, that can't pass through the plasma membrane enter via endocytosis, an active consuming-ATP transport, being mostly affected by their size, surface charge and shape [START_REF] Fröhlich | The Role of Surface Charge in Cellular Uptake and Toxicity of Medical Nanoparticles[END_REF][START_REF] Rajendran | A Review on Nanoparticle Based Treatment for Wound Healing[END_REF][START_REF] Saadat | Drug Targeting Strategies Based on Charge Dependent Uptake of Nanoparticles into Cancer Cells[END_REF].

Endocytosis can be divided into two types. Phagocytosis is the uptake of solid material with the help of big vesicles (approximately 250 nm) and it is used for large particles. Pinocytosis is the uptake of soluble material, where fluids, including small molecules and/or NPs diluted, are uptaken through small vesicles (smaller than 250 nm) [START_REF] Hillaireau | Nanocarriers' Entry into the Cell: Relevance to Drug Delivery[END_REF][START_REF] Panariti | The Effect of Nanoparticle Uptake on Cellular Behavior: Disrupting or Enabling Functions?[END_REF][START_REF] Richards | The Mechanism of Phagocytosis: Two Stages of Engulfment[END_REF].

Pinocytosis can be further subdivided into four different basic categories: macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis and clathrin and caveolin-independent endocytosis [START_REF] Treuel | New Views on Cellular Uptake and Trafficking of GNPs[END_REF] (Figure 5). 

In vitro toxicity of NPs.

The physiochemical properties of nanoparticles influence how they interact with cells and their potential to be toxic. To produce safe nanoparticles there is the need to understand these properties and how they can interfere in the body [START_REF] Huang | The Toxicity of Nanoparticles Depends on Multiple Molecular and Physicochemical Mechanisms[END_REF]. These properties change the physical and chemical characteristics, such as their size, shape, specific surface area, surface charge, catalytic activity, and the presence or absence of a shell and active groups on the surface, making nanoparticles more toxic than others [START_REF] Sukhanova | Dependence of Nanoparticle Toxicity on Their Physical and Chemical Properties[END_REF].

The most common mechanisms of NP toxicity were summarized by Sukhanova and collaborators (2018), they are (Figure 6):

1) damaging cell membranes by perforating them, including studies in respiratory cell [START_REF] Ruenraroengsak | Respiratory Epithelial Toxicity and Membrane Damage (Holes) Caused by Amine-Modified Nanoparticles[END_REF];

2) causing instability to microtubules, thus causing a disturbance intracellular transport and cell division [START_REF] Mao | Titanium Dioxide Nanoparticles Alter Cellular Morphology via Disturbing the Microtubule Dynamics[END_REF];

3) disturbing transcription and damage DNA, thus accelerating mutagenesis (Pisanic II et al., 2007); 4) damaging mitochondria and disturb their metabolism, which leads to cell energy imbalance [START_REF] Nguyen | Mitochondrial Toxicity of Cadmium Telluride Quantum Dot Nanoparticles in Mammalian Hepatocytes[END_REF]; 

(1) Physical damage of membranes; (2) Structural changes in cytoskeleton components; (3) Disturbance of transcription and oxidative damage of DNA; (4) Damage of mitochondria; (5) Disturbance of lysosome funct functioning; (6) Generation of reactive oxygen species; (7) Disturbance of membrane protein functions; (8) Synthesis of inflammatory factors and mediators (Sukhanova et al., 2018).

To study the effects of toxicity of NPs, researchers have used both animal experiments and cell culture (including 3D and co-cultures). But while animal experiments allow the study of the patterns of the distribution of NPs in the body and their transport to different tissues and cells. Cell cultures allow the observation of the insights into the molecular mechanisms of toxicity and identification of the primary targets of NPs. Additionally, while using cell culture, the type of cells can be selected according to the potential route by which NPs enter the body [START_REF] Sukhanova | Dependence of Nanoparticle Toxicity on Their Physical and Chemical Properties[END_REF].

Effect of size on the uptake of NPs by cells and their toxicity

The size of NPs may affect the uptake efficiency and kinetics, their internalization mechanism and also their subcellular distribution (Shang et al., 2014). In a study with NPs sizing from 50 to 1000 nm, Rejman and co-workers showed that NPs from 50 to 500 nm were able to be uptaken by cells. They estimated that relative to internalized 50 nm NPs, the uptake of 100 nm NPs was decreased by approximately 3 -4 fold, whereas the internalization of the 200 and 500 nm NPs were reduced by approximately 8 -10 times. Furthermore, using fluorescence imagery, they saw that NPs from 50 to 200 nm were initially distributed throughout the cell and further placed in the perinuclear region while 500 nm NPs stayed in the periphery of the cells, not moving after.

Several studies have indicated that for cellular uptake of NPs, there is an optimum size of NPs, but this number changes according to the author describing, since each author uses a different number system to define what is a small or big NP. Since there is a size-dependent interaction between them and the cell membrane, that is probably related to the membrane process that initiates receptor-mediated endocytosis. Small

NPs have less ligands to interact to receptors, causing an event where several small NPs need to interact simultaneously with receptors in close proximity to start membrane wrapping. On the other hand, a large NP can act as a cross-linking agent to cluster receptors and induce uptake (Shang et al., 2014).

Particle size can also interfere in toxicity due to smaller nanoparticles having a larger specific surface area and consequently more available surface area to interact with cellular components such as nucleic acids, proteins, fatty acids, and carbohydrates. Besides, smaller the size is, easier it is for the NP to enter the cell and cause cellular damage [START_REF] Huang | The Toxicity of Nanoparticles Depends on Multiple Molecular and Physicochemical Mechanisms[END_REF]. Huo and co-workers (2014) have demonstrated that gold NPs with 6 nm reached the cell nucleus, while large NPs 10 to 16 nm only penetrated through the cell membrane and reached only the cytoplasm.

Additionally, experiments run by De Jong and co-workers (2008) have shown that NPs smaller than 10 nm were quickly distributed in rats and found in blood, liver, spleen, kidney, testis, thymus, heart, lung and brain through intravenous distribution while most larger NPs were found only in the liver, spleen, and blood.

In conclusion, considering only the size of NPs, the smaller is the size the higher is the efficiency to enter into cells and to be placed in a proximity to the nucleus.

Furthermore, the smaller is the size, the easiest it is to be transported further deep in the body and found in multiple organs.

Effect of shape on the uptake of NPs by cells and their toxicity

In addition to size, the shape of the NP also plays a pivotal role in the uptake pathway as well as trafficking of NPs. Recently, this parameter has been widely

reported, but the currently available results lack consistency [START_REF] Truong | The Importance of Nanoparticle Shape in Cancer Drug Delivery[END_REF].

According to Chithrani and co-workers (2006) and Shimoni and co-workers (2013) spherical gold NPs have a rate of five-times more uptake than rod-shaped NPs, however [START_REF] Gratton | The Effect of Particle Design on Cellular Internalization Pathways[END_REF] have found that rod-like-shaped NPs have the highest internalization rates compared to spheres, cylinders and cubes.

Nangia and Sureshkumar (2012) have studied the effect of shape on the translocation rate of gold NPs through plasmatic membrane with advanced molecular dynamics simulation techniques. They discovered that there is a significant variation in the translocation rate of cone-, cube-, rod-, rice-, pyramid and sphere-shaped NPs, affirming that elonganted-shaped NPs have an enhanced translocational rate when compared to spherical NPs. This fact may have contributed to the structural evolution of pathogens such as bacteria and viruses from spherical to rod-like morphologies [START_REF] Gratton | The Effect of Particle Design on Cellular Internalization Pathways[END_REF].

When studying the shape in relation to inducing toxicological effects, the results are also not conclusive. [START_REF] Zhao | Toxicity of Hydroxyapatite Nanoparticles Is Shape and Cell Dependent[END_REF] In conclusion, however the contradictory observations, the most acceptable statement is that rod-shaped are more easily uptaken than sphere-shaped NPs.

However, non-spherical NPs (needle, tubular, plate-shaped) are more exposed to blood flow [START_REF] Ajdary | Health Concerns of Various Nanoparticles: A Review of Their in Vitro and in Vivo Toxicity[END_REF] being able to go further into the organism.

Effect of surface charge on the uptake of NPs by cells and their toxicity

Another parameter that interferes with NPs uptake and toxicologic effects is the surface charge. It is widely known that the negatively charged cell membrane enhances the uptake of positively charged NPs, so they have a higher internalization than neutral and negatively charged NPs [START_REF] Marano | Nanoparticles: Molecular Targets and Cell Signalling[END_REF][START_REF] Panariti | The Effect of Nanoparticle Uptake on Cellular Behavior: Disrupting or Enabling Functions?[END_REF].

However, a higher toxicity has been reported after the uptake of positive NPs (Lovric et al., 2005;Frohlich, 2012) leading to cell death (Frohlich, 2012).

Studies regarding the respiratory vaccines have shown that cationic NPs have increased mucosal antibody production following pulmonary or intranasal administration [START_REF] Debin | Intranasal Immunization with Recombinant Antigens Associated with New Cationic Particles Induces Strong Mucosal as Well as Systemic Antibody and CTL Responses[END_REF][START_REF] Gupta | Development and Characterization of Chitosan Coated Poly-(ɛ-Caprolactone) Nanoparticulate System for Effective Immunization against Influenza[END_REF], while anionic NP administration show only minimal improvement in antibody production [START_REF] Nembrini | Nanoparticle Conjugation of Antigen Enhances Cytotoxic T-Cell Responses in Pulmonary Vaccination[END_REF][START_REF] Li | Generation of Effector Memory T Cell-Based Mucosal and Systemic Immunity with Pulmonary Nanoparticle Vaccination[END_REF]. Corroborating with the previous researchers, [START_REF] Fromen | Controlled Analysis of Nanoparticle Charge on Mucosal and Systemic Antibody Responses Following Pulmonary Immunization[END_REF] demonstrated that pulmonary vaccination with cationic NPs can enhance local and systemic antibody production to a specific antigen, when compared to anionic NPs.

In another work, [START_REF] Fromen | Nanoparticle Surface Charge Impacts Distribution, Uptake and Lymph Node Trafficking by Pulmonary Antigen-Presenting Cells[END_REF] studied that cationic NPs may offer increased preference toward lung dendritic cells. NPs cationic charged not only resulted in increased dendritic cells association but modulated the lung environment to promote recruitment and maturation of them. Opposing, anionic charged NPs were found to be immunologically inert in the lung.

Thus, the charges also affect the toxic effects of these NPs. This can be explained by the electrostatic attraction between the negatively charged cell membrane glycoproteins and them [START_REF] Sukhanova | Dependence of Nanoparticle Toxicity on Their Physical and Chemical Properties[END_REF]. Liu and co-workers (2011) studied the cytotoxic effects of negatively and positively charged polystyrene NPs on HeLa and NIH/3T3 cells and discovered that the latter NPs are more toxic, not only because positively charged NPs can more easily pass through the membrane, but also because they are more strongly attached to the DNA; and as a result to the bound with the DNA, there is a prolongation of the G0/G1 phase of the cell cycle. In opposition, the negatively charged NPs have no effect on the cell cycle [START_REF] Liu | Intracellular Dynamics of Cationic and Anionic Polystyrene Nanoparticles without Direct Interaction with Mitotic Spindle and Chromosomes[END_REF].

Although these charges interfere in the toxicity, because it determines the interactions of NPs with cells [START_REF] Schaeublin | Surface Charge of Gold Nanoparticles Mediates Mechanism of Toxicity[END_REF], they could be modified by adding differently charged polymers.

Xu and co-workers (2007) created a method for changing the charge surface of NPs from negative to positive, with the aim of increasing the cell uptake due to the facility of positively charged NPs entering the membrane. This change can facilitate the drug delivery for several treatments, such as in tumor cells, since negatively charged NPs predominantly accumulate in tumor cells (Asati et al., 2010). So, the modification of the NP charges allows their localization and toxicity to be controlled in such a way that it could be used for developing effective systems for delivery of chemotherapeutic drugs [START_REF] Serdiuk | Charge-Driven Selective Localization of Fluorescent Nanoparticles in Live Cells[END_REF][START_REF] Sukhanova | Dependence of Nanoparticle Toxicity on Their Physical and Chemical Properties[END_REF].

However, between the entrance of the NP in the body and the contact with cells, the NPs will undoubtedly interact with ions in the blood or extracellular fluid that they are dissolved in. To explain how this works, physics have studied the double electrical layer of surface of a particle. If, for example, the subject is a negatively charged nanoparticle, the double electrical layer is due to the negatively charged surface of the particle attracting cations from the solution, which in turn attracts anions, but these are less rigidly held. Thus, the first layer in contact with the nanoparticle surface, and with more rigid attraction, is the Stern layer; whereas the second layer, where ions are freer and loosely attached, is the diffuse layer. The electric potential at the outer limit of the double layer is known as the zeta potential of the particles and has values that typically range from +100 to -100 mV, thus utterly characterizing the particles as positive or negative [START_REF] Nimesh | Advances in Nanomedicine for the Delivery of Therapeutic Nucleic Acids. Advances in Nanomedicine for the Delivery of Therapeutic Nucleic Acids[END_REF][START_REF] Forest | Preferential Binding of Positive Nanoparticles on Cell Membranes Is Due to Electrostatic Interactions: A Too Simplistic Explanation That Does Not Take into Account the Nanoparticle Protein Corona[END_REF].

Thus, it's possible to conclude that positively charged NPs are more easily uptaken by cells than the negatively charged ones due to the cell membrane polarity. If the NPs is of a toxic origin, the fact that it is positively charged may increase its toxicity due to the facility to enter cells.

Effect of hydrophobicity on the uptake of NPs by cells and their toxicity

Hydrophobicity is a determinant factor in the interaction between NPs and the plasma membrane [START_REF] Rozenberg | Polymer-Assisted Fabrication of Nanoparticles and Nanocomposites[END_REF][START_REF] Zhu | The Interplay of Monolayer Structure and Serum Protein Interactions on the Cellular Uptake of Gold Nanoparticles[END_REF]. This parameter is considered as an important feature since it has a critical role in various biological processes, such as protein adsorption [START_REF] Gessner | Nanoparticles with Decreasing Surface Hydrophobicities: Influence on Plasma Protein Adsorption[END_REF] interaction with biological membranes [START_REF] Shima | Manipulating the Antigen-Specific Immune Response by the Hydrophobicity of Amphiphilic Poly(γ-Glutamic Acid) Nanoparticles[END_REF], cellular uptake [START_REF] Zhu | The Interplay of Monolayer Structure and Serum Protein Interactions on the Cellular Uptake of Gold Nanoparticles[END_REF], immune response [START_REF] Moyano | Nanoparticle Hydrophobicity Dictates Immune Response[END_REF] and haemolytic effect [START_REF] Saha | Protein Coronas Suppress the Hemolytic Activity of Hydrophilic and Hydrophobic Nanoparticles[END_REF].

Several studies have demonstrated the impact of hydrophobicity in NPs uptake by cells. [START_REF] Moghaddam | Enhanced Cellular Uptake of Nanoparticles by Increasing the Hydrophobicity of Poly(Lactic Acid) through Copolymerization with Cell-Membrane-Lipid Components[END_REF] studied a series of novel copolymers derived from L-lactate and lipid like comonomers to imitate the hydrophobic nature of a cell membrane in HeLa Cells. Hydrophobic NPs formulated from these copolymers presented enhanced cell uptake when compared to unmodified NPs, thus confirming a clear role of hydrophobicity in internalization of NPs by cells. [START_REF] Valsesia | Direct Quantification of Nanoparticle Surface Hydrophobicity[END_REF] have studied a method for the quantitative characterization of nanoparticles hydrophobicity by measuring their affinity towards specifically surfaces. They discovered that hydrophobic surfaces promote a higher adhesion with NPs, while hydrophilic surfaces promote an invert effect.

Another group of researchers did a simulation approach in the attempt to investigate the effect of hydrophobicity on the NP-cell uptake. They observed that hydrophilic NPs were wrapped by the membrane, whereas hydrophobic NPs were embedded by the phospholipids and entered within the membrane [START_REF] Curtis | Modeling Nanoparticle Wrapping or Translocation in Bilayer Membranes[END_REF].

Going even further, Wang and co-workers (2019a) studied the hydrophobicity of NPs and their uptake and described this process with more details, while studying hydrophilic and hydrophobic NPs with different stiffness of their surface. They observed that the hydrophilic NPs were found to be spread out at the upper surface of the lipid bilayer due to the attraction between the NPs and the lipid heads, but a repulsion with the lipid tails. To penetrate through the membrane, the hydrophilic NPs diffused into the middle layer of the membrane and repel the hydrophobic tails to be able to cross it. With this process, the hydrophilic NPs tends to be flattened when crossing the membrane, due to the process of attraction and repulsiveness. In contrast, the hydrophobic NP can diffuse more easily into the membrane, but has difficulty leaving the membrane due to the attraction between the nanoparticle and the lipid tail.

The hydrophobic NP was observed to attach to the middle layer of the membrane before full penetration and these NPs tend to be stretched when leaving the membrane, due the strong attraction.

Their analysis concluded that the translocation abilities of hydrophilic NPs can be enhanced by increasing the NP stiffness, while for hydrophobic NPs it only deteriorates its translocation with increasing stiffness. Proceeding with a free energy analysis, they found that rigid hydrophilic NPs and soft hydrophobic NPs encounter lower energy barriers during penetration. Also, hydrophobic NPs cross the membrane faster than hydrophilic NPs (Wang et al., 2019a) (Fig. 7).

Figure 7: Translocation of hydrophilic (top) and hydrophobic (bottom) NPs through the plasma membrane. Observe that the hydrophilic NP spends more time in the step of crossing the middle layer, while the hydrophobic NP spends more time in the step of detachment. Overall, hydrophobic NPs cross quicker than the hydrophilic NPs (Extracted and adapted from Wang et al., 2019a).

When referred to the toxicity of NPs in the variation of hydrophobicity, Jones and collaborators (2014) demonstrated that, in mice, high hydrophobic nanomaterials (hydrophobic interaction chromatography, HIC, index N0.8) induced significant acute respiratory toxicity, while nanoparticles with low or intermediate hydrophobicity (HIC index <0.7) elicited little to no inflammatory response or tissue damage. To complete, they stated that the most hydrophilic nanomaterial in the study demonstrated a high biocompatibility, concluding that this a promising nanoformulation to take forward into nonclinical safety studies.

In conclusion, hydrophobic NPs are able to more easily enter the cells due to the compatibility of lipids with the cell membrane, while hydrophilic NPs have a resistance in the uptake. That poses a problem because hydrophobic NPs are also more toxic whereas hydrophilic NPs are not toxic and considered as biocompatible.

Oxidative Stress caused by PM

The main toxicological mechanism caused by PM is thought to be the imbalance between oxidants and antioxidants, causing oxidative stress [START_REF] Landreman | A Macrophage-Based Method for the Assessment of the Reactive Oxygen Species (ROS) Activity of Atmospheric Particulate Matter (PM) and Application to Routine (Daily-24 h) Aerosol Monitoring Studies[END_REF].

Oxidative stress is defined by the excess of reactive oxygen species (ROS) leading to a redox state change in cells, redox state being defined as result of the balance between the values of oxidized and reduced species of redox couples 9 (Martinovich et al., 2004). This can chemically alter DNA, proteins and lipids, then initiate or increase an already existing inflammation, and eventually lead to cell death [START_REF] Donaldson | Ambient Particle Inhalation and the Cardiovascular System: Potential Mechanisms[END_REF][START_REF] Prahalad | Air Pollution Particles Mediated Oxidative DNA Base Damage in a Cell Free System and in Human Airway Epithelial Cells in Relation to Particulate Metal Content and Bioreactivity[END_REF][START_REF] Li | Particulate Air Pollutants and Asthma: A Paradigm for the Role of Oxidative Stress in PM-Induced Adverse Health Effects[END_REF].

In urban areas the production of PM is more often attributed to vehicles emissions [START_REF] Pey | Source Apportionment of Urban Fine and Ultra-Fine Particle Number Concentration in a Western Mediterranean City[END_REF]. In a try to reduce this production, companies started to invest in biodiesel [START_REF] Rahman | Particle Emissions from Biodiesels with Different Physical Properties and Chemical Composition[END_REF], however this type of fuel emits smaller particles than the usual fuel, potentially increasing the oxidative potential [START_REF] Surawski | Application of Multi-Criteria Decision Making Methods to Compression Ignition Engine Efficiency and Gaseous , Particulate and Greenhouse Gas Emissions International Laboratory for Air Quality and Health , Queensland University of Technology , 2 George St[END_REF]. Studies using PM generated by fuel combustion show that both in vitro and in vivo, these particles increase formation of ROS in pulmonary cell types [START_REF] Li | Particulate Air Pollutants and Asthma: A Paradigm for the Role of Oxidative Stress in PM-Induced Adverse Health Effects[END_REF], especially because immune cells present in the lungs, as alveolar macrophages and neutrophils, act as ROS inducers, via the NAPDH oxidase enzyme system [START_REF] Fadeel | Apoptosis and Macrophage Clearance of Neutrophils: Regulation by Reactive Oxygen Species[END_REF].

Diesel exhaust particles (DEP) are an important component of air particulate matter, generated from the combustion of fossil fuel in diesel engines and described as a complex mixture of fine and ultrafine particulate matter composed of a center core of elemental carbon and organic compounds including polyaromatic hydrocarbon 9 Redox couples are the reducing species and its corresponding oxidizing form.

species (PAHs) (such as naphthalene) and small amounts of sulfate, nitrate and metals [START_REF] Hesterberg | Diesel Exhaust Particulate (DEP) and Nanoparticle Exposures: What Do DEP Human Clinical Studies Tell Us about Potential Human Health Hazards of Nanoparticles[END_REF][START_REF] Mcwhinney | Filterable Redox Cycling Activity: A Comparison between Diesel Exhaust Particles and Secondary Organic Aerosol Constituents[END_REF][START_REF] Huang | Effects of Fuels, Engine Load and Exhaust after-Treatment on Diesel Engine SVOC Emissions and Development of SVOC Profiles for Receptor Modeling[END_REF][START_REF] Lawal | Diesel Exhaust Particles and the Induction of Macrophage Activation and Dysfunction[END_REF].

Studies using DEP showed that incubation of these particles in lung cell lines cultures generated superoxide (O2 .-) through a NADPH-dependent way (Seagal, 1989;[START_REF] Zhao | Reactive Oxygen Species-and Nitric Oxide-Mediated Lung Inflammation and Mitochondrial Dysfunction in Wild-Type and INOS-Deficient Mice Exposed to Diesel Exhaust Particles[END_REF]. However, the amount of oxidative stress produced by epithelial cells and macrophages is different, as epithelial cells make a rapid transition, when compared to macrophages, from cytoprotective to cytotoxic responses probably due to epithelial cells not being able to convert N-acetylcysteine (NAC) to glutathione, a cytoprotective agent [START_REF] Li | Comparison of the Pro-Oxidative and Proinflammatory Effects of Organic Diesel Exhaust Particle Chemicals in Bronchial Epithelial Cells and Macrophages[END_REF]. Hiura and collaborators (1999) using cell lines of bronchial epithelial cells and macrophages discovered that epithelial cell lines are more inclined to suffer from toxicity than macrophages. But as showed by Ji and collaborators (2018), the oxidative stress and inflammatory responses to DEP in epithelial lung cells were reduced when these cells were co-cultivated with macrophages, showing the effects of DEP in a cell-cell system closer to in vivo.

Additionally to producing oxidative stress species, PM can cause depletion of antioxidants on lung fluids, compromising the organism to defend itself against the produced ROS. Cigarettes, a known emitter of naphthalene SOA, are known to decrease the concentrations of lung fluid antioxidants, such as methionine, vitamin C and glutathione, even after one single smoke (Barnejee et al., 1998;[START_REF] Tsuchiya | Smoking a Single Cigarette Rapidly Reduces Combined Concentrations of Nitrate and Nitrite and Concentrations of Antioxidants in Plasma[END_REF][START_REF] Bloomer | Decreased Blood Antioxidant Capacity and Increased Lipid Peroxidation in Young Cigarette Smokers Compared to Nonsmokers: Impact of Dietary Intake[END_REF]. Also, the decrease in antioxidant concentrations and increase in ROS production by smoke of cigarettes was observed in children that smoke passively, when compared to children that were not submitted to passively smoking [START_REF] Aycicek | Decreased Total Antioxidant Capacity and Increased Oxidative Stress in Passive Smoker Infants and Their Mothers[END_REF].

The oxidative stress induced by atmospheric particulates can cause several other reactions on cells that may be linked to cell death, such as DNA damage by the formation of the apurinic/apyrimidinic (AP) sites10 , locations in the DNA that has neither a purine nor a pyrimidine base [START_REF] Park | Polycyclic Aromatic Hydrocarbon (PAH) o-Quinones Produced by the Aldo-Keto-Reductases (AKRs) Generate Abasic Sites, Oxidized Pyrimidines, and 8-Oxo-DGuo via Reactive Oxygen Species[END_REF], mitochondrial dysfunction by activating the nuclear factor kappa-B signaling pathway [START_REF] Leclercq | Air Pollution-Derived PM2.5 Impairs Mitochondrial Function in Healthy and Chronic Obstructive Pulmonary Diseased Human Bronchial Epithelial Cells[END_REF], causing fibrosis by leading to increased TGFb signaling events [START_REF] Dysart | Environmental Particulate (PM2.5) Augments Stiffness-Induced Alveolar Epithelial Cell Mechanoactivation of Transforming Growth Factor Beta[END_REF] and impairment of pulmonary function in protecting cells against cell deaths by increasing autophagy [START_REF] Deng | PM2.5-Induced Oxidative Stress Triggers Autophagy in Human Lung Epithelial A549 Cells[END_REF].

These ROS can be either transported on particles or catalytically generated in vivo by the particles interacting with fluids and/or cells [START_REF] Bates | Review of Acellular Assays of Ambient Particulate Matter Oxidative Potential: Methods and Relationships with Composition, Sources, and Health Effects[END_REF]. It is known that species, source composition, aging and pH may affect the oxidative potential of particles [START_REF] Bates | Reactive Oxygen Species Generation Linked to Sources of Atmospheric Particulate Matter and Cardiorespiratory Effects[END_REF]. The oxidative potential is often correlated with polyaromatic hydrocarbon species (PAHs) like quinones, such as 1,2-napthaquinone and 1,4-napthaquinone (metabolites of naphthalene, produced by combustion of fuel) [START_REF] Mcwhinney | Filterable Redox Cycling Activity: A Comparison between Diesel Exhaust Particles and Secondary Organic Aerosol Constituents[END_REF] or for the aging of PM, since reports on the conversion of PAHs to redox-active quinones indicate that aging PMs increases the oxidative potential [START_REF] Pourkhesalian | Effect of Atmospheric Aging on Volatility and Reactive Oxygen Species of Biodiesel Exhaust Nano-Particles[END_REF][START_REF] Fang | Highly Acidic Ambient Particles, Soluble Metals, and Oxidative Potential: A Link between Sulfate and Aerosol Toxicity[END_REF].

Nonetheless, not only the lung is impacted by PM's oxidative stress. Among the affected organs by PMs, the first tissue exposed to atmospheric pollutants is the skin, that comparable to the respiratory tract, presents an interface of contact between the body and the atmosphere [START_REF] Piao | Particulate Matter 2.5 Damages Skin Cells by Inducing Oxidative Stress, Subcellular Organelle Dysfunction, and Apoptosis[END_REF]. In this context, Piao and collaborators (2018) studied the effects of PM's oxidative stress on skin cells and discovered that it leads to DNA damage, lipid peroxidation, autophagy and protein carbonylation.

To prevent the toxic effect of PM is one of the main goals of nowadays studies since atmospheric air pollution is killing millions of people per year. Treatment with antioxidants, previously said to be depleted by PM, can provide protection against PMinduced toxicity [START_REF] Stohs | Naphthalene Toxicity and Antioxidant Nutrients[END_REF]. [START_REF] Pinho | N-Acetylcysteine and Deferoxamine Reduce Pulmonary Oxidative Stress and Inflammation in Rats after Coal Dust Exposure[END_REF] proved that NAC protects the alveolar integrity and reduce pulmonary oxidative stress on rats after exposure to coal dust particulate matter. Furthermore, [START_REF] Possamai | Antioxidant Intervention Compensates Oxidative Stress in Blood of Subjects Exposed to Emissions from a Coal Electric-Power Plant in South Brazil[END_REF] studied the effect of vitamin E in groups of workers from a coal electric-power plant in South Brazil, constantly exposed to particulate matter during work. The workers have taken a supplement of 800 mg/day during six months. Before the supplementation, they have found in the blood of the workers that glutathione supplementation was decreased, while thiobarbituric acid reactive substances (TBARS11 ) concentration was increased.

After the six months of treatment with vitamin E, concentrations of gluthatione and TBARS did not differ from their control.

In conclusion, atmospheric pollution (such as particulate matter and quinones) is known to cause toxic effects through the increase of oxidative stress. Studies have proved treatment with antioxidants can prevent their toxic effects, making it of interest to study the protection effect of antioxidants against the toxic effects induced by PM.

Metabolites of naphthalene

Air pollutants have the ability of staying airborne from hours to days (Dryden et al., 2017). Naphthalene is the major component of diesel, an extremely important pollutant of urban areas [START_REF] Marr | Characterization of Polycyclic Aromatic Hydrocarbons in Motor Vehicle Fuels and Exhaust Emissions[END_REF]Chin & Batteramn, 2012). While staying airborne, naphthalene suffers oxidation, forming new compounds, such as (naphtho)quinones (like 1. 4-naphthoquinone, 1,2-naphthoquinone, 2-hydroxy-1.4-naphthoquinone), phthalic acid and phthaldialdehyde (McConkey et al., 2012;Nishino et al., 2012;[START_REF] Mcwhinney | Filterable Redox Cycling Activity: A Comparison between Diesel Exhaust Particles and Secondary Organic Aerosol Constituents[END_REF]Huang et al., 2019;Saxena et al., 2020). In the following subtopics I will explore more each one of these compounds.

Quinones

Quinones are a class of organic compounds whose chemical properties allow them to interact with biological targets by forming covalent bonds and by acting as electron transfer agents in oxidation-reduction reactions. They are secondary metabolites isolated principally from plants and have a conjugated carbonyl groups in sixmembered rings (benzene ring). They can be derived from the oxidation of hydroquinones 12 or through the oxidation of PAH. In the last case, the quinones are then named after their PAH precursors, such as benzoquinones for quinones of benzene origin and naphthoquinones for quinones of naphthalene origin [START_REF] Bolton | Role of Quinones in Toxicology[END_REF]Kumagai et al., 2012;[START_REF] Eyong | 10 -Quinones and Benzophenones from the Medicinal Plants of Africa[END_REF]. Naturally occurring quinones are widely distributed and include benzoquinones, naphthoquinones and anthraquinones [START_REF] Eyong | 10 -Quinones and Benzophenones from the Medicinal Plants of Africa[END_REF]:

1.Benzoquinones: These are groups of compounds containing two carbonyl groups on a benzene ring (monocyclic) (Figure 8a).

2.Naphthoquinones: These occur to some extent in fungi and are extremely common in higher plants; they contain the naphthalene nucleus with two carbonyl groups on one nucleus (bicyclic) (Figure 8b).

3.Anthraquinones: These are common fungal metabolites and also occur in higher plants. They are compounds containing the anthracene nucleus with two carbonyl groups (tricyclic) (Figure 8c). 12 Hydroquinone (HQ), also known as benzene-1,4-diol, occurs in the environment as a result of anthropogenic processes, as well as in natural products from plants and animals (Ghad & Pham, 2014).

a b c

Naphthoquinones are of particular interest because of their occurrence as natural products and as environmental chemicals (Valavandis et al., 2006;Widhalm & Rhose, 2016). As the product of the oxidation of naphthalene, naphthoquinones are present in the atmosphere of outdoor and indoor environments, since naphthalene is produced by the incomplete combustion of fuel but also in cigarette smoke [START_REF] Jakober | Quinone Emissions from Gasoline and Diesel Motor Vehicles[END_REF]Venkatakrishnan et al., 2010).

In a research from 1997, Bieniek et al. studied the urine of workers of a naphthalene oil distillation process in a coke plant and discovered the presence of 1,4-NQ in their urine. As a matter of fact, the conversion of naphthalene to 1,2-NQ and 1,4-NQ occurs biologically (for example, in the liver) through well-established metabolic pathways associated with naphthalene toxicity (Figure 9) [START_REF] Wilson | Characterisation of the Toxic Metabolite(s) of Naphthalene[END_REF]Kumagai et al., 2012;[START_REF] Kovalchuk | Impact of Hepatic P450-Mediated Biotransformation on the Disposition and Respiratory Tract Toxicity of Inhaled Naphthalene[END_REF]. However, studies of 1,4-NQ effect on in vitro cells are rare, that is why this section will explore more the effects of 1,2-NQ, its isomer. To cause its toxic effects, 1,4-NQ needs to enter the cell. Quinones, including 1.4-NQ, are known to freely cross the cell membrane through the movement of flip-flop [START_REF] Weiss | Lipid-Membrane Modified Electrodes to Study Quinone Oxidoreductases Biochemistry of Quinone Oxidoreductases[END_REF][START_REF] Hussein | Surface Chemistry and Spectroscopy Studies on 1,4-Naphthoquinone in Cell Membrane Models Using Langmuir Monolayers[END_REF][START_REF] Kaurola | Distribution and Dynamics of Quinones in the Lipid Bilayer Mimicking the Inner Membrane of Mitochondria[END_REF][START_REF] Zhang | Effects of 1,4-Naphthoquinone Aged Carbon Black Particles on the Cell Membrane of Human Bronchial Epithelium[END_REF].

Once in the cytoplasm, 1.4-NQ bonds to the aryl hydrocarbon receptor (AhR receptor).

This receptor leads 1,4-NQ to the nucleus, where they heterodimerize with aryl hydrocarbon receptor nuclear translocator (ARNT). The combination of AhR receptor-1,4-NQ-ARNT binds to the dioxin response element (DRE) sequences in their promoter region of the DNA [START_REF] Tanos | Ah Receptor Regulates the Cholesterol Biosynthetic Pathway in a Dioxin Response Element-Independent Manner Rachel[END_REF]Farue et al., 2014;[START_REF] Faber | The Cellular and Molecular Determinants of Naphthoquinone-Dependent Activation of the Aryl Hydrocarbon Receptor[END_REF].

After being activated, 1,4-NQ through the AhR receptor can regulate the expression of several genes, such as CYP1A1, cytochrome P450 family 1 subfamily A member 2 (CYP1A2), nuclear factor, erythroid 2 like 2 (NFE2L2) (related to oxidative stress production) and laminin subunit alpha 3 (LAMA3) (related to cell adhesion), among others [START_REF] Lo | High-Resolution Genome-Wide Mapping of AHR and ARNT Binding Sites by ChIP-Seq[END_REF], thus causing its toxicity (Figure 10). chromosome's condensation/decondensation (Gurbani et al., 2012).

Experiments on A549 cells with 1,2-NQ showed that this compound induced a significant change of redox status, loss of mitochondrial membrane potentials (△Ψ)

and increase of superoxide dismutase (SOD) activity (Sheng & Lu, 2017).

Mitochondrial dysfunction has been identified as a key event in PM-induced toxicity, however, it was proved that 1,2-NQ induces a dose-dependent increase of oxygen consumption rate in BEAS 14 cells through a non-mitochondrial NADPH-dependent redox-cycling process (Lavrich et al., 2018). Nevertheless, 1,2-NQ and 1,4-NQ also impaired mitochondrial respiration through the inhibition of the upstream of pyruvate (Lavrich et al., 2018), a molecule critical for mitochondrial ATP generation [START_REF] Gray | Regulation of Pyruvate Metabolism and Human Disease[END_REF].

Sheng & Lu ( 2017) also investigated the inflammatory potential of 1,2-NQ on A549 cells, observing that this quinone upregulated the following inflammatory genes: interleukin-6 (IL-6), , tumor necrosis factor alpha (TNF-α), cytochrome P450 family 1 subfamily A member 1 (Cyp1a1), and heme oxygenase 1 (HO-1).

1,4-NQ has several derivates, such as juglone and lawsone. The last is also called 2-hydroxy-1,4-naphthoquinone and produced by the oxidation of naphthalene nanoparticles (Figure 11). This chemical, also naturally produced by the leaves of Lawsonia inermis, is one of the most widely used skin dyes, commonly known as Henna. It has been intensively utilized for many years in the biology, medicine, agriculture and industries as a skin dye and antifungal (Rudnicka et al., 2018;Lozza et al., 2019). Regarding its toxicity, Sauriasari et al. concluded that lawsone is not mutagenic, but it is toxic to cells in a dose-dependent manner, but more studies are needed to investigate the toxicity of this chemical in vitro (Sauriasari et al., 2007). Only one study was found, performed by [START_REF] Ishteyaque | In Vitro: Toxicity, Apoptosis and Ameliorative Potential of Lawsonia Inermis Extract in Human Lung, Colon and Liver Cancer Cell Line[END_REF]. They have found that 2-OH-NQ is toxic to cells at 2.8 mM when extracted directly from Lawsonia inermis leaves.

14 Cell line used for in vitro lung epithelium model. 
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Phthalic acid and phthaldialdehyde

Phthalic acid (PA) (also known as benzene-1,2-dicarboxylic acid) is one of the three isomeric (i.e. o-, m-and p-) benzene dicarboxylic acids: phthalic acid, isophthalic acid and terephthalic acid (Smith et al., 1969). PA is the final common metabolic form of phthalic acid esters 15 (PAEs; commercially, phthalic acid is used in the production of dyes and it is usually formed as a byproduct in the manufacture of phthalic anhydride (Lorz et al., 2007;NCBI, 2021).

Phthaldialdehyde (also known as benzene-1,2-dicarbaldehyde) is a dialdehyde in which two formyl groups are attached to adjacent carbon centers on a benzene ring (benzaldehydes). It is commercially used as a reagent that forms fluorescent conjugation products with primary amines. It is used for the detection of many biogenic amines, peptides, and proteins in nanogram quantities in body fluids. Another use for this chemical is as a high-level disinfectant that received FDA clearance in October 1999 [START_REF] Rutala | 301 -Disinfection, Sterilization, and Control of Hospital Waste[END_REF]NCBI, 2020).

In the atmosphere, both chemicals are products of the oxidation of naphthalene.

Naphthalene, under low-NOx conditions primarily produces quinones as oxidative products. However, under high-NOx conditions the primary product is 2formylcinnamaldehyde. This chemical, when further oxidized, generates highly oxygenated compounds, such as phthalic acid and phthaldialdehyde [START_REF] Kautzman | Chemical Composition of Gas-and Aerosol-Phase Products from the Photooxidation of Naphthalene[END_REF]Huang et al., 2019) (Figure 13). 15 Phthalate esters are found in a wide variety of consumer and food packaging products. Hence, there is widespread exposure of the human population to these chemicals. Once absorbed, phthalates and their metabolites are distributed throughout the body in all tissues and some are known to be toxic to the developing male reproductive system [START_REF] Benson | Hazards of Food Contact Material: Phthalates[END_REF][START_REF] Lyche | Chapter 44 -Phthalates[END_REF].

Figure 13: Mechanism of formation of phthaldialdehyde (blue circle) and phthalic acid (red circle) from further oxidation of 2-formylcinnamaldehyde, a product from the oxidation of naphthalene (green circle). Extracted from: Kautzman et al., 2010.

The health effects of phthalates were well studied, especially in the male reproductive system, these chemicals caused a decrease in sperm normal morphology and increased the percentage of single-stranded DNA in the sperm (Rozatti et al., 2001). When it comes to the lungs, one case report stated that concurrent phthalate exposure may cause a decrease in lung function in children (Lim et al., 2018).

Phthalic acid was studied few times in an attempt to investigate why phthalates are toxic and to establish the presence of phthalates in the body, since phthalic acid is a final metabolite from several phthalates [START_REF] Kato | Determination of Total Phthalates in Urine by Isotope-Dilution Liquid Chromatography-Tandem Mass Spectrometry[END_REF]. In a study of pregnant rats, Ema et al. (1997) observed that rats treated with phthalic acid in their food had a decrease in weight and food consumption when compared to control. However, differences in the number of corpora luttea, implantation, live fetuses, incidence of post-implantation loss, and sex ratio along with malformations were not observed in any of the groups treated with this acid. Thus, these authors suggested that phthalic acid was not involved in the toxicity of phthalates (Ema et al., 1997). Kim et al. (2018) found that phthalic acid was present in the blood of children; however, its presence did not affect the concentrations of thyroid and reproductive hormones. In another case study, involving 234 men, Jonsson et al. (2005) identify that phthalic acid actually improved the male reproductive function, going against the results of phthalates. However, Kwack & Lee (2015) performed MTT tests to assess phthalic acid's toxicity, where the chemical at the concentration of 0.1 M diminished the cell viability of mouse normal Sertoli cells (TM4) and human testis cancer cells (NTERA 2 cl. D1) by 40%.

Phthaldialdehyde is used as a common endoscope disinfectant and there are reported cases where patients had anaphylaxis 16 following laryngoscopy or severe skin and mucous membrane damage of the lip, tongue, pharynx and esophagus areas that was attributed to inadequate washing after the sterilization of a transesophageal echo device with phthaldialdehyde (Suzukawa et al., 2007;Horikiri et al., 2011). Also relating to the male reproductive system, MTT tests were performed to assess OPA's toxicity and the authors found that OPA at the concentration of 0.1 M diminished the cell viability of mouse normal Sertoli cells (TM4) and human testis cancer cells (NTERA 2 cl. D1) by 25% (Kwack & Lee, 2015).

Experiments with 10 female and 10 male mice and rats with OPA inhalation at concentrations of 0.44, 0.88, 1.75, 3.5, or 7.0 ppm were performed by Catlin et al. (2017). OPA at 7.0 ppm killed all mice and rats, while at 3.5ppm between 2 and 5 mice or rats of each group died. All smaller concentrations did not kill any animals but caused necrosis and atrophy of the olfactory epithelium; goblet cell hyperplasia, squamous metaplasia and necrosis of the respiratory epithelium; chronic active inflammation, squamous metaplasia and necrosis of the larynx and trachea. However, only the concentrations of 1.75 and 3.5 ppm affected the lung, causing fibrosis, hyperplasia, chronic active inflammation and squamous metaplasia, causing even a histiocytic cellular infiltration17 in the alveolus (Catlin et al., 2017).

In conclusion, the results for the toxicity of PA are still imprecise, with papers stating contradictory results. Nevertheless, the effects of phthalates on the respiratory system were evaluated, but no papers were found on the effects of PA on this specific system. As for OPA, its effects were investigated and proved to be toxic for the respiratory system, but no paper was found on an in vitro cellular level.

Biomass burning

When talking about atmospheric air pollution, it is of common knowledge that the pollution originates from fuel combustion in industries or vehicles, but wood is also a fuel that raises concerns. The World Health Organization (2018) estimates that 3.8 million of people have premature deaths per year related to the burn of biomass and the production of wood nanoparticles. These nanoparticles are originated either from household air pollution or wildfires.

Around 3 billion people still cook or heat their houses using solid fuels, due to economic conditions, and wood is the main fuel source for domestic biomass combustion (Straif et al., 2013;WHO, 2018). While wood is seen as a renewable fuel source, it highly produces nanoparticles emissions, usually called PM, in comparison to oil or natural gas fired systems (Trojanowski & Fthenakis, 2019). As of 2015, domestic biomass combustion was responsible for more than 45% of PM 2.5μm in Europe (Clean Heat-Environmental Action Germany, 2016). Due to the nanoparticles' emission, household air pollution causes not only lung-related diseases, such as childhood pneumonia, chronic obstructive pulmonary disease, stroke, lung cancer and cardiovascular disease, but it also negatively affects cognitive functioning among older adults [START_REF] Saenz | Indoor air pollution and cognitive function among older Mexican adults[END_REF]WHO, 2018;Thompson, 2019).

In addition to nanoparticles affecting the health by polluting the air, they can also eventually deposit onto soils and water causing secondary contamination and other environmental effects (Biswas & Wu, 2005). [START_REF] Hata | Characteristics of Nanoparticles Emitted from Burning of Biomass Fuels[END_REF] found that nanoparticles produced by wood burning had the largest fraction of particle-bound water soluble organic carbon, a contributor to cloud condensation nuclei generation 18 . However, additionally to the interaction with clouds, it can also interact with the natural organic carbon in water; organic carbon have the ability to carry trace metals and other contaminants [START_REF] Jonnalagadda | Studies on Arsenic Rich Mine Dumps: I. Effect on the Surface Soil[END_REF]Winch et al., 2012) that are otherwise insoluble causing carcinogenic effects on organisms [START_REF] Hata | Characteristics of Nanoparticles Emitted from Burning of Biomass Fuels[END_REF].

Additionally, household air pollution does not affect only the human health. [START_REF] Gustafsson | Brown Clouds over South Asia: Biomass or Fossil Fuel Combustion?[END_REF] hypothesized that 70% of brown clouds in Asia are made up of soot from biomass combustion in cook stoves. [START_REF] Ramanathan | Warming Trends in Asia Amplified by Brown Cloud Solar Absorption[END_REF] correlated the brown clouds to glacial melting, reduced sunlight and extreme weather conditions which have impacted local agricultural production (Smita et al., 2010).

Wildfires are devastating the planet. Fires are systematically reported in several countries, such as the United States of America, Brazil and Indonesia (McCall, 2019;Nobre, 2019;Rossielo & Szema, 2019), which means that different from household air pollution, this kind of pollution does not affect a specific economic class. When studying the Brazil's Pantanal over the last few years, the Brazilian National Institute for Space Research showed that in 2020 21.713 fires were burning across the Pantanal area at last official count, an increase of over 131% when compared to 2019 (INPE, 2020).

Although the start of wildfires can be a consequence of natural (dry ecosystems) or human (agriculture or pecuary) reasons, the outcome is the same: a loss of ecosystems and prejudices to the human health, such as the migration of new viruses from animals to humans, temperatures exceeding normal ranges and lung-related diseases (WHO, 2018;[START_REF] Gibb | Zoonotic Host Diversity Increases in Human-Dominated Ecosystems[END_REF][START_REF] Pan | Six Global Biomass Burning Emission Datasets: Intercomparison and Application in One Global Aerosol Model[END_REF][START_REF] Tollefson | Why Deforestation and Extinctions Make Pandemics More Likely[END_REF].

Biomass burning is the most prevalent source of emissions of brown carbon, an organic aerosol with the ability to absorb light [START_REF] Yan | Important Fossil Source Contribution to Brown Carbon in Beijing during Winter[END_REF] due to the presence of numerous molecular chromophores in its nanoparticles [START_REF] Lin | Molecular Chemistry of Atmospheric Brown Carbon Inferred from a Nationwide Biomass Burning Event[END_REF].

Chromophores are parts of molecules in a given material that absorb particular wavelengths of visible light, giving color to the material. In these regions the main change of the geometry or electron density appears after the excitation process.

However, the area of the chromophore is not very well defined from the residual parts of the molecule that are not involved in the absorption process [START_REF] Millington | 9 -Improving the Whiteness and Photostability of Wool[END_REF][START_REF] Kuball | Chiroptical Spectroscopy, General Theory☆[END_REF].

In brown carbon's nanoparticles these chromophores are formed through the oxidation of the aerosol through nitrates (NO3 • ) during nighttime and called nitroaromatic compounds (Bluvhtein et al., 2017;Li et al., 2020a). Although nitroaromatic compounds have a short lifetime in the atmosphere (a few hours up to few days) (Li et al., 2020b), they are present in the fog and precipitation (Desyaterik et al., 2013). Furthermore, the nanoparticles present as brown carbon, originated from two different combustion conditions, were tested and proven to be toxic to epithelial lung cells (Atwi et al., 2021).

Wood burning can be inducted by three identified combustion conditions: flaming, smoldering and pyrolysis. Flaming is defined by the burn of wood with flames or complete burn, while smoldering is the slow and incomplete burn of wood, with lowtemperatures and flameless. Pyrolysis is an intricate process that is still not completely understood, but it is involved in the production of both flaming and smoldering conditions (Lee et al., 2010;Bathia, 2014;Kim et al., 2018;Kim et al., 2019;Hargrove et al., 2019;Santoso et al., 2019).

In vitro studies have been performed on lung cell lines, demonstrating that wood nanoparticles are toxic to cells by inducing the formation of PAH, human carcinogens with well-documents mechanisms of action, and thus producing ROS formation (Baird et al., 2005;Dilger et al., 2016). Additionally, in vivo studies were performed to establish which burning condition produces the most toxic outcome, but the results were inconclusive, with different studies indicating to different combustion conditions (Kim et al., 2019;Hargrove et al., 2019;Atwi et al., 2021). Smita and collaborators (2010) also explained that NPs react with hydroxyl radicals in the environment due to their very reactive nature. Normally, hydroxyl radicals degrade pollutants due to their strong oxidation nature. However, if NPs react with it, hydroxyl radicals are no longer available in the atmosphere and an increase in greenhouse gases 19 is observed, since the degradant agent is no longer available.

In conclusion, particles of pollution originated from biomass burning are present all around the world, from rural areas with wildfires to all sorts of homes where wood is used for heating and cooking systems. The toxicity of these particles has already been shown to be a matter of public health and more researches to understand the effects on cells are needed.

Objective

Air pollution prematurely kills millions of people per year, as reported by the World Health Organization (2018). This pollution can be of anthropogenic or natural origins.

It was previously described that, in urban areas, automobile fuel combustion (anthropogenic) is the main source of emission of pollutants, in which naphthalene is the major chemical component [START_REF] Marr | Characterization of Polycyclic Aromatic Hydrocarbons in Motor Vehicle Fuels and Exhaust Emissions[END_REF]Chin & Batteramn, 2012;[START_REF] Karagulian | Contributions to Cities' Ambient Particulate Matter (PM): A Systematic Review of Local Source Contributions at Global Level[END_REF]. On the other hand, biomass burning can be of both anthropogenic and natural origin. This is because it produces atmospheric pollutant particles in rural and urban areas, due to forest fires or its use in the heating and cooking system of several houses around the world. Due to the growing relevance of understanding the toxicity of atmospheric air pollution, the aim of this study was to investigate which atmospheric nanoparticles cause toxic effects to human cell lines.

To study the toxic effect of atmospheric air pollution, two types of particles were studied: naphthalene nanoparticles and biomass burning particles, on skin (3T3-L1) and lung (A549) cells, two different types of cells naturally exposed to atmospheric air pollution.

Moreover, naphthalene nanoparticles naturally oxidize when emitted, producing aged versions of itself, as well as by-products. For that, the study of the toxicity of aged naphthalene nanoparticles, as well as four (1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, phthalic acid and phthaldialdehyde) of its by-products were tested on 3T3-L1 and A549 cells, respectively. Furthermore, naphthalene and its by-products are known to cause cell damage through oxidative stress. Thus, the protective effect of glutathione, the most abundant intracellular antioxidant, was tested against naphthalene nanoparticles and the most toxic of its by-products, 1,4-naphthoquinone.

My thesis was also an opportunity to compare and validate the complementarity of different methods for studying toxicity of chemicals compounds and/or nanoparticles in a real time, without labelling: real-time cell analysis, Holomonitor and time-lapse microscopy. The study of particles from biomass burning and naphthalene by-products were conducted with both methodologies, in order to compare their complementarity.

Methods

Cell culture

The tests were carried out at the CarMeN laboratory (UMR 1060, CNRS) and Microbial Ecology Laboratory (UMR 5557, CNRS), both labs equipped for the manipulation and storage of cells. All the work was developed using sterile materials and aseptic techniques.

Cell lines

Three cell lines were used during the development of the experiments. 3T3-L1 (ATTC, Molsheim, France), a cell line originated from mouse embryo's fibroblast. A549 (ATTC, Molsheim, France), a cell line from human caucasian lung carcinoma, and NCI-H441 (ATTC, Molsheim, France), a cell line from human lung adenocarcinoma, important for the production of mucus, were used as lung models, both as single-cell cultures and co-cultured.

Cell culture

3T3-L1 fibroblasts and A549 cells were incubated with Dulbecco's Modified

Eagle's Medium (Thermo Fisher Sciences, Waltham, MA, USA). NCI-H441 cells were cultured with RPMI-1640 Medium (Thermo Fisher Sciences, Waltham, MA, USA).

Unless otherwise stated, both cell culture media were commercially bought already containing L-Glutamine and they were further supplemented with 10% FCS (Sigma, Saint-Quentin Fallavier, France), 50 l.U./mL Penicillin, 50 μg/mL Streptomycin. For new passages (subculture) or to be frozen, cells were detached from the plate floor by trypsinization.

Trypsinization

Trypsinization was used for cell to be subcultured or frozen. Cell passage and splitting were performed when cells reached 80-90% of confluency. For trypsinization of cells in 96-wells plates or E-plates, 0.05% trypsin was also used, but at different proportions. However, for the Trypsinization of the cells placed in inserts, 1 mL of 0.25% trypsin-Ethylene Diamine Tetra Acetic Acid (EDTA) solution (Thermo Fisher Science, Waltham, Massachusetts, United States) was added into the well (under the insert) while 200 µL of 0.25% trypsin was added inside in the insert and the plate was then incubated at 37°C for 15 minutes until the cell monolayer had detached from the insert floor.

When trypsinization was required for an analysis that needed cell fixation, the cells were fixed with formalin solution 10% (Sigma, Saint-Quentin Fallavier, France), at 1/3 of the total volume.

Cell freezing and recovery

When needed to form a stock, cells were grown to ~80% confluency as described above and transferred into a 50 mL falcon tube after trypsinization followed by the addition of FCS to stop the action of trypsin. After centrifugation, the supernatant was discarded and the cells were resuspended into 1 mL of pre-cooled freezing solution (DMEM supplemented with 10% dimethyl sulfoxide (DMSO) (Sigma, Saint-Quentin Fallavier, France). The cells were afterwards transferred into a cryotube and placed directly on -80°C freezer. From the -80°C freezer, the tubes were transferred in the liquid nitrogen cell storage (-196°C).

For recovery of the cells after freezing, the frozen cells were able to unfreeze in a water bath at 37°C then they were put in a 75 cm 2 cell culture flask with fresh culture medium. The cells were allowed to attach for one day and then their medium was replaced with fresh culture medium to remove the dead cells that did not attach.

Seeding of cells for treatments

Single cell lines

The cells were seeded at the amount of 2500 cells per well of 96-wells e-plates for cell proliferation assay (xCELLigence, RTCA, Agilent, Santa Clara, CA, USA) and 96-wells plates for imaging in Holomonitor (PHI, Boston, MA, USA) and Cytation 3 (Biotek Instruments, Winooski, VT, USA), and 150.000 cells per 0.4µm PET membrane inserts (Thincert cell culture insert for 12-wells plate, sterile, translucent membrane (pet) (Greiner Bio-One, Courtaboeuf, France) for Vitrocell experiments, all under conditions of 5% CO2 and 37°C.

Development of an in vitro lung model from the co-culture A549+NCI.

Co-cultures were seeded with 150.000 cells, with 90% A549 cells and 10% NCI-H441 cells in Dulbbeco's culture medium on inserts from Vitrocell. The co-cultures were incubated for one month before being used in the Vitrocell experiments.

Treatments

Naphthalene nanoparticles

Naphthalene nanoparticles were produced and provided by the IRCELYON Lab (UMR 5256, CNRS). Naphthalene is an aerosol precursor and was obtained in the gas phase. Aerosol was generated using the Go:PAM 20 aerosol flow tube reactor, as described by Watne et al. (2018). Water vapor at 25% relative humidity and naphthalene (NAP) were generated in the gas phase with the later quantified at 280 ppb using a proton transfer reaction time-of-flight mass spectrometer (PTR-TOF-MS 8000, Ionicon Analytik Gmbh).

Two types of aerosol were generated: fresh (freshly produced) and aged (oxidated) SOA using O3 at 750 ppb and 3.6 ppm, respectively. A UVC lamp (254 nm) was used to trigger the ozone photolysis and the generation of hydroxyl radicals (OH).

The aerosol size and number was analyzed with a Scanning Mobility Particle Sizer Nanoparticles were sampled using quartz fiber filters (Filters Pallflex, 47 mm, VWR) (Figure 14). 20 Potential aerosol mass (PAM): a tool that provides a highly oxidizing environment for the simulation of atmospheric oxidation processes.

Figure 14: Schematic of the PAM (provided by the courtesy of Sophie Tomaz).

For in vitro application, nanoparticles were extracted under agitation in 6 mL of acetonitrile (ACN) during 20 min. Extracts were blow down to dryness under a nitrogen flow and reconstituted using the Dulbecco's DMEM culture medium.

Both fresh and aged naphthalene nanoparticles were used at the concentrations of 25 and 50 µg/mL diluted in culture medium. The addition of naphthalene nanoparticles for in vitro experiments is described in the section in the section 3.3 Methods of analysis of toxicity.

Naphthalene secondary organic aerosol by-products

After previous results from the IDEX-Lyon lab that provided us the naphthalene NPs, four by-products of naphthalene nanoparticles were identified and studied in an attempt to identify which chemicals were toxic in the composition of naphthalene NPs.

The four by-products were: 1. , , phthalic acid (PA) and phthaldialdehyde (OPA), all four were purchased from Sigma-Aldrich (St. Quentin Fallavier, France).

Initially, as studies involving these chemicals are rare, toxicological tests of 2-OH-NQ and PA on 3T3-L1 were performed using them at the concentrations of 0.06 to 1 mM. However, the concentrations were adapted with further knowledge of studies from the literature to: 1. 4 The four chemicals were dissolved in DMSO (Sigma, Saint-Quentin Fallavier, France) with final concentration of 0.1% after dilution in Dulbecco's culture medium.

The addition of naphthalene SOA by-products for in vitro experiments is described in the section III.3 Methods of analysis of toxicity).

The following table presents the descriptions of the four chemicals: 

Biomass burning wood particles

Biomass burning wood nanoparticles were produced and provided by Yinon

Rudich's research group from the Weizmann Institute of Research (Israel).

The biomass burning particles were of three different types: smoldering, pyrolysis and flaming.

Air-free pyrolysis, oxygen-deficient smoldering, and flaming combustion of wood fuel were conducted in Weizmann Institute of Research laboratory using a controllable heating stove. Different burning conditions were achieved by varying air supply to the bio-fuel bed held in the stove. Commercial wood pellets (Halligdal Trepellets, water content <6.5 wt.%, Length: 2-3 cm, Diameter: 0.2-0.3 cm, made mainly of pine tree)

were used as representative field biofuels. Before burning, the flask-like stove equipped with electric heating device was feed with around 100 g wood pellets, an air streamline with tunable O2:N2 mixing ratio was introduced to the switchable port of the stove, a room-temperature water-cooling condenser was connected to the other port of the stove. Wood tar was collected when stove temperature got the set value (535°C)

and burning was stable, giving nanoparticles from three types:

1. Air-free pyrolysis (extreme smoldering condition). Wood pellets were pyrolyzed at 535°C without any air supply. Wood tar materials in liquid were collected.

2. Smoldering. 1.6 liter per minute (LPM) oxygen-poor air (O2 <~5.0 Vol.%) was supplied to sustain smoldering burning of wood pellets that were maintained at 535°C. Wood tar materials in liquid were collected.

3. Flaming burning. 1.6 liter LPM high-purity air (O2 ~21.0 Vol. %) was supplied to sustain flaming combustion of wood pellets that were ignited at over 530°C. Wood tar materials were collected.

For our toxicity studies, the above mentioned wood tar materials (BB-BrC byproducts) were partly extracted using MiliQ water (18. The three types of particles were tested at the concentrations of 31,62,125,250 and 500 µg/mL. The addition of biomass burning wood nanoparticles for in vitro experiments is described in the section III.3 Methods of analysis of toxicity.

Glutathione

To study the mechanisms of action of naphthalene nanoparticles and naphthalene SOA by-products, the antioxidant glutathione (L-Glutathione reduced, Sigma, Saint-Quentin Fallavier, France) was used.

For cells treated with naphthalene nanoparticles, glutathione was used at the concentration of 1 mM; while for cells treated with 1.4-naphthoquinone, glutathione was used at the concentrations from 2.5 to 10 mM.

Methods of analysis of toxicity

Real time cell analysis (RTCA)

The The cell index was already used for toxicity studies (Ke et al., 2011;[START_REF] Park | Comparison of the Toxicity of Aluminum Oxide Nanorods with Different Aspect Ratio[END_REF][START_REF] Berger | Use of Nanovesicles from Orange Juice to Reverse Diet-Induced Gut Modifications in Diet-Induced Obese Mice[END_REF] and it is adequate because:

• When cells are not present or not adhered on the electrodes, the CI is zero;

• Under the same physiological conditions, the more cells are attached on the electrodes, the higher are the CI values. That is, CI is marginally a monotonical function of cell number;

• Additionally, change in cell status, such as cell morphology, cell adhesion or cell viability, will lead to a change in CI.

When initializing RTCA, 50 µL of culture medium were added to each well of the e-plate to measure the background impedance of the culture medium. This reading is used as reference impedance for cell index values and it should be close to zero. After their addition cells were allowed to proliferate under control conditions for at least 48h, and referred as control period. In our experiments, the cell index should be comprise between 1 and 2 to start an experiment. The cell index was recorded every 5min for the first 4h of experiment, and then every 15min for the rest of the experiment.

After addition of the respective treatment (naphthalene nanoparticles, naphthalene by-products or biomass burning mass wood nanoparticles dissolved in 150 µL culture medium), the cells were analyzed with RTCA for 24h (time of treatment) and 24h of the wash-out, that is, the moment where the treatment was removed and replaced by normal culture medium with the intention to measure the recuperation of cells after treatment.

For the results, the cell indexes were expressed in the form of ΔCell Index: Final (24h after addition of treatment) -Initial (time of addition of treatment).

A resume of the experimental protocol used for all experiments of RTCA is showed on Figure 16.

Figure 16 Experimental protocol for RTCA

Cell seeding

• Cell were seeded at 2500 cells/well with Dulbecco's Modified Eagle's Medium (glucose 1 g/L);

• Cells were allowed to proliferate for 48h before addition of treatments, being monitored each 5min.

Treatments

• Particles were diluted in culture medium at the given concentrations;

• Solutions of particle were added to cells, 8 wells per concentration.

Monitoring

• Cell index of cells was monitored for 24h with intervals of 15min;

• After 24h, wash-out was performed. Data of treatment was collected for analysis.

Monitoring

• Cell index of cells was monitored for 24h after wash-out;

• After 24h, data was collected for analysis.

Analysis

• Analysis were performed using the formula "ΔCell Index = Final Cell Index -Initial Cell Index", where Final is 24h after addition of treatment and Initial is the moment of addition of treatment. Every experiment was performed in triplicates or more.

Application

• This experimental design was applied to the study of the toxic effects of naphthalene nanoparticles, the four major components of naphthalene nanoparticles (1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, phthalic acid and phthaldialdehyde) and wood biomass burning.

Microscopy

Holomonitor

Holomonitor M4 (PHI, Boston, MA, USA) is a label-free imaging microscope that uses a low power laser to analyze cells for extended periods of time. From 3D images collected with the low power laser, Holomonitor allows the study of dose response assays and kinetic morphology, given by behavioral and structural parameters, such as area, optical volume, perimeter length, migration, motility, and motility speed [START_REF] Zhang | Evaluation of holographic imaging cytometer holomonitor M4® motility applications[END_REF][START_REF] Lajkó | Kynurenic Acid and Its Derivatives Are Able to Modulate the Adhesion and Locomotion of Brain Endothelial Cells[END_REF][START_REF] Berlin | Mast Cell Proteases Tryptase and Chymase Induce Migratory and Morphological Alterations in Bronchial Epithelial Cells[END_REF].

Cells were plated in 96-wells plates and were able to proliferate for 48h under control conditions. After the addition of treatment (naphthalene by-products or biomass burning mass wood nanoparticles dissolved in 150 µL culture medium), the plate was placed in the microscope to initiate the analysis. The plates were covered with six HoloLids (PHI, Boston, MA, USA), lids specially designed to eliminate image disturbances caused by condensation inside the cell culture vessel. For every experiment, 3 to 5 wells were analyzed for each treatment. Time-lapse changed according to the experiment: 5 min intervals during 10 h of experiment for naphthalene by-products and 10 min interval for 10 h for the experiments on burning mass wood nanoparticles.

After the experiment ended, the data were collected in Excel files for analysis.

A resume of the experimental protocol used for all experiments with Holomonitor is showed on Figure 17. Similar to Holomonitor M4, cells were plated in 96-wells plates and were able to proliferate for 48h under control conditions. After this time, treatment was added (naphthalene nanoparticles, naphthalene by-products or biomass burning mass wood nanoparticles dissolved in 150 µL culture medium) and the plate was inserted into the reader. The experiments were followed for 24h with intervals of 10 min.

Cell seeding

• Cell were seeded at 2500 cells/well with Dulbecco's Modified Eagle's Medium (glucose 1 g/L); • Cells were allowed to proliferate for 48h before addition of treatments.

Treatments

• Particles were diluted in culture medium at the given concentrations;

• Solutions of particle were added to cells, 5 wells per concentration.

Monitoring

• Cells were monitored for 10h with intervals of 5 (naphthalene chemicals) or 10min (wood biomass burning); • After 24h, data of treatment was collected for analysis.

Analysis

• Analysis was performed by comparing the curves of Control with the curves of treated cells for either the complete time of experiment or for the mean of the last two hours.

Application

• This experimental design was applied to the study of the toxic effects of the four major components of naphthalene nanoparticles (1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, phthalic acid and phthaldialdehyde) and wood biomass burning.

At the end, videos were saved for the analysis of the images and inclusion of pictures representing the effect of nanoparticles and/or chemicals on cells.

A resume of the experimental protocol used for all experiments with citation is showed on Figure 18.

Figure 18

Experimental protocol for Cytation.

Air-liquid exposure system

VITROCELL® 12/12 system has been designed and engineered to facilitate the research of cell cultures direct exposure to airborne substances such as aerosols or nanoparticles. This system was successfully used in toxicological experiments testing the toxicity of VOCs and SOA on A549 cells over the last few years [START_REF] Leibrock | Parametric Optimization of an Air-Liquid Interface System for Flow-Through Inhalation Exposure to Nanoparticles: Assessing Dosimetry and Intracellular Uptake of CeO2 Nanoparticles[END_REF][START_REF] Artik | Development of an in Vitro Approach to Point-of-Contact Inhalation Toxicity Testing of Volatile Compounds, Using Organotypic Culture and Air-Liquid Interface Exposure[END_REF][START_REF] King | Lung Cell Exposure to Secondary Photochemical Aerosols Generated from OH Oxidation of Cyclic Siloxanes[END_REF]. The system authentically simulates the conditions of human physiological exposure. The capability to expose is up to 3 dilutions plus 1 clean-air control with constant unit temperature guaranteed by an electronic temperature control. The module is designed for 12 inserts (Figure 19).

Cell seeding

• Cell were seeded at 2500 cells/well with Dulbecco's Modified Eagle's Medium (glucose 1 g/L);

• Cells were allowed to proliferate for 48h before addition of treatments.

Treatments

• Particles were diluted in culture medium at the given concentrations;

• Solutions of particle were added to cells, 8 wells per concentration.

Monitoring

• Cells were monitored for 20h with intervals of 15;

• At the end of the experiment, data of treatment was collected for analysis.

Analysis

• Analysis was performed by comparing the images and videos of Control with treated cells for the complete time of experiment. • Cells were collected for analysis with FACS, when needed.

Application

• This experimental design was applied to the study of the toxic effects of 1,4-naphthoquinone and the protective effect of glutathione against it and wood biomass burning. Cells were able to grow in the inserts for three weeks before exposure do the

Vitrocell system. This time can be divided by: 2 weeks with 2 mL culture medium with 10% FCS below the insert and 500 µL of culture medium inside the insert, then 1 week with 2mL of culture medium 5% FCS below and 200 µL of Eagle's minimal essential medium (MEM; Sigma, Saint-Quentin Fallavier, France).

The MEM inside the inserts was removed 24 h before the experiments, to allow the cells to be in air-liquid interface (ALI) prior to the exposure of aerosols. The day of the experiment, the Dulbecco's DMEM culture medium was supplemented with 20 mM HEPES (Sigma, Saint-Quentin Fallavier, France) pH 7.4 (pHTestr® 3, Sigma Aldrich, Saint-Quentin Fallavier, France) to provide extra buffering capacity since the cells stayed 3h in the Vitrocell system without CO2 supply. The culture medium was added at the volume of 3.4 mL below the inserts. The inserts were provided with 100 µL of PBS to avoid the dryness caused by the direct air flow (Figure 20). For every experiment, at least one insert was positioned in the control air-flow of the Vitrocell system (control positive) and one insert was left inside the incubator (not exposed to the system; control negative).

Figure 20: A schematic of how the aerosol interacts with the cell culture without being covered by medium, air-liquid interface system homogeneous distribution. A: Aerosol flow from the Vitrocell inlet; B: Cells on the membrane of the insert; C: culture medium below the insert.

After the 3h exposure, inserts were put back in the 12-wells plate and pictures were taken with a light microscope EVOS XL core (Invitrogen by Thermo Fisher Sciences, Waltham, MA, USA) to evaluate the morphology and dryness of the cells.

After pictures were taken, cells were stained with DHR to measure the production of oxidative stress (described in the section 3.4 Dyes).

A resume of the experimental protocol used for all experiments of RTCA is showed on Figure 21.

Figure 21 Experimental protocol for VITROCELL

Fluorescence-activated single cell sorting (FACS)

Cells that were stained with zombie red and DHR (described in the section III.4

Dyes) were further analyzed with FACS using the Novocyte flow cytometer (Acea Biosciences, San Diego, USA). Data were collected using the Software NovoExpress (Acea Biosciences, San Diego, USA) and manually analyzed using Excel.

The data on cell number, cell size and percentage of stained cells were collected and processed using Excel. A control non-stained was used in every experiment to verify the quality of the staining.

Dyes

After treatment, the evaluation of the toxic effect of nanoparticles or chemical products was analyzed with fluorescence-activated single cell sorting. For that, the cells were stained with zombie red, an amine-reactive fluorescent dye that is nonpermeant to live cells but permeant to the cells with compromised membranes, and

Cell seeding

• Cell were seeded at 150000 cells/insert with Dulbecco's Modified Eagle's Medium (glucose 1 g/L). The cells were co-cultured initiating at 135000 A549 and 15000 NCI. • Cells were allowed to proliferate for three weeks before going to VITROCELL.

Proliferation

• Cells proliferated under the following conditions:

• 2 weeks with 2 mL culture medium with 10% FCS below the insert and 500 µL of culture medium inside the insert;

• 6 days with 2mL of culture medium 5% FCS below and 200 µL of Eagle's minimal essential medium inside the insert;

• 1 day with 2mL of culture medium 5% FCS below the insert and nothing inside the insert (air-liquid barrier).

Experiment

• The treatments were prepared by the IRCELYON lab and applied for 3h.

• Each well of VITROCELL was filled with 3.4 mL of culture medium 10% FCS supplemented with 20 mM of HEPES. Each insert was filled with 100 µL of PBS.

Analysis

• After the experiments, the cells were stained with specific labels and analysed with FACS. The curves and data of Control was compared with the curves and data of the dilutions.

Application

• This experimental design was applied to the study of the toxic effects of naphthalene nanoparticles.

dihydrorhodamine 123 (DHR), an uncharged and nonfluorescent ROS indicator. DHR itself is nonfluorescent until it is oxidized into rhodamine 1,2,3 upon contact with a variety of ROS.

Zombie red

The cells were washed with 200 µL PBS and incubated with zombie red diluted in the proportion of 1:1000 in PBS. After addition of the zombie red solution, cells were incubated for 30 min in the incubator at 37°C. After this period, the cells were washed with 100 µL of PBS two times. Then, trypsinization was performed, followed by fixation of the cells for analysis with FACS.

Dihydrorhodamine 123 (DHR)

The cells were trypsinized and fixed with formalin 10% (Sigma, Saint-Quentin 

Statistical analysis

The number of replications for each experiment are mentioned on the description of the respective results. Data are presented as mean values ± SEM for 4 Results

Toxicity of naphthalene nanoparticles

Effects of naphthalene nanoparticles on 3T3-L1 cell index

The toxicity of naphthalene NPs to 3T3-L1 fibroblast cells was revealed by the study of the cell proliferation using the xCELLigence system software. The cells were allowed to grow under control conditions for at least 48 hours, the time to reach a cell index close to one. Addition of naphthalene fresh NPs at 25 µg/mL did not affect the cell index, while fresh NPs at 50 µg/mL resulted in a significant decrease in cell index when compared with control (Figure 22A). The curves do not show any effect of aged nanoparticles at 25 and 50 µg/mL on the cell index (Figure 22B). and A50 vs AG50, ns).

Figure 24: Differences in delta cell index between control and cells exposed to to aged naphthalene NPs at the concentrations of 25 (A 25) or 50 (A 50) µg/mL for 24 hours, with or without 1mM glutathione. Aged naphthalene NPs were diluted in culture medium supplemented with 1mM of glutathione before addition to cells (AG 25 and AG 50). Data are presented as mean values +/-SEM (n=8). Results from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Aged NPs showed a significantly less toxic effect when compared with fresh NPs at both concentrations 25 µg/mL (F25 vs A25, p<0.05) and 50 (F50 vs A50, p<0.05) (Figure 25).

Figure 25: Effect of fresh (F) or aged (A) naphthalene NPs (at 25 or 50 µg/mL) on 3T3-L1 delta cell index. Aged naphthalene NPs showed a lower toxicity than fresh NPs at both 25 and 50 µg/mL (F25 vs A25 or F50 vs A50). Delta cell index was calculated as Final (time of re removal of naphthalene NPs, 24h after addition) -Initial (time of addition of NPs). Data are presented as mean values +/-SEM (n=8). Results are from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Effect of naphthalene nanoparticles on A549 cells under air-liquid interface (ALI)

Naphthalene nanoparticles were also tested under the air-liquid interface (ALI), using the Vitrocell system. This interface allows the contact of the nanoparticles with the cells without dilution in culture medium, being delivered in an air flow directly on the top of cultured cells. The cells had 3,4 mL of culture medium below the insert and 100 µL of PBS inside the insert, to avoid drying the cells with the air.

The nanoparticles were diluted in two concentrations, 1.9 and 3.8 µg/cm 2 . A control inside the Vitrocell box was added (air only) and a non-exposed control was kept in the incubator, under the same conditions of culture medium. Cells were exposed to the nanoparticles for 3h.

Preliminary results showed that, when compared to exposed control, naphthalene nanoparticles at 1.9 µg/cm 2 (40.700 cells) had more cells than control (24.354 cells), while at 3.8 µg/cm 2 had less (11.180 cells). Exposed control had fewer cells than the non-exposed control (37.327 cells) (Figure 26E). The amount of cells is determined by the selected P1 area (red), that excludes debris of cells.

Figure 26: Toxic effects of naphthalene nanoparticles on A549 cells through the air-liquid interface. A: Non-exposed control; B: Exposed control; C: Naphthalene NPs at 1.9 µg/cm2; D: Naphthalene NPs at 3.8 µg/cm2; and E: Histogram with the cell number value given by FACS. Images show one representative experiment. Cells are represented by red points. Note the decrease in the selected red area for image A.

Referring to the ROS production, FACS shows that naphthalene NPs at both concentrations had an apparent increase in the production of ROS when compared to exposed control. Exposed control had an apparent small increase in the production of ROS, when compared to non-exposed Control, as observed by the histogram of figure 27.

Figure 27: Preliminary results of the toxic effects of naphthalene nanoparticles on A549 cells through the air-liquid interface. Naphthalene nanoparticles for 3h induced ROS production monitored by cytometry analysis of DHR 1,2,3 fluorescence. A: Exposed control compared to non-exposed Control; B: Naphthalene NPs at 1.9 µg/cm2 compared to non-exposed Control; C: Naphthalene NPs at 3.8 µg/cm2 compared to non-exposed Control; D: Histogram with the ROS production monitored by cytometry analysis of DHR 1,2,3 fluorescence. Images show one representative experiment.

Toxicity of naphthalene SOA by-products on 3T3-L1 and A549 cells.

The first set of studies (toxicity of naphthalene NPs) were performed using a skin cell type, the fibroblast 3T3-L1, so the toxicity of the naphthalene by-products were tested in this cell line first. In the continuity of the study, the A549 cell line, a cancerous lung cell, became available to our study. Both skin and lung are in contact with air pollution, but as the studies of atmospheric air pollution are more relevant in lung cell lines, A549 cells were used for the rest of the studies.

Effects of naphthalene SOA by-products on A549 cell index

Nanoparticles produced form naphthalene SOA are composed of several chemicals, among them 1.4-naphthoquinone (1.4-NQ), 2-hydroxy-1.4-naphthoquinone

(2-OH-NQ), phthalic acid (PA) and phthaldialdehyde (OPA) (IRCELyon). These chemicals are not only in the composition of the nanoparticles but are also by-products through oxidation. The toxicity of 1. 20,50,75 and 100 µM), 2-OH-NQ and PA (0.06, 0.12, 0.25, 0.5 and 1 mM) were tested in 3T3-L1 cells.

All four studied chemicals are diluted in DMSO 0.1%, so the effect of DMSO on the cell index was tested to make sure the toxic effect induced by the chemicals was not from DMSO. Figure 28 shows that 0.1% DMSO does not have any negative effect on the cell index of A549 cells.

Figure 28: Effect of DMSO 0.1% on the delta cell index of A549 cells. Delta cell index calculated from Final (24h after addition of DMSO, 24h after addition) -Initial (time of addition of DMSO). Same letters indicate no significant difference between Control DMSO and Control (without DMSO). Image show one representative experiment.

Figure 29 shows the delta cell index of 3T3-L1 cells treated with naphthalene byproducts. When compared to control, 1.4-NQ was toxic at all tested (10-100 µM) concentrations, decreasing the cell index to below 0 with half-maximal effective concentration (EC50) of 1.2 µM. 2-OH-NQ was not toxic to cells at the concentrations of 0.06 and 0.12 mM, but it decreased the cell index at the concentrations of 0.25, 0.5 and 1 mM, having an EC50 of 1,2 mM. PA was not toxic to 3T3-L1 cells at any of the tested concentrations (0.06-1 mM) (Figure 29).

Figure 29: Effect of 1,4-naphthoquinone (EC50 1.2 µM), 2-hydroxy-1,4naphthoquinone (EC50 1,2 mM) and phthalic acid on the delta cell index of 3T3-L1 cells. Delta cell index calculated from Final (24h after addition of chemicals, 24h after addition) -Initial (time of addition of chemicals). Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Image shows on representative experiment.

1,4-NQ 2-OH-NQ PA

Giving the importance of testing atmospheric pollution on lung cells, all following studies were performed on A549 cells. To determine whether these by-products of naphthalene SOA are toxic to A549 cells, the cells were exposed to increasing concentrations of 1, 20,30,[START_REF] Sheng | Typical Airborne Quinones Modulate Oxidative Stress and Cytokine Expression in Lung Epithelial A549 Cells[END_REF]50 and 100 µM), 2-OH-NQ, PA and OPA (1, 2.5, 5, 7.5 and 10 mM).

Figure 30 shows the evolution of cell index given by RTCA of A549 cells in response to increasing concentrations of each by-product of naphthalene. 1,4-NQ did not show any sign of toxicity at 10 µM, thus not differing from the control, while at 20 µM, it promoted toxicity by decreasing the cell index, but it did not reach zero. It decreased the cell index to 0 at concentrations from 30 to 100 µM (Figure 30A). Furthermore, 2-OH-NQ was toxic to cells at every tested concentration, decreasing the cell index at 1, 2.5, 5, 7.5 and 10mM (Figure 30B). PA at 1 and 2.5 mM had no difference from control, while at 5 and 7.5 mM caused a decrease in cell index, and at 10 mM decreased the cell index to below 0 (Figure 30C). OPA was not toxic to cells at 1mM, but it significantly decreased the cell index of the cells from 2.5 to 10 mM (Figure 30D). 

Figure 30: Dose-response curves of A549 cell proliferation in response to (A) 1,4-naphthoquinone (1,4-NQ) at 10 µM (brown), 20 µM (orange), 30 µM (pink), 40 µM (purple), 50 µM (green), 100 µM (red) and control (light blue); (B) 2-hydroxy-1,4-naphthoquinone (2-OH-NQ); (C) phthalic acid (PA); and (D) phthaldialdehyde (OPA). For B-D: 1 mM (pink); 2.mM (purple); 5 mM (green); 7.5 mM (blue); and 10 mM (red) and control (light blue). Black arrows: time of addition of the treatment.

Figure 31: Delta cell index in response to increasing concentrations of A: 1,4naphthoquinone (1,4-NQ); B: 2-hydroxy, 1,4-naphthoquinone (2-OH-NQ); C: phthalic acid (PA); and D: phthaldialdehyde (OPA). Delta cell indexes were calculated as Final (time of removal of chemicals, 24h after addition) -Initial (time of addition of chemicals). Asterisks indicate significant differences at p < 0.05 when compared to control. Means of three independent experiments.

The toxicity of 1.2-naphthoquinone, a similar chemical compound of 1.4naphthoquinone was also tested. 1.2-naphthoquinone is also a by-product of naphthalene. Using RTCA, the concentrations of 5, 10 and 25 µM were used against the same concentrations of 1.4-naphthoquinone on A549 cells. Figure 32 shows the cell index of the A549 cells. 1. 

2-, 1.4-naphthoquinone or the mix of both on the cell index of A549 cells. Data are presented as mean values +/-SEM (n=8). Delta cell index was calculated as Final (time of removal of chemicals, 24h after addition) -Initial (time of addition) -Initial (time of addition of chemicals). Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Image represents one representative experiment.

The effect of the wash-out was also evaluated for 1.4-NQ, 2-OH-NQ, PA and OPA.

The cells treated with 25 µM of 1.4-NQ showed a sign of recovery and did not differ from Control, while even after wash-out, the cells treated with the concentrations of 50 and 100 µM did not recover (Figure 33A). The cells treated with 2-OH-NQ did not show any recovery when compared to Control (Figure 33B). The cells treated with PA at 1 and 2.5 mM did not differ from control during the time of treatment and continued to not differ after wash-out. PA at 5 and 7.5 mM were able to recover their cell index to the same level as Control, but not at 10 mM (Figure 33C). Cells treated with OPA at 2.5 mM were the only to increase their cell index to the level of control. The cells treated with 5, 7.5 and 10mM did not change their cell index (Figure 33D).

Figure 33: Delta cell indexes during the time of wash-out after removal of naphthalene by-products. Delta cell index was calculated as Final (24h after removal of chemicals) -Initial (time of removal of chemicals). A: 1,4naphthoquinone (1,4-NQ); B: 2-hydroxy-1,4-naphthoquinone (2-OH-NQ); C: phthalic acid (PA); and D: phthaldialdehyde (OPA). Means of three independent experiments. Significant differences at p ≤ 0.05 between the chemicals and control represented by asterisks.

Effects of naphthalene SOA by-products on A549 behavioral and structural parameters

To determine whether the by-products of naphthalene SOA alter the structure and behavior of cells, A549 cells were exposed to concentrations corresponding to the EC50 observed for cell index, i.e., 1,4-NQ (50 µM), 2-OH-NQ, PA and OPA (5 mM).
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Cells were monitored by means of the Holomonitor for 10 hours post-exposure to the chemicals.

As for the cell index assay, the effect of DMSO was also tested with Holomonitor to observe if the toxic effect induced by the chemicals was not induced by DMSO 0.1% alone. Results show that DMSO 0.1% did not affect any of the studied parameters (area, optical volume, perimeter length, migration, motility, and motility speed) (Figure 34).

Figure 34: Effects of DMSO 0.1% on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. No difference was observed.

1,4-NQ impacted the optical volume, migration, motility and motility speed of the cells, while their area and perimeter did not differ from the control. Optical volume showed a significant decrease when compared to the control in the last 2 h of the experiment (Figures 35A-C). Migration of cells treated with 1,4-NQ showed a significant decrease when compared to the control after 5 h, as did motility and motility speed after 3 h (Figure 35D-F). The curve for migration, differing from the control, did not evolve during the experiment. Motility, however, slightly increased throughout the experiment but remained much lower than the control.

Figure 35: Effects of 50 µM of 1,4-naphthoquinone (1,4-NQ) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. Black lines above the curves indicate significant differences at p < 0.05 between 1,4-NQ and control. Results are from one representative experiment. Experiments have been repeated 3 times.

Furthermore, 2-OH-NQ and PA did not affect any of the studied parameters (Figures 36 and 37). OPA impacted the optical volume, migration, motility and motility speed of the cells. While area and perimeter did not differ from the control (Figure 38A and C), optical volume showed a significant reduction over the entire experiment, when compared to the control (Figures 38B). After 5 h, migration showed a significant decrease, as did motility after 1 h and motility speed after 45 min (Figure 38D-F).

Optical volume and migration remained constant throughout the experiment. Motility increased slightly during the experiment, but at a slower rate than the control.

Figure 36: Effects of 5 mM of 2-hydroxy-1,4-naphthoquinone (2-OH-NQ) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. No significant difference was observed in these parameters. Results are from one representative experiment. Experiments have been repeated 3 times. Figure 37: Effects of 5 mM of phthalic acid (PA) on the (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. No significant difference was observed in these parameters. Results are from one representative experiment. Experiments have been repeated 3 times. Figure 38: Effects of 5 mM of phthaldialdehyde (OPA) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. Black lines above the curves represent significant difference at p < 0.05 between OPA and the control. Results are from one representative experiment. Experiments have been repeated 3 times.

Other parameters were also investigated but showed no difference between any of the four naphthalene SOA by-products and the control. The parameters were: texture energy, texture contrast, texture entropy and irregularity.

Mechanisms of action of 1.4-naphthoquinone and the protective effect of glutathione.

Further analyses were performed on the new dose-response of 1.4-NQ to establish a lower concentration that induced toxic effects without killing the cells and to establish its mechanism of action. New analyses were performed using FACS. ROS production by A549 following addition of 1.4-NQ at 10 µM did not differ from control, while all other concentrations (20 to 40 µM) produced a higher amount of oxidative stress when compared to control, in a dose-response manner. Figure 39 

4-NQ on A549 cells. A: Cell number. B: FSC-H of cells, a representation of cell size. Results represent the mean of three experiments. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Since the toxic effect of naphthalene nanoparticles was partially reversed by the addition of 1mM glutathione, a dose response of glutathione (2.5-10mM) was tested against the toxic effect of 1.4-NQ at 20 µM, the chosen concentration that induced toxic effect on cells without decreasing their cell index to zero (Figures 30 and31).

Before the evaluation of the protective effect of glutathione on cells, its effect on cell index was tested for 15h. The time of 15h represents a period of overnight incubation on cells. Results show that glutathione alone decreased the cell index of A549 cells in a dose-response manner. The cell index of these cells started to reincrease around 10h after the addition of glutathione (Figure 44), showing that the cells were not dead, thus, the cell index decreased because of either a change in adhesion or surface.

Figure 44: Effect of glutathione for 15h on the delta cell index of A549 cells. Delta cell index is calculated through Final (time of removal of glutathione, 24h after addition) -Initial (time of addition of glutathione). A: Dose-response curves of A549 cell index in response to increasing concentrations of glutathione: G2.5mM (pink), G5mM (purple), G7.5mM (green) and G10mM (red) compared to Control (brown). Black arrow: time of addition of glutathione. B: Delta cell index of A549 cells treated with increasing concentrations of glutathione. Results are from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Since the decrease in the cell index was always said to be a sign of toxicity, A549 cells treated with glutathione for 15h were studied with the aid of FACS. Figure 45 shows that cells treated with increasing concentrations of glutathione did not differ among them in cell size, when compared to control. Glutathione alone did not decrease the cell number (Figure 46A) or cell size (Figure 46B), indicating that the decrease in cell index was caused by a decrease in cell adhesion, with no sign of toxicity.

Figure 45: Effect of glutathione in increasing concentrations and incubated for 15h on the FSC-H of A549 cells, an indicative of cell size given by FACS. A: 2.5 mM of glutathione; B: 5 mM of glutathione; C: 7.5 mM of glutathione; and D: 10 mM of glutathione. Images show one representative experiment. Figure 46: Effect of glutathione (G) in increasing concentrations (2.5-10mM) on A549 cells after incubation time of 15h. A: Cell number. B: FSC-H of cells, a representation of cell size. Results represent the mean of three wells Significativity has been calculate using ANOVA followed by Fisher PLSD. Same letters indicate no statistical difference.

The protective effect of glutathione was tested under two conditions: 1. A mix of glutathione in increasing concentrations (2.5 to 10 mM) and 1.4-NQ at 20 µM was prepared 1h in advance to the moment of incubation on cells; and 2. Incubated in increasing concentrations (2.5 to 10 mM) with the cells overnight (15 h) and then removed at the time of addition of 1.4-NQ.

In the first case, higher the concentration of glutathione in the mix was, lower was the cell index of A549 cells (Figure 47).

Figure 47: Effect of the mix of glutathione and 1.4-NQ on A549 cells. Delta cell index was calculated as Final (time of removal of the mix of glutathione and 1.4-NQ, 24h after addition) -Initial (time of addition of the mix). Results from one representative experiment. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

However, previous results showed that glutathione alone did not killed cells, even if it decreased the cell index. Thus, the effect of the mix of glutathione (2.5-10 mM) and 1.4-NQ (20 µM) was also studied using time-lapse microscopy with Cytation to obtain photomicrographs and videos. These files were then used to visualize the effects of the mix of glutathione and 1,4-NQ on cells. Figure 48 shows that the decrease in cell index of A549 cells treated with the mix is not due to cell death, since cells divided until the end of the 22 h of analysis for all studied concentrations: Control (Figure 48 

Figure 48: Photomicrographs of cells treated with the mix of glutathione at increasing concentrations (2.5 to 10 mM) with 1.4-NQ at 20 µM. A-C: Control; D-F: Mix Glutathione 2.5mM + 1.4-NQ; G-I: Mix Glutathione 5mM + 1.4-NQ; J-L: Mix Glutathione 7.5mM + 1.4-NQ; M-O: Mix Glutathione 10mM + 1.4-NQ. A, D, G, J and M: photomicrography at the beginning of the time-lapse. B, E, H, K and N: photomicrography after 11h45 of treatment. C, F, I, L and O: photomicrography after 21h45 of treatment. Red arrows point to cells in division. Results from one representative experiment.

To prove that the decrease in the cell index of cells treated with glutathione or the mix of glutathione and 1.4-NQ is not due to toxicity, we have analyzed the treated cells with FACS. Cell number was measured after staining with zombie red, a fluorescence marker of cell viability (dying cells). Cell number after treatment with glutathione alone (5 to 10mM) or the mix of glutathione and 1.4-NQ (glutathione at 7.5 and 10 mM + 1.4-NQ at 20 µM) for 24h did not differ from the control, while 1.4-NQ at 20 µM alone decreased it, as expected from previous results (Figure 49A). The fluorescence of zombie red showed that all cells treated with glutathione alone (5 to 10mM) and the mix of glutathione and 1.4-NQ did not differ from the control, while 1.4-NQ at 20 µM increased the number of dying cells (Figure 49B and 50). Glutathione alone or in the mix with 1.4-NQ did not induce cell death, further proving that the decrease in the cell index was due to cell adhesion. As the objective of this analysis was to evaluate the effect of glutathione on cells due to the decrease in the cell index, only the higher concentrations of glutathione (the ones that induce more effects) were tested. Finally, as the second manner for glutathione application, we verified whether exogenous glutathione exerts a protective effect against 1.4-NQ. For that, glutathione was incubated overnight (15h) and removed before addition of 1.4-NQ at 20 µM.

Figure 49: Effect of glutathione (G) in increasing concentrations (5-10mM) and the mix of glutathione (7.5 and 10 mM) with 1.4-NQ (20 µM) on A549 cells. A: Cell number. B: Cell viability was monitored by cytometry analysis of zombie red. Results represent the mean of three wells. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Results represent one representative experiment. Figure 50: Effect of glutathione (G) in increasing concentrations (5-10mM) and the mix of glutathione (7.5 and 10 mM) with 1.4-NQ (20 µM) on cell viability of A549 cells. A: Glutathione

Analysis were performed using RTCA and FACS. Glutathione protected the cells at all tested concentrations (2.5 to 10 mM) since their delta cell index were either equal or higher than control. It exerted a proliferating effect at concentrations superior to 5mM

(Figure 51).

Figure 51: Protective effect of glutathione (G) incubated for 15 h previously to the addition of 1.4-NQ and removed at the time of addition of 1.4-NQ at 20 µM. Delta cell index of A549 cells pretreated increasing concentrations of glutathione then treated with 20 µM of 1.4-NQ. Delta cell index was calculated as Final (time of removal of 1.4-NQ, 24h after addition) -Initial (time of addition of 1.4-NQ). Results represent the mean of three experiments. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

FACS analyses show that 1.4-NQ at 20 µM produced more oxidative stress than all cells pretreated with glutathione and the control cells. 

Toxicity of water soluble particulates from biomass burning

Since the objective of our study was to assess the toxic effect of atmospheric pollution, we also tested the particles from burning mass wood. These particles, when emitted into the atmosphere, are produced through natural and anthropogenic

processes. That research group burned wood under three different conditions: flaming, smoldering and pyrolysis, thus obtaining wood tar emulsions. These emulsions were diluted in MiliQ water, originating the water-soluble particles from biomass burning we used in our project.

A549 cells were exposed to increasing concentrations of three types of watersoluble particulate pollutants from biomass burning to determine their toxicity. These were flaming (FWS), smoldering (SWS) and pyrolysis (PWS) particles at concentrations of 31,62,125,250 and 500 µg/mL.

Effects of water-soluble particulate pollutants from biomass burning on A549 cell index.

Figure 53 shows the evolution of cell index given by RTCA of A549 cells in response to increasing concentrations of SWS, PWS and FWS particles. All three types had similar results, in which the two smallest concentrations, 31 and 62 µg/mL, were not significantly different from control, while 125 µg/mL decreased the cell index when compared to control (p<0.001) and exposures at 250 and 500 µg/mL killed the cells (Figure 53). 

Figure 53: Dose-response curves of A549 cell proliferation in response to increasing concentrations of water-soluble particulate pollutants from biomass burning after various burning conditions: A: smoldering (SWS); B: pyrolysis (PWS); and C: flaming (FWS). Color code: dark blue

Black arrows indicate time of addition of the treatment; orange arrows indicate time of wash-out.

Figure 54 represents the EC50 for each type of water-soluble particulate pollutants from biomass after various burning conditions. They were calculated from the mean of delta cell indexes obtained from the treatment time for three independent experiments. Resulting EC50 are 188.3 ± 43.3 µg/mL for FWS; 188.7 ± 24.3 µg/mL for SWS; and 202 ± 20.9 µg/mL for PWS. No difference was observed between the toxicity of the three types of particles.

The two smallest concentrations, for all three types of water-soluble particulate pollutants from biomass burning, did not alter the cell index when compared to control (Figure 54A). The concentration 125 µg/mL froze the cell index, showing cells in a static condition during the time of the treatment. The two highest concentrations 250 and 500 µg/mL killed cells resulting in delta cell index strongly negative (Figure 54A).

Figure 54B shows the effect of wash-out on the cell index of cells previously treated with FWS, SWS and PWS particles from biomass burning. Regarding the two lowest concentrations i.e., 31 and 62 µg/mL, the cells did not show any difference when compared to control (Figure 54B). At the concentration of 125 µg/mL an improvement of the cell index was observed for all three types of particles when compared to the delta cell index for the time of treatment (Figure 54A); this shows that the cells were able to proliferate after the removal of particles although at a much lower rate than control. However, only PWS did not show a decrease when compared to control, mainly because of a higher standard error (Figure 54B). Since the effect of wash-out is calculated as the difference between 24h after the removal of particles minus the time of removal of particles, dead cells have a delta cell index equal 0, as observed for cells exposed to 250 and 500 µg/mL.

Figure 54: Delta cell index of A549 cells. A: Delta cells index for the time of treatment with increasing concentrations of three types of water-soluble particulate pollutants from biomass: flaming (FWS), smoldering (SWS) and pyrolysis (PWS). Delta cell index was calculated as final (time of removal of water-soluble particles from biomass burning) -initial (time of addition of particles). B: Delta cell index for the time of wash-out after removal of watersoluble particulate pollutants from biomass burning. Delta cell index was calculated as final (24h after removal of particles) -initial (time of removal of particles). Means of three independent experiments. Significant differences at p ≤ 0.05 between the particles and control are represented by F for FWS, S for SWS and P for PWS.

Photomicrographs taken with Cytation allow a more detailed observation of the effect of biomass burning particles. 
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Figure

55: Photomicrographs of cells treated with SWS water-soluble particle pollutants from biomass burning. A-B: Control; C-D: 125 µg/mL; E-F: 250 µg/mL; and G-H: 500 µg/mL. A, C, E and G: photomicrography at the beginning of the time-lapse. B, D, F and H: photomicrography after 19h45min of treatment. Yellows arrows point to dying cells. Red arrows point to cells in division. Results from one representative experiment. Figure 56: Photomicrographs of cells treated with SWS water-soluble particle pollutants from biomass burning. A-B: 31 µg/mL; C-D: 62 µg/mL. A and C: photomicrography at the beginning of the time-lapse. B and D: photomicrography after 19h45min of treatment. Red arrows point to cells in division. Results from one representative experiment.
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Effects of water-soluble particulate pollutants from biomass burning on A549 behavioral and structural parameters

Cells were monitored with Holomonitor, a quantitative phase contrast microscopy to non-invasively analyze cellular events by long-term digital phase imaging, allowing the quantification of behavioral and structural parameters. These analyses were performed for 10 hours and results are presented as the mean of the last two hours. a decrease in the perimeter length of cells at 500 µg/mL, while PWS had no effect (Figure 55B). The optical thickness of cells increased after treatment with FWS and SWS at 500 µg/mL, but it did not change after treatment with PWS (Figure 55C).

Figure 61: Dose response-effects of three types of water-soluble particulate pollutants from biomass burning on A: area, B: perimeter length, C: optical thickness, and D: optical volume of A549 cells. Significant differences at p ≤ 0.05 between the particles and control are represented by F for FWS and S for SWS. Results are the mean of three experiments.

The eccentricity of the cells was also not affected by any of the three types of particles in any of the tested concentrations (Figure 62A). FWS, SWS and PWS caused a decrease in the migration and motility speed of cells at 250 and 500 µg/mL (Figure 562B,D). The motility of cells decreased when treated with FWS, SWS and PWS particles at 500 µg/mL, but only with FWS and PWS at 250 µg/mL (Figure 62C). 

Discussion

This thesis has been focused in one central axis: the toxicity of atmospheric pollutants for the human health. Our goal was to identify the most deleterious compounds causing toxic effect, to identify their mechanisms of actions and possible mechanisms of prevention.

Atmospheric pollution can be originated from several sources, they are classified as anthropogenic (produced through human activity) and/or natural (naturally produced). We have tested particles of both origins. First, we tested naphthalene nanoparticles, an important secondary organic aerosol (SOA) precursor in urban atmosphere. These nanoparticles are of anthropogenic origin. Second, we tested water-soluble particulate of pollution from biomass burning. These nanoparticles can be of both anthropogenic and natural origin, present in regions of forests and households.

Naphthalene nanoparticles (NPs) are produced by the burn of fuel and the most abundant polycyclic aromatic hydrogen (PAH) in urban atmosphere [START_REF] Nayebzadeh | A Review on Reactions of Polycyclic Aromatic Hydrocarbons with the Most Abundant Atmospheric Chemical Fragments: Theoretical and Experimental Data[END_REF]. The toxic effects of naphthalene have already been reported by Kedderis et al. 2014[START_REF] Niu | Atmospheric Levels and Toxicity of Polycyclic Aromatic Hydrocarbons and Oxygenated-PAHs in PM2.5 in the Beijing-Tianjin-Hebei Region[END_REF], Tong et al. 2018and Sucker et al., 2021. Sucker et al. (2021) have found that naphthalene SOA produced irritation to the eyes and upper airways of exposed workers, while Tong et al. (2018) discovered, through dithiothreitol (DTT) assays, that it produces O2•-and H2O2 in lung fluids and decreasing concentration of lung fluid antioxidants. We studied for the first time the effect of naphthalene nanoparticles on real-time cell analysis (RTCA). RTCA gives the cell index, using gold microelectrodes present in each well of 96-wells E-plates. Cell index is given by the impedance of electron flow from the negative to the positive pole of the E-plates. This impedance results from the number, the size and the adhesion strength of cells. A decrease in the cell index can be strongly interpreted as a sign of toxicity since the cell index is intrinsically connected to the three previously said factors. We found that the addition of naphthalene NPs to culture medium significantly decreased cell index of 3T3-L1 cells, causing toxicity at both 25 and 50 µg/mL (Figure 22).

Naphthalene is known to cause acute sensory irritating effects at the eyes and upper airways of humans, as reported by Sucker et al., (2021), probably due to its capacity to bind to lipids and accumulate to high levels, even at low environmental exposure levels [START_REF] Niu | Atmospheric Levels and Toxicity of Polycyclic Aromatic Hydrocarbons and Oxygenated-PAHs in PM2.5 in the Beijing-Tianjin-Hebei Region[END_REF][START_REF] Jackson | Adipose Tissue as a Site of Toxin Accumulation[END_REF]. Furthermore, in vitro studies performed by [START_REF] Chowdhury | Exposure of Lung Epithelial Cells to Photochemically Aged Secondary Organic Aerosol Shows Increased Toxic Effects[END_REF] show a decrease in the viability (studied with MTT) of 60% for cells treated with 25 µg (exposed though the air-liquid interface system), corroborating our results.

The toxicity of naphthalene is explained by the creation of ROS such as hydrogen peroxide (H2O2) and superoxide radicals (O2.-) (Tong et al. 2018). In rats, the ROS production following the exposure to naphthalene may be result in lipid peroxidation in mitochondria of liver and brain cells, with glutathione depletion by 83% and 49%, respectively [START_REF] Vuchetich | Naphthalene-Induced Oxidative Stress in Rats and the Protective Effects of Vitamin E Succinate[END_REF]. To further detail its relationship with oxidative stress, [START_REF] Bagchi | Naphthalene-Induced Oxidative Stress and Dna Damage In[END_REF] proved that naphthalene at the concentrations of 25 and 60 µg/mL induced the increase production of OH group by 2.4 and 4.9-fold, the increase in the reduction of cytochrome c (production of superoxide anion) by 2.0 and 4.6-fold, and the increase in oxidative DNA damage by 1.8 and 3.0-fold, respectively, in macrophages. To delineate whether the effect of naphthalene NPs in 3T3-L1 is due to oxidative stress, we used the antioxidant glutathione. The addition of glutathione at 1mM to the culture medium fully antagonized the effect of naphthalene NPs at 25 µg/mL but only partly at 50 µg/mL (Figures 22 and 23), suggesting that most of the negative effects of naphthalene NPs are induced through oxidative stress. These results are corroborated by [START_REF] Recio | Dose-Response Assessment of Naphthalene-Induced Genotoxicity and Glutathione Detoxication in Human TK6 Lymphoblasts[END_REF] who found a protective effect of glutathione at 5 mM against 500 µM of naphthalene.

Glutathione (GSH) is a tripeptide, also called γ-L-glutamyl-L-cysteinylglycine, present in all vertebrates ( [START_REF] Hermes-Lima | Glutathione Status and Antioxidant Enzymes in a Crocodilian Species from the Swamps of the Brazilian Pantanal[END_REF][START_REF] Srikanth | Glutathione and Its Dependent Enzymes' Modulatory Responses to Toxic Metals and Metalloids in Fish-a Review[END_REF][START_REF] Xia | Long-Lived Birds Suffer Less from Oxidative Stress[END_REF][START_REF] Dahms-Verster | Biochemical Responses Revealed in an Amphibian Species after Exposure to a Forgotten Contaminant: An Integrated Biomarker Assessment[END_REF]. In mammalian tissues, its concentration is between 1-10 mM (the highest concentration being found in the liver), being the most abundant non-protein thiol that defends the cells against oxidative stress [START_REF] Lu | Phthalates in PM2.5 from Shenzhen, China and Human Exposure Assessment Factored Their Bioaccessibility in Lung[END_REF].

Eukaryotic cells have three major reservoirs of GSH: 80-85% in the cytosol, 10-15% in the mitochondria and a small percentage in the endoplasmic reticulum [START_REF] Lu | Phthalates in PM2.5 from Shenzhen, China and Human Exposure Assessment Factored Their Bioaccessibility in Lung[END_REF]. The synthesis of GSH from its constituent amino acids (cysteine, glutamic acid, and glycine) involves two ATP-requiring enzymatic steps: formation of γ-glutamyl-cysteine from glutamate and cysteine catalyzed by glutamate-cysteine ligase (GCL), and formation of GSH from γ-glutamylcysteine and glycine catalyzed by glutathione synthase (GS). GSH is resistant to intracellular degradation and is only metabolized extracellularly by cells expressing γ-glutamyltranspeptidase (GGT) [START_REF] Lu | Phthalates in PM2.5 from Shenzhen, China and Human Exposure Assessment Factored Their Bioaccessibility in Lung[END_REF]Bachhawat & Yadav, 2018).

GSH is physiologically useful due to its requirement on the iniron-sulfur cluster biogenesis, also having a role in redox properties, detoxification, oxidative stress response, and function in storage of essential cysteine (Meredith & Reed, 1982;[START_REF] Hwang | Oxidized Redox State of Glutathione in the Endoplasmic Reticulum[END_REF][START_REF] Sipos | Maturation of Cytosolic Iron-Sulfur Proteins Requires Glutathione *[END_REF][START_REF] Yuan | Glutathione in Liver Diseases and Hepatotoxicity[END_REF][START_REF] Kumar | A Review of the Characteristics of Nanoparticles in the Urban Atmosphere and the Prospects for Developing Regulatory Controls[END_REF]Bachhawat & Yadav, 2018).

Glutathione and naphthalene interact to form conjugates [START_REF] Ross | Interaction of Menadione (2-Methyl-1,4-Naphthoquinone) with Glutathione[END_REF]Wu et al., 2010). In a recent study, [START_REF] Lin | Childhood Exposure to Phthalates and Pulmonary Function[END_REF] stated that naphthalene-based fluorescent probes had high selectivity with glutathione at 1mM, confirming the strong affinity between both molecules. Besides, it is also known that naphthalene induces glutathione depletion in animal models (Kedderis et al. 2014), further proving their interaction in in vivo models.

Glutathione is only one example of interactions made by naphthalene. Since this

PAH is not chemically stable, once it is emitted in the air, it undergoes atmospheric oxidation, mainly by reacting with hydroxyl radicals (•OH), producing aged nanoparticles. The lack of stability can be related to the loss of toxicity when aging naphthalene NPs and applying the treatment diluted in culture medium, as we did.

In our study, aged naphthalene NPs, produced by the oxidation of the freshly produced naphthalene NPs with OH, were also tested on cell culture. These NPs decreased the cell index of 3T3-L1 cells when compared to control at both 25 and 50 µg/mL, with glutathione exerting no effect of recovery (Figure 24), suggesting an action independent of oxidative stress. Zhang et al. (2015b) proved that A549 cells treated with 20 µM of naphthalene had an increase on the concentration of , in addition to the production of oxidative stress, demonstrating an inflammatory effect caused by these particles [START_REF] Chowdhury | Exposure of Lung Epithelial Cells to Photochemically Aged Secondary Organic Aerosol Shows Increased Toxic Effects[END_REF]. It may explain why glutathione did not protect the cells against the toxic effect of aged naphthalene NPs, suggesting that these particles could act through more mechanisms than oxidative stress, such as inflammation.

Aged naphthalene NPs were less toxic than their fresh counterpart (Figure 25). While in the air being oxidized, more than the production of aged nanoparticles, naphthalene NPs also produce by-products, such as 1. , , phthalic acid (PA) and phthaldialdehyde (OPA) (McConkey et al., 2002;Nishino et al., 2012;Huang et al., 2019;Saxena et al., 2020). These chemicals are not only by-products, but also components of the nanoparticles, making the study of their toxic effects of extreme importance to understand naphthalene NPs toxicity.

Toxicity studies with RTCA were performed to evaluate the effects of 1.4-NQ, 2-OH-NQ and PA on 3T3-L1 cells. The EC50 for 1,4-NQ was 1.2 µM, while the EC50 of 2-OH-NQ was 1,2 mM. PA was not toxic at any of the tested concentrations (Figure 22). A549 cells were less sensitive than 3T3-L1 to naphthalene by-products. The dose-response curves show that, for A549 cells, 1,4NQ continued to be by far the most toxic (EC50 = 31.7 µM) chemical, when compared to PA and OPA (EC50 = 5.3,5.2 and 4.2 mM,respectively), by an order of magnitude of 100 (Figure 30 and 31). The concentrations of 2-OH-NQ PA were increased to be tested at A549 cells, based on the literature, as well as OPA, that was later included in the study.

While entering the cells and crossing the cell membrane, 1.4-NQ causes damages to it. [START_REF] Zhang | Effects of 1,4-Naphthoquinone Aged Carbon Black Particles on the Cell Membrane of Human Bronchial Epithelium[END_REF] reported that the membrane of bronchial epithelial cells (16HBE) had its permeability and intracellular concentration of calcium reduced after treatment with 1.4-NQ in the range of 6.5 to 37 µM. [START_REF] Kaurola | Distribution and Dynamics of Quinones in the Lipid Bilayer Mimicking the Inner Membrane of Mitochondria[END_REF] found that ubiquinone, another type of quinone, translocates inside the membrane quite fast, at a speed of 10-100 ns. They also affirmed that quinones have the tendency to be located in proximity to the lipids' acyl groups of the membrane, right under the lipid head group region. Additionally, they stated that a second location for quinones is in the middle of the bilayer where quinone molecules tend to stabilize. Finally, [START_REF] Hussein | Surface Chemistry and Spectroscopy Studies on 1,4-Naphthoquinone in Cell Membrane Models Using Langmuir Monolayers[END_REF] corroborates all previous cited results, affirming that 1.4-NQ disrupted the cell membrane of tumorigenic cells. These arguments evidence the fact that 1.4-NQ freely crosses the cell membrane, damaging it in the process. This action is probably connected to a loss of cell adhesion and cell death, depending on the concentration of this chemical.

The toxicity of 1.4-naphthoquinones was previously described (Shang et al., 2013;Pan et al., 2015;[START_REF] Ravichandiran | Synthesis and Anticancer Evaluation of 1,4-Naphthoquinone Derivatives Containing a Phenylaminosulfanyl Moiety[END_REF][START_REF] Majiene | Comparison of the Effect of Native 1,4-Naphthoquinones Plumbagin, Menadione, and Lawsone on Viability, Redox Status, and Mitochondrial Functions of C6 Glioblastoma Cells[END_REF][START_REF] Faber | The Cellular and Molecular Determinants of Naphthoquinone-Dependent Activation of the Aryl Hydrocarbon Receptor[END_REF].

Studies working specifically on 1.4-NQ, and not on its derivatives are scarce. Shang et al. (2013) and [START_REF] Faber | The Cellular and Molecular Determinants of Naphthoquinone-Dependent Activation of the Aryl Hydrocarbon Receptor[END_REF], using the MTT test, found that 1,4-NQ had a dose-response toxic effect on A549 cells but in lower concentrations than the ones used in our study (from 5 nM to 50 µM). This difference in the toxicity may be induced by the use of different cell lines and culture medium, since they have used either RPMI or Minimal Essential Medium and we have used DMEM. However, in another work, while studying 2-methyl-1,4-naphthoquinone, Shang et al. (2014), also using the MTT test, stated that its EC50 on A549 cells was 46.8 µM, a value similar to the EC50 of induced toxicity reported for 1. .

Previous studies also suggested that 1,4-NQ is toxic to cells by modulating the metabolic pathways through a combined effect of oxidative stress and energy depletion, through the significant depletion of principal cellular metabolites, such as NADP, uracil, asparagines, glutamine, and histidine and accumulation of di-methyl amine and beta-hydroxybutyrate (Klaus et al. 2010;[START_REF] Gurbani | Polycyclic Aromatic Hydrocarbons and Their Quinones Modulate the Metabolic Profile and Induce DNA Damage in Human Alveolar and Bronchiolar Cells[END_REF]Shang et al., 2014;Lavrich et al., 2018). 1,4-NQ induces the production of ROS species, such as H2O2 and OH (Klotz et al., 2014;Rudnicka et al., 2019). The production of ROS starts at the moment 1,4-NQ enters the cell, by freely crossing the membrane. In this situation, 1,4-NQ causes lipid peroxidation, fragilizing the membrane and producing ROS species [START_REF] Sheridan | Lipid Peroxidation Contributes to Hydrogen Peroxide Induced Toxicity in Renal Epithelial Cells[END_REF][START_REF] Jacob | 1,2-Naphthoquinone Stimulates Lipid Peroxidation and Cholesterol Domain Formation in Model Membranes[END_REF]Rudnicka et al., 2019). Once in the cytoplasm, 1,4-NQ continues to produce ROS species. It can be catalyzed by cytochrome P450 reductase (located on the endoplasmic reticulum of most cell types) by a simple reduction of the NQ to the corresponding semiquinone 21 [START_REF] Porter | New Insights into the Role of Cytochrome P450 Reductase (POR) in Microsomal Redox Biology[END_REF]Klotz et al., 2014). This product can, in turn, be oxidized by molecular oxygen to form superoxide, O2•-. Alternatively, 1,4-naphthoquinone can undergo a two-electron reduction to the corresponding hydroquinone, which is catalyzed by NQO-1 (located mostly in the cytosol) [START_REF] Siegel | NAD(P)H:Quinone Oxidoreductase 1 (NQO1) Localizes to the Mitotic Spindle in Human Cells[END_REF]Klotz et al., 2014).

Additionally to the membrane and cytosolic ROS production, a derivate of 1,4-NQ, called SkNQ 22 , stimulated hydrogen peroxide production in isolated mitochondria [START_REF] Goleva | Mitochondria-Targeted 1,4-Naphthoquinone (SkQN) Is a Powerful Prooxidant and Cytotoxic Agent[END_REF]. The H2O2 produced by 1,4-NQ in the cytosol would, then, negatively impact the membrane again, since H2O2 is known to cause lipid peroxidation [START_REF] Siddique | Estimation of Lipid Peroxidation Induced by Hydrogen Peroxide in Cultured Human Lymphocytes[END_REF]. In fact, [START_REF] Henry | Differential Mechanisms of Cell Killing by Redox Cycling and Arylating Quinones[END_REF] have concluded that the mechanisms of action to cell killing by quinones may depend on the mechanisms by which individual quinones interfere with mitochondrial function. For example, quinones may directly inhibit mitochondrial respiration or divert electron flow, leading to inhibition of ATP synthesis and depolarization of the membrane potential.

1,4-NQ can interact with glutathione, thus modifying this compound and causing its depletion in cells (Klotz et al., 2014). The mechanism of action through which 1.4-NQ depletes the cell of GSH is unknown. It is known that the thiol group of GSH is conjugated to 1.4-NQ at the 2-and/or 4-position by a covalent bond (Figure 63), 21 Any of a class of free radicals derived from quinones by the addition of a single hydrogen atom to a molecule. Semiquinone radicals can have extremely long half-lives (up to days at 37 °C). They have propensities to donate the excess electron to molecular oxygen, thereby generating superoxide [START_REF] Kehrer | 1.14 -Free Radicals and Reactive Oxygen Species[END_REF]. 22 Sk stands for skulachevions (SkQs). These are a family of mitochondria-targeted compounds developed in the laboratory of the researcher Skulachev [START_REF] Goleva | Mitochondria-Targeted 1,4-Naphthoquinone (SkQN) Is a Powerful Prooxidant and Cytotoxic Agent[END_REF].

depending upon the ratio of the quinone to GSH [START_REF] Takahashi | Formation of Glutathione-Conjugated Semiquinones by the Reaction of Quinones with Glutathione: An ESR Study[END_REF][START_REF] Wiart | Chapter 3 -Phenolics[END_REF].

The best ratio between 1,4-NQ and GSH is not specified by any author. Furthermore, [START_REF] Kelly | Modelling Changes in Glutathione Homeostasis as a Function of Quinone Redox Metabolism[END_REF] while working with a biological in vitro model and 50 µM of another type of quinone, doxorubicin, found that cytosolic glutathione decreased 64.6% for a time of treatment of 10h and 70% after a 20h treatment. On lung cells, one report using the same quinone states that A549 cells after being treated with 70 nM (per millions of cells) of doxorubicin had a depletion of glutathione around 50% ( [START_REF] Al-Kabban | The Effect of Doxorubicin on the Glutathione Content and Viability of Cultured Human Lung Cancer Cell Lines A549 and GLC4210[END_REF]. Because glutathione can react with 1,4-NQ, it was tested using two different protocols. First, a mix of glutathione at increasing concentrations (2,5 to 10 mM) with 1,4-NQ at 20 µM was added to cells. Second, glutathione was added at increasing concentrations (2.5 to 10 mM) to cells 15h before addition of 1.4-NQ at 20 µM, being removed at the time of addition of the quinone.

In the first case, we studied the protective effect of glutathione when it is mixed with 1.4-NQ for one hour previously to the incubation on cells. The results of the treatment with the mix show a decrease in the cell index in dose-response, with the highest decrease coming from the cells treated with glutathione at 10 mM (Figure 47). Since during all of our studies a negative cell index was considered as a sign of toxicity, two new methods were used to investigate the effect of glutathione on cells. The evaluation of the same glutathione treatments with Cytation and fluorescence-activated cell sorting (FACS) were performed to prove that glutathione was not killing the cells.

Cytation is a cell imaging multi-mode microplate reader that combines automated digital microscopy and conventional microplate detection and includes inverted fluorescence and brightfield microscopy. While FACS is a specialized type of flow cytometry. It is a useful scientific instrument, as it provides fast and quantitative recordings of fluorescent signals from individual cells as well as number and size of cells. Figure 48 shows that cells did not die; instead, they divided up to the end of the 22h time-lapse in all glutathione tested concentrations. To go even further, the evaluation of cell number and cell viability marked by the fluorescence of zombie red was conducted with FACS. The results showed that glutathione alone or the mixes of glutathione and NQ did not differ from Control in cell number or dying cells, while NQ alone decreased the cell number and increased the number of dying cells when compared to all conditions (Figures 45-41 and 49-50). These results can justify the decrease in the cell index given by RTCA by a weakness of local adhesions. The effect of glutathione alone on cells was previously described in a paper in preparation by Géloën and Berger (2021), where they observed that glutathione does not kill cells, but weakens their adhesions to the substrate.

In the second case, our study reported results based on cells pretreated with glutathione for 15h, with glutathione removed at the moment of addition of 1.4-NQ at 20 µM. In that case, exogenous glutathione induced a full protection to the cells with concentrations higher than 2.5 mM, seen by the cell index and the ROS production (Figure 51 and52). This can be explained by the fact that exogenous glutathione may increase glutathione's intracellular concentration. [START_REF] Leggatt | Exogenous Glutathione Can Increase Glutathione Levels in Tissues of Rainbow Trout (Oncorhynchus Mykiss) through Extracellular Breakdown and Intracellular Synthesis[END_REF] discovered that fish treated with exogenous glutathione at 0.8 mM/kg had their concentration of intracellular glutathione increased (1800 µM) when compared to the control treated with saline solution (23 µM). The authors also stated that in most of mammalian tissues, the normal glutathione levels are sufficient to inhibit the activity of glutathione synthase and that the increase of intracellular amino acid supply with exogenous glutathione would not increase synthesis of intracellular glutathione. However, Li et al. (2018) affirmed that their results indicate that 3 mM of exogenous glutathione for 18h increased by 2 the concentration of intracellular glutathione through the GSC cycle in bovine embryos when compared to control. The fact that exogenous glutathione interferes in the production of intracellular glutathione of in vitro studies confirms the importance of our results. We have proven that lung cells pre-treated with increasing concentrations of glutathione had different response in their protection against 1.4-NQ, with the higher the concentration of glutathione, the greatest the offered protection. Thus, in conclusion, glutathione exerts a protective effect against the toxicity of 1.4-NQ at 20 µM in the two cases: 1. When the cells were pretreated with the mix of glutathione with 1,4-NQ, and 2. When the cells were pretreated with glutathione before addition of 1.4-NQ. The difference is that in the first case, glutathione interacts with 1.4-NQ before this quinone entered the cells, while in the second case, it most likely that the intracellular concentration of glutathione increased due to the exposition to extracellular GSH. Furthermore, 1,4-NQ also induces toxicity by regulating the cell cycle through mitogen-activated protein kinase (MAPK). These proteins containing three sequentially activated protein kinases are key components of a series of vital signal transduction pathways that regulate processes such as cell proliferation, cell differentiation, and cell death in eukaryotes cells. In mammals, they are composed of ERKs (extracellularsignal-regulated kinases), JNKs (Jun amino-terminal kinases), and p38/MAPKs (stress-activated protein kinases) [START_REF] Morrison | MAP Kinase Pathways[END_REF], and naphthoquinones strongly stimulate MAPK (Klotz et al., 2014). But more specifically to 1,4-NQ, two novel 1,4naphthoquinone derivatives, called 2-(butane-1-sulfinyl)-1,4-naphthoquinone and 2-(octane-1-sulfinyl)-1,4-naphthoquinone, at 3 µM, caused an upregulation of p38 MAPK, which has been associated to cascades that mediate pro-apoptotic processes (Wang et al., 2019b;[START_REF] Yue | Understanding MAPK Signaling Pathways in Apoptosis[END_REF].

Taking into consideration all results obtained with considerably new methods, the initial APO that we have proposed can be modified, to include our results and expand the knowledge on how 1,4-naphthoquinone affect cells (Figure 64). Key events and adverse outcomes that are underlined are effects that were previously described, and we confirmed, while adverse outcomes in bold are new results we have added to this APO.

Figure 64 Modified Adverse Outcome Pathway of 1,4-naphthoquinone on cell including our results. Key events and adverse outcomes underlined are effects that were previously described and we confirmed, while adverse outcomes in bold are new results we have added to this APO.

Two other quinones, produced by naphthalene, were studied: 2-hydroxy-1.4napthoquinone and 1.2-naphthoquinone. 2-OH-NQ was toxic to cells at every tested concentration, promoting cell death at 10mM and decreasing the cell index at 1, 2.5, 5 and 7.5 mM (Figure 31B). However, its EC50 was 100x higher than the one from 1.4-NQ. When comparing both 1. 4-NQ and 2-OH-NQ, Babich & Stern (1993) reported that the substitution with a hydroxyl group in the quinoid ring of 1,4-NQ, thus creating 2-OH-NQ, occasioned a decrease in its toxicity, corroborating our results. 2-OH-NQ is better known as lawsone, a red-orange dye present in the leaves of the henna plant (Lawsonia inermis). Its toxicity is better described in the literature on bacteria, where it induced toxic effect at 500 µM, a much lower value than the one found in our results.

However, studies of 2-OH-NQ direct on lung cells are rare. One study found that the EC50 of 2-OH-NQ extract directly from leaves of Lawsonia inermis on A549 was 490 µg/mL, which equals 2.8 mM, a lower value than the one found on eukariotyc cells, in our results [START_REF] Ishteyaque | In Vitro: Toxicity, Apoptosis and Ameliorative Potential of Lawsonia Inermis Extract in Human Lung, Colon and Liver Cancer Cell Line[END_REF]. However, the authors worked with 2-OH-NQ obtained from leave's extraction, while our 2-OH-NQ was of commercially grade. Thus,
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Adverse outcome 2-OH-NQ, even if commercially used as a colorant (henna), is toxic to cells. However, it is 100x less toxic than 1.4-NQ, equally a quinone.

The third studied quinone, 1.2-naphthoquinone, is an isomer of 1. greater toxic effects than 1.2-NQ on A549 cells (Figure 32). Lavrich et al. (2018) corroborate our results, stating that 1.4-NQ induced the production of H2O2 at greater levels than 1.2-NQ. Also, 1.4-NQ at 50 µM impacted the complex II-linked mitochondrial (cell respiration), while 1.2-NQ did not affect it. [START_REF] Wang | Synergistic and Antagonistic Interactions among Organic and Metallic Components of the Ambient Particulate Matter (PM) for the Toxicity Measured by Chinese Hamster Ovary Cells[END_REF] stated that the IC50 of 1.2-NQ is 3.6 times higher than the one from 1.4-NQ, but as well the LC50 (lethal concentration) is 10.9 times higher. In conclusion, although 1.2-NQ is toxic to cells, it is less toxic than 1. Naphthalene also produces phthalic acid, an aromatic dicarboxylic acid. PA killed the cells at 10 mM, while at 5 and 7.5 mM, it caused a decrease in cell index; and at 1 and 2.5 mM, it had no toxic effect (Figure 31C). Results from the literature are divergent on the toxicity of PA. Ema et al. (1997) observed that this chemical is not toxic to pregnant rats and their offspring, while Kwack & Lee (2015), using and MTT assay, stated that it decreased the viability of normal mouse sertoli cells and human testis cancer cells by 40% at 100 mM, a concentration 10x higher than the strongest concentration tested in our experiment. The present study is the first to assess the toxic effects of PA on proliferating lung cells, using a real time and no labelling method, which is of importance, since it is present in the air in urban areas, but also as a byproduct of naphthalene used in its anhydride form to produce dyes, cosmetics, and plastics products.

Another by-product of naphthalene, and the last one studied in our project, is phthaldialdehyde, a benzene dicarbaldehyde related to PA. In the present study, OPA decreased the cell index of A549 cells from 2.5 to 10 mM (Figure 31D). These are the first results of the toxicity of OPA in cell culture, proving the importance of our study.

Since OPA is not recognized as a potential atmospherical pollutant, previous reports were published describing its toxicity on the upper air apparatus due to inadequate washing after the sterilization of a transesophageal echo device with OPA, a common endoscope disinfectant (Suzukawa et al., 2007;Horikiri et al., 2011).

To conclude the investigation of naphthalene by-products using RTCA, we have conducted the investigation of the removal of the particles from contact with the cells, being replaced by a clean culture medium. This procedure was never reported before in the literature. Cells treated with 1,4-NQ at 25 µM were able to recover from the toxic effects of 1,4-NQ, while cells treated concentrations higher than 25 µM did not recover.

Cells treated with all concentrations of 2-OH-NQ did not recover at all. Cells that had before suffered from the toxic effects of PA at 5 and 7,5 mM, after wash-out had cell index not different from Control, showing a recovery; PA permanently damaged the cells at 10 mM. For OPA, only cells treated with 2,5 mM could recover, while cells treated with concentrations superior to 2,5 mM had permanent damage (Figure 33).

The knowledge obtained with the wash-out can be interpreted into real life conditions as situations where people enter in contact with a pollutant for a limited time. It shows that depending on the inhaled concentration, the cells of the respiratory system will be able to recover or will be permanently damaged even after the exposure is over. In an in vivo situation, depending on the tissue and the damage level of the tissue, cell renewal will take place to replace damaged cells. Further studies need to take place to clarify the mechanisms used by the cells after exposure to pollutants.

The results for the toxicity of naphthalene NPs and its by-products were obtained with real time cell analysis (RTCA). This system uses the cell index, a unit given by the occupied area of gold-microelectrodes present inside each well of the E-plates. Cell index is given by the occupied area of the microelectrodes, which, in its turn, depends on the number of cells, their size or their adhesion strength. RTCA is proven to be a good method to study the toxicological effects of nanoparticles and/or chemicals because cell number is directly related to cell division, thus, critical for epithelium renewal [START_REF] Altmann | Cell Number as a Measure of Distribution and Renewal of Epithelial Cells in the Small Intestine of Growing and Adult Rats[END_REF]. However, since RTCA depends on three different cell characteristics (number, size and adhesion) to establish the cell index, the determination of which parameter affected the cell index is unknown. The system does not show which of the three previously cited characteristics affected the cell index.

Using RTCA alone, it is not possible to determine if the cell number, size or adhesion were changed. To complement the results of RTCA and go even further in our research, we used the Holomonitor microscope.

The four naphthalene NPs by-products, compounds were tested with Holomonitor at concentrations corresponding to their EC50. Holomonitor is a quantitative phase contrast microscope that uses a lower-power laser to analyze cells. It produces 3D pictures that are later utilized to obtain the quantification of several parameters, such as area, perimeter and optical volume (structural parameters) and migration, motility and motility speed (behavioral parameters), in real time and without any labelling.

Regarding the structural parameters, the area and perimeter of cells were not affected by 1,4-NQ, but the optical volume was decreased (Figure 35). This indicates a change in the shape of the cell, where the optical volume would be able to change without interfering in the area. The change in the size of the cell can be related to a loss of local adhesions. Mechanisms linking 1.4-NQ with a decrease in cell adhesion have never been reported, however one study with furano-1, 2-naphthoquinone (Su et al., 2010) and one study with a naphthoquinone-coumarin hybrid (NPQ-C6) ( Martín-Rodríguez et al., 2019) stated that both quinones suppressed the activation of BCR-ABL1/STAT5, two proteins connected to cell adhesion. RTCA or Holomonitor do not precise the effect on the adhesion of cells, even if a change in it may interfere in the cell index. Although studies relating 1,4NQ and cell adhesion have not been performed yet, Wang et al. (2013b) studied the effect of shikonin, another naphthoquinone, on the cell adhesion of A549 cells. They have found that shikonin at 1.5 µM have decreased A549 cell adhesion to extracellular matrix by inhibiting integrin β1 expression.

Integrin-mediated cell adhesion plays a central role in the formation and remodeling of tissues and organs in multicellular organisms [START_REF] Arnaout | Structure and Mechanics of Integrin-Based Cell Adhesion[END_REF]. Integrin β1 is intrinsically connected to cell adhesion through the mediation of several cancer cell interactions with the extracellular matrix, such as collagen types I and IV, fibronectin and laminin, all proteins of the basal lamina, serving to anchor the cells to the tissues [START_REF] Brakebusch | β 1 Integrin Function in Vivo: Adhesion, Migration and More[END_REF][START_REF] Heino | The Collagen Family Members as Cell Adhesion Proteins[END_REF][START_REF] Khoshnoodi | Mammalian Collagen IV Jamshid[END_REF][START_REF] Guldager Kring Rasmussen | Chapter 29 -Laminins[END_REF]Gonzalez-Morales & Yamada, 2020). Such adhesion to the basal lamina is essential, especially to epithelial cells, since, in the lack of capillarization, their nutrition comes from the connective tissue below the basal lamina. Wang et al. (2013b) proved that A549 cells treated with shikonin decreased cell adhesion to fibronectin in a dose-response manner (0.5 to 2 µM), suggesting that naphthoquinones interfere in the cell adhesion of A549 cells.

Regarding the behavioral parameters, 1,4-NQ significantly decreased all three (migration, motility and motility speed) (Figure 35) This decrease can be explained by the fact that cell migration is intrinsically connected to the upregulation of the signal transducer and activator of transcription 3 (STAT-3) (Kida et al., 2008). This can be explained by the fact that STAT-3 phosphorylation/activation is closely related to the expression of the microRNA miR-21 (Iliopoulos et al., 2011;[START_REF] Gutsaeva | STAT3-Mediated Activation of MiR-21 Is Involved in Downregulation of TIMP3 and Neovascularization in the Ischemic Retina[END_REF]. miR-21 promotes the proliferation and migration of A549 cells by regulating autophagy activity via AMPK/ULK123 signaling pathway, whereas the decrease in autophagy reduced the migration of A549 cells, that was previously induced by miR-21 (Li et al., 2018). Quinones derived from 1,4-NQ are recognized for decreasing the expression levels of thus, interfering in the migration (Wang et al., 2019b). Migration, motility and motility speed are closely related as parameters of Holomonitor. Migration is defined as the shortest distance between the starting point and the end point of the cell path, while motility is the actual distance traveled by the cell between the starting point and the end point of the cell path. Thus, 1.4-NQ probably induces the decrease of behavioral parameters of A549 cells by the decrease of the STAT-3 protein.

The effect on cells of the three other chemicals: 2-OH-NQ, PA and OPA, were also measured using Holomonitor. We found that 2-OH-NQ and PA did not affect any of the studied parameters (Figures 36 and37). OPA, similar to 1,4-NQ, caused a decrease in the optical volume, migration, motility and motility speed when compared to control (Figure 38). In vivo studies showed that OPA caused fibrosis, hyperplasia, chronic active inflammation, and squamous metaplasia in the lung, causing also histiocytic cellular infiltration in the alveolus (Catlin et al., 2017). However, none of these pathologies are known to cause a decrease in the pneumocyte behavioral and structural parameters. Indeed, this is the first study to assess the effect of OPA in vitro for lung cells. Further researches are needed to answer the question regarding the mechanisms that OPA uses to cause these effects.

Holomonitor answered the questions about the size of cells interfering or not on the cell index given by RTCA. However, Holomonitor also has its limitations. It is very difficult to assess cell number with it since Holomonitor, as all microscopes, it only analyses a determined area. Thus, the analysis of all cells present inside the selected area is difficult, making the selection of few cells necessary. But, since we perform a time-lapse, and cells are constantly moving, they may move outside the area analyzed.

Additionally, Holomonitor is time consuming. Little variations in the area of the cells, considered as abnormal by the system, are notified by attention marks. These variations can be a cell that is dividing in the moment of analysis, whereas the system does not identify divisions and consider only the abrupt decrease cell area. In one single analysis it would be necessary several hours to clean the experiment of attention marks, increasing the time of analysis of the results. As none among the chemicals interfered in the area of cells, the cell index was affected either by a change in the cell number or local adhesions.

To go even further about the mechanisms of action of 1,4-NQ, we have used FACS.

With the results of FACS, confirmations on the cell number could be obtained.

FACS results were about cell number and amount of cells labeled with DHR 1,2,3, a fluorescent marker of oxidative stress. We observed that 1.4-NQ decreased the cell number when compared to control and that cells treated with 1.4-NQ alone produced more oxidative stress than control and cells pretreated with glutathione, while glutathione protected the cells, with concentration of oxidative stress similar to control (Figures 51 and52). Also, FACS showed that 1.4-NQ decreased the cell number, without affecting the cell size (Figure 43). Previous studies of the effect of 1.4naphthoquinone analyzed with FACS are inexistent, but chemical products derived from 1.4-naphthoquinone were studied, and it is known that they cause an increase in the production of ROS and an arrest of the cell cycle [START_REF] Ourique | In Vivo Inhibition of Tumor Progression by 5 Hydroxy-1,4-Naphthoquinone (Juglone) and 2-(4-Hydroxyanilino)-1,4-Naphthoquinone (Q7) in Combination with Ascorbate[END_REF]Wang et al., 2019b;[START_REF] Coulidiati | Proapoptotic Effects of Triazol-1,4-Naphthoquinones Involve Intracellular ROS Production and MAPK/ERK Pathway in Human Leukemia Cells[END_REF]. The results from FACS confirm the results obtained with RTCA. With the results of RTCA, cells treated with glutathione before exposure to 1,4-N had an increase in cell index. This evidences the production of oxidative stress by this quinone. The fact that 1.4-NQ does not decrease the size of the cells indicates that the cell index given by RTCA was decreased either because of a reduced cell number or cell adhesion. In any of the cases, previous results on staining by zombie red proved that 1,4-NQ is killing cells. Also, FACS confirmed the results of Holomonitor, showing that 1.4-NQ did not decrease the size of the cells (Figures 35 and43B). Furthermore, all three methodologies showed a perfect complementarity in toxicological studies.

So far all studies we have done were performed with the nanoparticles diluted in the culture medium, reacting with it before application to the cells. To avoid their interaction, the Vitrocell system was used. This is an air-liquid interface, using an air flow to dilute and distribute the nanoparticles directly onto the cells. Preliminary results

showed that naphthalene at the concentrations 1.9 and 3.8 µg/mL increases ROS production, with the concentration 3.8 µg/mL also reducing the cell number. Publications on Vitrocell system being used to evaluate the toxicity of naphthalene

were not yet published, however Al [START_REF] Zallouha | Usefulness of Toxicological Validation of VOCs Catalytic Degradation by Air-Liquid Interface Exposure System[END_REF] studied the toxicity of toluene, another common PAH, on A549 cells using the Vitrocell system. They have found that toluene at 1000ppm did not cause an increase of oxidative stress related-genes CYP1A1, cytochrome P450 family 1 subfamily B member 1 (CYP1B1), cytochrome P450 family 2 subfamily S member 1 (CYP2S1) and epoxide hydrolase 1 (EPHX1), but that it up-regulated NQO1 and AhR when compared to control cells (air only), validating the system (Figures 26 and27).

When comparing both methodologies to test naphthalene nanoparticles, concentrations in Vitrocell to induce toxic effects on cells were 10x lower than in RTCA, probably due to the interaction between the nanoparticles and the culture medium.

However, in Vitrocell the naphthalene nanoparticles need to cross the PBS to reach the cells (100 µL). The nanoparticles are conducted to the cells through an air flow and they could have caused physical damage. However, physical damages caused from this air flow to the cells were discarded due to the exposed control not showing any difference from the non-exposed control in the DHR staining. Thus, we hypothesize that the damages are chemically induced. The United States National Center for Biotechnology Information (2021) classified naphthalene itself as insoluble in water. This suggests that some hydrophilic compounds could participate to the toxicity of naphthalene NPs while using the Vitrocell system. However, Vitrocell has its limitations. It took us some time to reach the pattern of insert distance from the airflow probe, as well as the amount of liquid used below and inside the insert. Both factors play a direct role in the physical damage that the air flow alone can induce on cells. Also, the group of research that handled the Vitrocell system have found limitations in reproducing and guarantying that our cells were receiving naphthalene nanoparticles at same concentrations for each repetition, due to the nanoparticles deposition. All parameters were stabilized after a several trials and that is why our results with Vitrocell are only preliminary.

In the continuity of the studies, we have tested water soluble particles from biomass burning, using RTCA, Holomonitor and Cytation. In the present results, evaluated with RTCA, all three types of particles caused cell death at 250 and 500 µg/mL and stopped cell proliferation at 125 µg/mL (Figure 53 Ko et al. (2021) observed that the suppression of Nrf2 factor of A549 cells, via inhibition of the RhoA-ROCK1 pathway, inhibited cell migration and invasion and shrunk cell morphology due to decreased focal adhesions. In our study, results show that water-soluble particle pollutants from biomass burning did not alter the area, optical volume or eccentricity (how elongated the cells are) of cells for any of the three combustion types. However, the particles did alter the cell structure by increasing their optical thickness (for FWS and SWS) and decreasing their perimeter (for FWS and SWS) (Figure 61). PWS did not change any of the structural parameters. Related to the behavioral parameters, all three extract types decreased the migration and motility speed of cells at 250 µg/mL (Figure 62) which is in agreement with the decreased expression of Nrf2 (Pardo et al. 2020) and its effect on cell migration (Ko et al. 2021).

The toxic effect of these particles does not vary much from one type to the other, with SWS and FWS particles sharing overall the same toxicity, and tar material from PWS being slightly less toxic (Figures 54555657585960). In the literature, few are the reports that specify which types of combustion biomass were used when studying their toxicity. [START_REF] Martin | Zebrafish Irritant Responses to Wildland Fire-Related Biomass Smoke Are Influenced by Fuel Type, Combustion Phase, and Byproduct Chemistry[END_REF] stated that flaming pine samples were more toxic than smoldering pine or eucalyptus samples for zebrafish, however they stated that smoldering samples emitted more PM1.0. Kim et al. (2018) shares the same conclusions, stating that FWS particles overall induce more respiratory effects than SWS particles, while Hargrove et al. (2019) stated the opposite, both citing the emission factor 24 as a determinant in the toxicity of the biomass burning particles. Our study is the first time that the toxicity of these particle was evaluated in real time for the time of treatment through the study of cell parameters such as area and migration (Figures 53 and54) and cell index, bringing more knowledge on how these pollutants affect the cells' structure and behavior.

To conclude the investigation of water soluble particles from biomass burning, we have also conducted the investigation of wash-out, where the culture medium in which the particles were diluted was replaced by a clean culture medium. Cells treated with 125 µg/mL partially recovered, with their speed of cell proliferation significantly lower when compared to control (Figure 54B), suggesting that the exposure caused permanent cell damages. As expected from the results obtained with RTCA and microscopy, cells treated with 250 and 500 µg/mL did not restart proliferating for all three types of particles from biomass burning, since they were already dead. It is of importance to study the wash-out effect since in real life people breathe particles of pollution for an indetermined period. Our results show that water soluble particles from biomass burning at 250 and 500 µg/mL induced permanently toxic effects to cells. Thus, water soluble particles from biomass burning are toxic to lung cells, no matter their burning origin. They impact the cell's behavior and structure, as well as their ability to proliferate even after they stopped contact with the cells, giving long time consequences. Of course, the negative impact of all types of nanoparticles and/or 24 Emission factor can be described as a representative value that attempts to relate the quantity of a pollutant released to the atmosphere with an activity associated with the release of that pollutant. chemicals depend on their concentration, as the low concentrations of all tested nanoparticles or chemicals induce little to no effect on A549 cells.

The values of atmospheric concentration of the tested pollutants are extremely rare in the literature. One of the very few studies that measured atmospheric concentration of 1,4 naphthoquinone (the most toxic compound tested in the present study) was [START_REF] Santos | A Simple, Comprehensive, and Miniaturized Solvent Extraction Method for Determination of Particulate-Phase Polycyclic Aromatic Compounds in Air[END_REF], that reported an atmospheric concentration around 50 ng/m 3 . This seems far from the EC50 of 1,4NQ but such a number must be interpreted with great care, because the condition of their study is very different from ours, since they have collected 1.4-NQ from PM10, and we have tested it from a commercially bought chemical. It is of course difficult to extrapolate from in vitro to in vivo studies, with bioaccumulation being another parameter to be taken into account, although extremely difficult to evaluate. Also, in vivo sensitivity may be higher than in vitro, as proven by the study of [START_REF] Inoue | Naphthoquinone Enhances Antigen-Related Airway Inflammation in Mice[END_REF] that observed infiltration of neutrophils in the lung with an increase in the local expression of IL-4, signs of inflammation, response to naphthoquinone at 158 ng/animal once a week for 6 weeks, inoculated by the intratracheal route.

Moreover, biomass burning particles concentration were not found in the literature, but the company Atmo (2021) affirmed that, in the department of Rhône, the use of wood for heating represented 59% of PM2.5 emissions in the year of 2019, making a statement that the emissions of PM2.5 were lower than 20 µg/m 3 . Nevertheless, this concentration was also picked in an urban city of a developed country. In developing countries, where people cook with wood, this number is expected to be much higher, reaching at least 2000 µg/m 3 at the moment of cooking (Ezzati & Kammen, 2001). For wildland firefighters, another group of exposed people, a study comparing exposure to long fire seasons (3 months) stated that the concentration could go as high as daily 1.49 mg of particles bigger than 4 µm (PM4) [START_REF] Navarro | Wildland Firefighter Smoke Exposure and Risk of Lung Cancer and Cardiovascular Disease Mortality[END_REF]. Results with smaller particles were not found.

Another factor that plays a role in the experiments and results is the type of cell used for it. We have found that 3T3-L1 cells are more sensitive to 1,4-NQ than the cancer cells, A549. For 1,4-NQ, 3T3-L1 registered an EC50 of 1,2 µM, while the EC50 of the same quinone was 31.8 µM for A549. For 2-OH-NQ, the EC50 for 3T3-L1 was 1,2 mM, while for A549 it was 5,3 mM (Figure 29). The question whether cancer cell lines are appropriate for research is pertinent. Tumorigenic cells are primarily linked to their peculiar capability to provide an indefinite source of biological material for experimental purposes, especially in the field of cancer research and drug development/discover [START_REF] Neve | A Collection of Breast Cancer Cell Lines for the Study of Functionally[END_REF][START_REF] Peppino | Cancer Cell Lines Are Useful Model Systems for Medical Research[END_REF]. Their use has opened the word of science to the discovery of innumerous treatments and vaccines, such as anti-polio vaccine, treatment for chronic myeloid leukemia and acute promyelocytic leukemia [START_REF] Peppino | Cancer Cell Lines Are Useful Model Systems for Medical Research[END_REF]. In the specific matter of A549 cells, [START_REF] Foster | Characterization of the A549 Cell Line as a Type II Pulmonary Epithelial Cell Model for Drug Metabolism[END_REF] validated this cell line as a model for alveolar lung cells in 1998. Since then, [START_REF] Cooper | Long Term Culture of the A549 Cancer Cell Line Promotes Multilamellar Body Formation and Differentiation towards an Alveolar Type II Pneumocyte Phenotype[END_REF] has affirmed that when cultured under certain conditions, A549 cells had their gene expression, the upregulated pathways and genes shared with primary alveolar cells. This year, Pardo et al. (2021) compared the toxicity of wood tar materials in both A549 and BEAS-2B cells, finding that BEAS-2B were slightly less responsive to the toxic effects of biomass burning than A549. Other studies, however, stated that BEAS-2B is more responsive to toxicity than A549 ( [START_REF] Biola-Clier | Comparison of the DNA damage response in BEAS-2B and A549 cells exposed to titanium dioxide nanoparticles[END_REF]Lankoff et al., 2017). Pardo et al. (2021) justified the use of A549 cells by stating that BEAS-2B cells are immortalized by integrated SV40 virus and present a low sensitivity, suggesting that the choice of BEAS-2B over A549 is disputable. It is important to consider that cell lines have important limitations, no matter if they are normal or cancer cells, especially due to the differences in terms of gene expression, as compared to in vivo tissues. Cell lines, when cultured in vitro, do not have interactions with other cell types or the physiology of a body, such as the influence of cytokines and other cell signaling molecules. Considering all of that, A549 is a validated model for lung studies, with innumerous publications over decades of study. Its use is appropriate for toxicity studies, since it shares phenotypes of alveolar lung cells [START_REF] Weinstein | Cell Lines Battle Cancer[END_REF].

Conclusions and perspectives

My thesis brings light to the study of the toxicity of atmospheric nanoparticles and its effects on the human health. In conclusion, our study showed that anthropogenic naphthalene nanoparticles are toxic to in vitro cell lines, using RTCA. This toxicity is mainly caused by 1, , the most toxic by-product of naphthalene. Both naphthalene nanoparticles and 1,4-naphthoquinone have their toxic effects counteracted by the antioxidant glutathione (at 1 mM for naphthalene nanoparticles and 2.5 mM for 1, 4-naphthoquinone). The effect of glutathione was tested under two different conditions, either was mixed with naphthoquinone during one hour before addition on cells, or cells were exposed to glutathione for 15hours and then removed before the addition of 1,4NQ on cells. In both case glutathione antagonized the effect of 1,4NQ arguing for an action through oxidative stress. Further analysis with Holomonitor showed that 1,4-naphthoquinone and phthaldialdehyde also altered in the cells' behavioral (migration, motility and motility speed) and structural (optical volume) parameters. Furthermore, dual anthropogenic-natural particles of water -soluble biomass burning were also toxic to cells, with EC50 of 188. 3 ± 43.3 µg/mL for flaming; 188.7 ± 24.3 µg/mL for smoldering; and 202 ± 20.9 µg/mL for pyrolysis particles, also affecting the cell's behavior and structure. Moreover, the present study also cleared the way for more toxicological studies, showing that three real time and label free methods (RTCA, Holomonitor and Cytation) share a perfect complementarity when assessing the toxicity of chemicals.

Present results open a great number of perspectives. In the continuity of this work, it would be critical to evaluate the toxicity of the particles of atmospheric pollution, as their by-product using different application mode, for example with lower concentrations with repeated exposures. Results could be confirmed using other cell lines. Fibroblasts 3T3-L1 and lung cancer cells A549 were used. Although the same type of response is expected from different lung cell line models, the intensity of the response may change. Results could also be completed with the study on co-culture, for example to define the effect of surfactant with the addition of NCI cells to A549.

Interactions with cell types different from lung model could also be investigated, for example with cells from the immune system, such as macrophages. Vitrocell system has the advantage of mimicking more realistically cell exposure to atmospheric pollutants than the addition of particles in culture medium. The preliminary results we obtained have to be completed. Constitutive compounds of naphthalene generated nanoparticles have been tested separately to identify the most toxic compound. Under natural conditions all compounds are present at the same time, such a mix has not been tested on cell cultures. It has to be done. Although our results point the importance of oxidative stress in the mediation of pollution, other mechanisms cannot be excluded. Indeed, results also showed that the effects of aged nanoparticles from naphthalene were not antagonized by glutathione suggesting the activation of another signaling pathway(s).

One of the most important question is: how to prevent the toxic effects of atmospheric air pollution? Since our results pointed out the role of oxidative stress and the protective effect of glutathione, it suggests that a strong anti-oxidative capacity will protect against the toxic effects of air pollution. These results have to be confirmed on in vivo experiments and human studies.

INTRODUCTION

In 2016, ambient air pollution was responsible for 4.2 million premature death, affecting 91% of the world population exposed to a polluted air 1 . Fine particulate matter (PM2.5) has been recognized as one of the responsible sources of these premature deaths. Several prospective cohort studies taking place in different locations (North America, Europe and Asia) have shown the significant association between long-term exposures to PM2.5 and mortality through the development of cardiovascular or pulmonary diseases. 2-8 Thus for long-term exposure to PM2.5, some studies found between 0.5 and 8.8% increase in mortality per 1 µg m -3 increase in PM2.5 concentration. 9-13 More recently, Ritz et al. 14 showed a 7% rise in mortality for every incremental of long-term exposure to 5µg m -3 of PM2.5. Besides myocardial infarction, PM2.5 can penetrate deeply into the lung and corrode the alveolar wall, causing asthma, respiratory inflammation, impairing lung functions and promoting cancers. 15 The identification of the biological mechanisms leading to mortality is a great challenge because of the complexity of biological processes and the variability of particle physico-chemical properties. Depending on the geographical location, 20 to 90% of the mass of submicron particles is composed of organic aerosols. 16 A large fraction of this organic matter comes from the condensation of atmospheric processed volatile organic compounds (VOCs) leading to the formation of so-called secondary organic aerosols (SOA). Previous studies have demonstrated that SOA toxicity is a function of the VOC precursor, but also of the environmental conditions during their formation. For instance, high-NOx isoprene SOA has been shown to be a higher source of reactive oxygenated species (ROS) than low-NOx isoprene SOA. 17 Tuet et al. have also shown that SOA generated under different RH conditions will generate different levels of and these discrepancies were larger for pentadecane SOA. 18 Chowdhury et al. have shown that aging of the aerosol will have different toxicity with a higher expression of the transcription factor nuclear factor erythroid-2-related factor 2 (Nrf2) a regulator of cellular resistance to oxidants, for aged aerosol compared to the fresh one. 19 Amongst SOA precursors, naphthalene is considered as the most abundant polyaromatic hydrocarbons in the atmosphere and a major anthropogenic secondary organic aerosol precursor particularly in urban areas. 20 Naphthalene SOA (NAP SOA) has the potential to generate reactive species 18 and more particularly produce H2O2 and O2 -. 21 H2O2 from NAP SOA can rapidly diffuse into cells and contribute to intracellular ROS/RNS, while another contribution is from H2O2 produced by cells. 22, 23 At the molecular level, synergistic effects of quinone derivatives, produced during the oxidation of naphthalene, and cadmium have been demonstrated to induce inflammation in airway epithelial cells. 24 Quinone are also known to induce oxidative stress and inflammation. 25 Besides this knowledge, a limited number of studies have investigated the link between cell exposure and the chemical speciation of the aerosol. The goal of this work was to expose fibroblast cells to fresh and atmospheric processed (and therefore aged) NAP SOA, to explore how the chemical evolution affects the toxicity of the particles. And indeed, this work confirms the influence of SOA ageing on cells toxicity. The investigation of the SOA chemical composition at the molecular level allowed us to highlight compounds potentially influencing cell proliferation. The effect of oxidative stress was also evaluated. We show that assessing interaction of particles with culture media is critical to decipher the health mechanisms leading to aerosol toxicity.

MATERIAL AND METHODS

All chemicals and solutions used are described in the Table S1 in the appendix. Aerosol Generation. Aerosol were generated using the Go:PAM aerosol flow tube reactor previously described. 26 Briefly, water vapor at 25 % relative humidity and naphthalene (NAP) were generated in the gas phase with the later quantified at 280 ppb using a proton transfer reaction time-of-flight mass spectrometer (PTR-TOF 8000, Ionicon Analytik Gmbh). Two types of aerosol were generated: fresh and aged NAP SOA using O3 at 750ppb and 3.6 ppm, respectively. A UVC lamp (254 nm) was used to trigger the ozone photolysis and the generation of hydroxyl radicals. Aerosol size and number was followed using a Scanning Mobility Particle Sizer (SMPS) composed by a Differential Mobility Analyzer (DMA 3081, TSI Inc., US) coupled with an Ultrafine Condensation Particle Counter (CPC 3776, TSI Inc., US). Particulate matter was sampled using quartz fiber filters (Filters Pallflex, 47 mm, VWR) and sample were prepared following the detailed procedure below. Details about NAP SOA generation and repeatability are presented in the SI and in Table S2 and Figure S1.

Aerosol chemical characterization. Aerosol chemical composition has been studied using offline techniques after collection of the particles on a filter and also in culture media or culture media-like samples using ultra-high-performance-liquidchromatography (UHPLC, Thermo Ultimate 3000) coupled with the commercial electrospray Q Exactive Orbitrap. Online chemical characterization has also been investigated using Q Exactive Orbitrap mass spectrometer (Thermo Scientific, US) coupled with an online Extractive Electrospray Ionization (EESI) inlet. A description of the instrumentation is given elsewhere 27 and details of the analytical procedures can be found in the supplementary information.

Each type of particles has been produced in triplicates and their composition has been investigated using the UPLC-ESI-Q-Orbitrap. For most detected features, the repeatability of the aerosol generation and analysis is good with a coefficient of variation (n=3) lower than 20 % for most compounds in both conditions. Compounds having a higher variability are C10H6O3 in positive mode in the fresh sample and two different isomers of a C10H10O5 detected in the negative mode.

Aerosol preparation for cell exposure. For cell exposure, particulate matter was extracted under agitation two times in 6 mL of acetonitrile (ACN) during 20 min. Extracts were blow down to dryness under a nitrogen flow and reconstituted using the culture media. After reconstitution, extracts were filtered using a syringe filter (terumo syringe with a Pall acrodisc GHP 0.2µm) and used right after for cell exposure.

Cell Culture. Murine fibroblast cells 3T3-L1 were obtained from American Type Culture Collection (Manassas, VA) and cultured at 37°C under 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 4mM Lglutamine in presence of streptomycin and penicillin (100 units mL -1 ). L-Glutathione was added to the culture medium at a concentration of 1mM.

Cells have been allowed to proliferate under control conditions for at least 48 hours and then exposed to either fresh or aged NAP SOA at 25 or 50 µg mL -1 . The effect of oxidative stress has been measured by adding the antioxidant glutathione to the culture medium.

1,4-naphthoquinone and 2-hydroxy-1,4 naphthoquinone chemicals present in the composition NAP SOA, were also tested for their toxicity on cell proliferation.

Real-time cell proliferation measurement. Cell proliferation was monitored using the xCELLigence RTCA system (Roche Diagnosis, Meylan, France) previously described. 28 Cells were seeded in E-96-well plates manufactured with integrated gold microelectrodes allowing a label-free monitoring cell surface occupancy i.e., cell index, taking into account cell number, morphology and adhesion force. Adhesion force is a characteristic of a cell line and cell morphology is considered as constant since cell differentiation does not happen during cell proliferation. Therefore, cell index mainly represents cell number. Data are presented as delta cell indexes which are the differences between initial cell index, before treatment and final cell index, measured 24 hours after addition of treatment. Experiments have been performed in triplicates Statistical analysis. All data are presented as mean ± standard error of the mean and were analyzed with Statview 5.0 software (Abacus Concepts, Berkeley, CA). Results of all different experimental groups were compared by analysis of variance (ANOVA), followed by post hoc test, Fisher protected least significant difference. Significativity was set at p< 0.05.

RESULTS

Chemical composition and atmospheric relevance

Naphthalene is known to be a significant SOA precursor in the urban environment. We have evaluated the atmospheric conditions of the aerosol produced using by the oxidative Go:PAM reactor. The fresh particles produced during this study do correspond to an OH exposure of 3 days and the aged ones to 7 days. In other words, the studied exposure will correspond to conditions representative of the near to far field i.e., close to an identified naphthalene source. Those conditions are therefore representative of urban conditions. The main non-atmospheric process that may happen in the reactor is the direct photolysis of naphthalene since the ozonolysis of naphthalene is considered as negligible (<10 -19 molecule cm -1 s -1 , 29 ).

Aerosol chemical composition was investigated to identify discrepancies between fresh and aged SOA that could explain the differences in their toxicity. 35 compounds were detected using both online and offline Orbitrap chemical characterization (Table S2). Compounds detected have a wide range of structures with ring opening and retaining (7 to 20 carbons) compounds having 2 to 8 oxygens. Fifteen of these compounds were identified using both online and offline techniques. All the compounds identified were detected in both oxidative conditions but with different abundances. Figure 1 shows the ratio of the relative abundances of these detected compounds in fresh and aged aerosols. From these results we see that some compounds have a relative abundance in the fresh particles more than two times their amount in the aged aerosols. This is the case for C10H8O3, C10H6O2, C10H10O2, C10H10O3, C10H10O4, C10H10O5, C10H12O5, C10H12O6, C11H12O5 and C11H12O6. Interestingly, most compounds being more abundant in the fresh aerosol are C10 compounds confirming their lower oxidation degree. Amongst these compounds, C10H6O2 can be identified as naphthoquinone being almost three times more abundant in the fresh aerosol. More insights about the chemical structures of these compounds can be provided for those detected by offline analysis using the MS data and the insource fragmentation processes. This is the case for C10H8O3, C10H10O4 and C10H10O5. For C10H8O3, only one isomer (RT=8.04 minutes) detected in both negative and positive ion mode, has a larger abundance in the fresh NAP SOA. From the MS (Figure S2), we can observe a loss of H2O and CH2O2 in the positive ion mode and COOH in the negative ion mode indicative of a carboxylic acid functional group. For C10H10O5 (Figure S2), two isomers in the negative ion mode can be identified at 6.72 and 7.3 minutes. For the one at 6.72 minutes, a loss of H2O2 may indicate the presence of a hydroperoxide functional group. 30 For the one at 7.3 minutes, the elimination of CH2O2 may indicate the presence of a peroxyacid functional groups as described before. 31, 32 These particles were then collected and extracted into the culture media for subsequent cell exposure. Stability of particles in the culture media. In our system, particles are dissolved into the culture media where they can act on cells at their contact. To better understand the stability of the particles in the culture media, we have been studying the direct interaction between the culture media and the particles. From all the compounds identified in NAP SOA using UPLC-Q-Orbitrap, 18 compounds have a similar abundance in ACN compare to DMEM (ratio between 0.8-1.2) (Figure 2). 6 compounds have a higher abundance in the DMEM extract (ratio <0.8) and 10 have larger abundance in the ACN samples (ratio>0.8). Interestingly, phthalic acid concentration increases in the DMEM extract compared with the ACN extract. This trend could be explained by the hydrolysis of phthalic anhydride in the culture media leading to the formation of phthalic acid. This hydrolysis is also observed for C8H4O4 identified as a hydroxy-phthalic anhydride that is disappearing in the DMEM extract and the C8H6O5 likely the hydroxy-phthalic anhydride having a higher concentration in the DMEM extract. Surprisingly, many C10 organics are also interacting with other compounds in the DMEM. More specifically, 1,4-naphthoquinone (identified by the standard) disappeared in the culture media. This behavior is of concern because of the known potential of reactive oxygen species generation of this compound.

We have further investigated this interaction in order to identify the driving processes leading to the reduced concentration of 1,4-NQ. We have mixed 1,4-NQ with water, water+threonine (a known amino acid present in DMEM), with a DMEMlike solution (NaCl, NaHCO3 and CaCl2-2H2O at 0.11 M, 4.410 -2 M and 1.9 10 -3 M, respectively) with or without threonine. As shown in Figure S4 the 1,4-naphtoquinone is stable in water only while in the DMEM-like solution the concentration of the quinone decreased over time.

The presence of an amino acid enhances the degradation of 1,4-naphtoquinone (figure S5). We have been able to identify the formation of a quinone dimer C20H10O5 (detected in positive ion mode, RT=10.03) and a C14H13NO5 a product arising from the nucleophilic addition of the -NH2 functional group of the amino to the 1,4-NQ (detected in positive ion mode, RT=7.69). These reactions occurring in the culture media may also occur in the body where the reaction of quinone would be in competition between their nucleophilic functionalization by amino acids or proteins.

We have investigated if this reaction may happen in the lung surfactant to know if this behavior was physiologically relevant. Curosurf was here a mimic of the lung surfactant. We monitored the decay of 1,4 naphthoquinone, 2-hydroxy-1,4napthoquinone and phthalic acid in either water, in phosphate buffered saline solution (PBS) with or without varying concentrations of curosurf. Phthalic acid was found to be stable in all solutions, while 1,4 naphthoquinone decayed in all solutions but significantly faster in presence of the lung surfactant (even at concentration as low as 2 mg/mL). In contrast, 2-hydroxy-1,4-napthoquinone was found to be stabilized in presence of the same levels of surfactant.

These observations do show the interactions of aerosol constituents with biological media differs significantly from molecule to molecule and does depend of the chemical age of the particles.

Toxicity experiments. The toxicity of naphthalene NPs to 3T3-L1 fibroblast cells was revealed by the study of the cell proliferation using the xCELLigence system software. The cells were allowed to grow under control conditions for at least 48 hours. Addition of NAP SOA at 50 µg mL -1 , resulted in a significant decrease in cell index and a reduction of the cell proliferation slope compared with control as described in Figure 3a. Figure 3b summarizes the effect of NAP SOA at 50 or 25 µg mL -1 with or without the anti-oxidant glutathione. Fresh NAP SOA at 50 and 25 µg mL -1 significantly reduced cell proliferation compared to their respective control (F 50 vs C 50 and F 25 vs C 25, p<0.05). The addition of glutathione in the culture medium increased the proliferation rate of 3T3-L1 (F 50 vs FG50, p<0.05) but it remained significantly lower that its appropriate control (FG50 vs CG50). At 25 µg mL -1 of NAP SOA, glutathione significantly increased cell proliferation rate (F 25 vs FG25, p<0.05) to a value similar to the appropriate control (FG25 vs CG25,ns).

The toxicity of aged NAP SOA was also tested. The difference in cell index during 24 hours, showed a significantly less toxic effect of aged NAP SOA compared with fresh at both concentrations 50 (Figure 4, F50 vs A50, p<0.05) and 25 µg mL -1 (F25 vs A25, p<0.05). naphthoquinone and phthalic acid on proliferating 3T3-L1 cells, expressed as the difference of cell index before addition of compounds and after 24 hours. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Discussion Addition of NAP SOA to culture medium significantly decreased cell proliferation at both 25 and 50 µg mL -1 . Since cell division is a strictly regulated succession of complex biochemical and structural mechanisms, it is an adequate parameter to study the sensitivity to pollutants. Besides, cell proliferation is an absolute necessity even in adult organisms to maintain their functionalities fully efficient. Indeed, cell replacement occurs permanently in skin, intestinal epithelium and even olfactory epithelium. Furthermore, using the measure of impedance to quantify cell proliferation allows realtime measurement in the absence of markers which may induce undesirable side effects. Naphthalene is an important precursor of secondary organic aerosol of anthropogenic source. 33 Although the apoptotic effects of NAP SOA have been reported, 16 we show for the first time the effect of NAP SOA on real-time cell proliferation. NAP SOA is known to produce reactive oxygen species such as hydrogen peroxide (H2O2) and superoxide radicals (O2 .-). 16 Reactive oxygen species play a crucial role in numerous pathologies such as cardiovascular, neurological diseases, cancer, diabetes and immunity. 34, 35 ROS are formed in water and in surrogate lung fluid by secondary organic aerosol produced from naphthalene. 21 To delineate the effect of NAP SOA due to oxidative stress, we used the antioxidant glutathione to counteract the effects of ROS. The addition of glutathione to the culture medium fully antagonized the effect of NAP SOA at 25 µg mL -1 but only partly at 50 µg mL -1 (Figure 3B), suggesting that most of the deleterious effects of NAP SOA are mediated through oxidative stress. In a recent study Li et al. proposed naphthalenebased fluorescent probes to detect glutathione in cells, confirming the strong affinity between both molecules. 36 Our results show that 1,4 naphthoquinone induces cell mortality while phthalic acid had no effect (Figure 5). It has been reported that 1,4 naphthoquinone induce oxidative damage to human keratinocytes, suggesting a mechanism of action similar to naphthalene. 37 The toxic effects reported here may result partly from the presence of naphthoquinones. The effects of 2 hydroxy-1,4 naphthoquinone, which is also present in NAP SOA, has a weak oxidative effect. 38 and as can be seen in Figure 5 decreased cell proliferation at a rather high concentration (0.25 mM). Peroxyacids or hydroperoxide identified here can also participate to the oxidative stress measured in-vitro.

Introduction

In 2010, the World Health Organization (WHO) expressed concerns regarding the effects of several air pollutants on health [1]. In 2018, the WHO estimated that 7 million people suffered premature death caused by exposure to fine particles in polluted air. These particles can penetrate deep into the lungs and cardiovascular systems, causing diseases including stroke, heart disease, lung cancer, chronic obstructive pulmonary diseases and respiratory infections, including pneumonia [2,3].

Naphthalene, a ubiquitous polycyclic aromatic hydrocarbon (PAH), is one of the several air pollutants that affect the human health [1]. Naphthalene is a semi-volatile organic compound (SVOC) according to the U.S. Environmental Protection Agency classification [4], and it has a series of anthropogenic sources, such as chemical industries, gasoline evaporation or oil burning, leading locally to acute exposures [1,5]. In urban areas, vehicle emissions represent the most important source, but naphthalene is also present in the smoke of cigarettes [6]. Once in the air, naphthalene undergoes atmospheric oxidation, mainly by reacting hydroxyl radicals (•OH), and thereby acts as a precursor of secondary organic aerosols (SOA). These ultrafine particles have a complex lif e 237 chemical composition and therefore possess chemical complexity and yield products such as 1, 4naphthoquinone (1,, , phthalic acid (PA), phthaldialdehyde (OPA) [7][8][9][10].

Studies on lung cell lines showed that 1, is toxic [11]. Quinones are a class of organic compounds with chemical properties allowing them to interact with biological targets by forming covalent bonds and transferring electrons in oxidationreduction reactions. Among all quinones, 1,4-NQ and its secondary prod-ucts are of particular interest because of their occurrence as natural chemicals and/or products [12,13]. These compounds have diverse pharmacological properties, such as antimicrobial [14], antiviral [15], antiprotozoal and anthelmintic [16,17], also presenting cytotoxic effects on cancer cell lines [18]. Moreover, 2-hydroxy-1,4-naphthoquinone (law-sone) (2-OH-NQ), a photochemical reaction product of 1,4-naphthoquinones, can also be extracted from the leaves of Lawsonia inermis. It is one of the most widely used skin dyes, commonly known as Henna. It has been intensively utilized for many years in the biology, medicine, agriculture and industries as a skin dye and antifungal [19,20]. Regarding its toxicity, Sauriasari et al. concluded that lawsone is not mutagenic, but it is toxic to cells in a dose-dependent manner [21].

Phthalic acid (PA) is a benzene dicarboxylic acid with no reports on its toxic effects on the respiratory system [22]. Phthaldialdehyde (OPA) is a dialdehyde used mostly as a fluorescent marker or a disinfectant, but in vivo experiments proved OPA to be toxic to the respiratory systems of rats [23][24][25][26].

To study the cytotoxic effects of chemicals, the colorimetric MTT (tetrazolium salt (3[4,5dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)) assay, is widely used. However, this technique only shows the end-points and not the stage of cell proliferation [27]. Nowadays, more sophisticated approaches are available. Real-time cell analysis (RTCA) allows the label-free and real-time monitoring of cell proliferation and viability. It monitors the viability of cultured cells using electrical impedance. The continuous monitoring of cell proliferation makes it possible to recognize different perturbations of cell viability, such as toxicity (cell death) and reduced proliferation (cell cycle arrest). Technical improvements also allow the creation of 3D reconstructive images of cells and the measurement of the structural and behavioral parameters of cells [28,29]. Similarly, the Holomonitor microscope performs label-free and non-invasive measurements with the use of a low-power laser. Cell structural (area, optical volume and perimeter) and behavioral (motility, motility speed and migration) parameters can be measured in real time with this microscope.

Bearing in mind the importance of ultrafine particles derived from PAH photooxidation in urban areas, we studied here the toxicity of the main by-products of naphthalene SOA using the abovementioned new methodologies to determine their impacts on lung cells.

Materials and Methods

Cell Culture

Human carcinoma A549 cells (provided by ATCC, Massanas, VA, USA) were grown in Dulbecco's Modified Eagle's Medium with low glucose (1 g/L) containing 10% fetal calf serum (DMEM 10% FCS, PAA Laboratories, Toronto, ON, Canada) with the addition of streptomycin plus penicillin (100 units/mL; Sigma-Aldrich, St. Quentin Fallavier, France). The cells were trypsinized by 0.05% trypsin (Sigma-Aldrich, St. Quentin Fallavier, France) and the cell concentration was measured using a Sceptor pipette (Millipore, Burlington, MA, USA). Cell cultures were conducted from passage 3 to 7.

Naphthalene SOA By-Products

The chemical composition of PAH-derived SOA is quite complex, with hundreds to thousands of compounds being present. To simplify our approach, and to allow a molecular approach to the 238 toxic response of these particles, we investigated the impact of by-products mimicking naphthalene-derived aerosols [7][8][9][10]30].

The chemicals investigated in this study were 1,4-naphthoquinone (1,4-NQ), 2-hydroxy1,4 naphthoquinone (2-OH-NQ), phthalic acid (PA) and phthaldialdehyde (OPA), purchased from Sigma-Aldrich (St. Quentin Fallavier, France). All chemicals were dissolved in DMSO and further diluted in Dulbecco's Modified Eagle's Medium with low glucose (1 g/L) containing 10% fetal calf serum (DMEM 10% FCS, PAA Laboratories, Toronto, ON, Canada) with the addition of streptomycin plus penicillin (100 units/mL; Sigma Aldrich, St-Louis, MO, USA) with 0.1% of DMSO (Sigma Aldrich, St-Louis, MO,USA) in the end.

Cells were exposed to different concentrations of the compounds when the cell index reached the value of 1.0. The concentrations tested for 1,4-NQ were 12.5, 25, 50 and 100 µM. The concentrations for 2-OH-NQ, phthalic acid (PA) and phthaldialdehyde (OPA) were 1, 2.5, 5, 7.5 and 10 mM.

Measurements of Cytotoxicity 2.3.1. Effects on Cell Proliferation

Real-time cell analysis system (RTCA) (Agilent, Santa Clara, CA, USA) measures cell indexes resulting from cell surface occupancy, taking into consideration cell number, cell size and adhesion force. In the case of cytotoxicity, a decrease in cell index can result from a decreased cell number (=cell death), a decrease in cell adhesion or a decrease in cell surface. Cell surface and number can be measured by the Holomonitor. RTCA results are represented as delta cell indexes (differences in finalinitial cell index = time of treatment). In order to measure the cytotoxic response of A549 cells in real time, cells were seeded on gold microelectrodes embedded at the bottom of 96-well microplates (E-plates; Roche Diagnostics, Basel, Switzerland) at a density of 2500 cells/well. The impedance was recorded at 15-min intervals for 24 h in a standard 37 • C cell culture incubator with 5% CO2. The EC50 of each compound was calculated using the RTCA data with Excel.

Quantitative Phase Imaging

Quantitative phase imaging was performed using the Holomonitor M4 digital holographic cytometer (DHC) from Phase Holographic Imaging (PHI, Lund, Sweden). The platform was housed in a standard 37 • C cell culture incubator with 5% CO2. The behavioral (motility, motility speed and migration) and structural (area, optical volume and perimeter) parameters were measured from 3D reconstructed images obtained for 10 h with intervals of 5 min between measurements.

Statistical Analysis

Data presented are representative of experiments performed at least in triplicate, as mean values ± SEM for RTCA and Holomonitor (n = 3 for 96-and n = 8 for E96 wells). Statistical analysis was performed with StatView 4.5 software (Abacus Corporation, Baltimore, MD, USA) for Windows. Data were analyzed using one-way ANOVA followed by Fisher's protected least significance difference (PLSD) post hoc test. Significance level was accepted at p < 0.05.

Results

Effects of Naphthalene SOA By-Products on A549 Proliferation

To determine whether the by-products of naphthalene SOA are toxic, A549 cells were exposed to increasing concentrations of 1, 25,50 and 100 µM), 2-OH-NQ, PA and OPA (1, 2.5, 5, 7.5 and 10 mM).

Figure 1 shows the evolution of cell index given by RTCA of A549 cells in response to increasing concentrations of each by-product of naphthalene. We found that 1,4-NQ killed the cells at concentrations of 50 and 100 µM, while at 25 µM, it promoted toxicity by decreasing the cell index. At 10 µM, 1,4-NQ did not show any sign of toxicity, thus not differing from the control (Figure 1A). Furthermore, 2-OH-NQ was toxic to cells at every tested concentration, promoting cell death at 10mM and decreasing the cell index at 1, 2.5, 5 and 7.5 mM (Figure 1B). PA killed the cells at 10 mM. At 5 and 7.5 mM, it caused a decrease in cell index, while at 1 and 2.5 mM, no 239 differences from the control were observed (Figure 1C). OPA was toxic from 2.5 to 10 mM, significantly decreasing the cell index. At the concentration of 1 mM, it was not toxic to cells (Figure 1D). 

Effects of Naphthalene SOA By-Products on A549 Behavioral and Structural Parameters

To determine whether the by-products of naphthalene SOA alter the structure and behavior of cells, A549 cells were exposed to concentrations corresponding to the EC50 observed for cell proliferation, i.e., 1,4-NQ (50 µM), 2-OH-NQ, PA and OPA (5 mM). Cells were monitored by means of the Holomonitor for 10 hours post-exposure to the chemicals.

Firstly, 1,4-NQ impacted the optical volume, migration, motility and motility speed of the cells, while their area and perimeter did not differ from the control. Optical volume showed a 240 significant decrease when compared to the control in the last 2 h of the experiment (Figure 3A-C). Migration of cells treated with 1,4-NQ showed a significant decrease when compared to the control after 5 h, as did motility and motility speed after 3 h (Figure 3D-F). The curve for migration, differing from the control, did not evolve during the experiment. Motility, however, slightly increased throughout the experiment but remained much lower than the control. Furthermore, 2-OH-NQ and PA did not affect any of the studied parameters (Figures 4 and5). OPA impacted the optical volume, migration, motility and motility speed of the cells. While area and perimeter did not differ from the control (Figure 6A,C), optical volume showed a significant reduction over the entire experiment, when compared to the control (Figure 6B). After 5 h, migration showed a significant decrease, as did motility after 1 h and motility speed after 45 min (Figure 6D-F). Optical volume and migration remained constant throughout the experiment. Motility increased slightly during the experiment, but at a slower pace than the control. 
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Discussion

Although air pollution is a threat to human health, there are still major uncertainties regarding the nature of the compounds triggering health diseases. In particular, in populated urban areas, exposure to secondary aerosols arising from the photo-oxidation of PAHs is significant. In the present study, the toxicity of four chemicals derived from naphthalene SOA was measured using an RTCA biosensor. The dose-response curves show that 1,4NQ is by far the most toxic (EC50 = 38.7 µM) compared to PA and OPA (EC50 = 5.3,5.2 and 4.2 mM,respectively), by an order of magnitude of 100. Babich & Stern reported that substitution with a hydroxyl group in the quinoid ring of 1,4-NQ, thus creating 2-OH-NQ, occasioned a decrease in its cytotoxicity, corroborating the present results [31]. Shang et al. found that 1,4-NQ had a doseresponse toxic effect on A549 cells from 2.5 to 50 µM [32]. While working with 2-methyl-1,4naphthoquinone, a synthetic form of vitamin K (K3) that shares similarities with 1,4-NQ, Shang et al. stated that its EC50 on A549 cells is 46.8µM, a value similar to the EC50 reported in the present results [33,34]. Previous studies also suggested that 1,4-NQ is toxic to cells by modulating the metabolic pathways through a combined effect of oxidative stress and energy depletion [33,35,36]. It is also known that 1,4-NQ can interact with glutathione, thus modifying this compound and causing its depletion in cells [34].

Quinones are known to cause microtubule disarrangement and to induce the formation of reactive oxygen species (ROS), damaging the cell membranes and the DNA (clastogenicity); the latter is also damaged by the inhibition, caused by 1,4-NQ, of the human topoimerase IIα enzyme, an enzyme responsible for maintaining the DNA topology [11,33,34,[37][38][START_REF] Fowler | A Review of the Genotoxic Potential of 1,4-Naphthoquinone[END_REF]. Complementary to the formation of ROS, quinones are known to have inflammatory potential, by upregulating inflammatory genes such as .

To better determine the effects of the different chemicals on cell structure and behavior, we used the Holomonitor microscope. To identify their cellular effects, compounds were tested at concentrations corresponding to their EC50. The cell index produced by RTCA depends on the surface occupied by the cell and their adhesion strength. The surface occupied by cells results from cell number and cell size. The Holomonitor measures different cell parameters, such as surface, 243 perimeter and volume. The fact that the cell index was significantly decreased at the EC50 for 1,4-NQ and OPA, but the area and perimeter of cells were not changed, points out an effect on cell adhesion; both chemicals decreased the optical volume of cells without affecting cell perimeter and area.

The Holomonitor also produces effects on cell behavior, such as motility, motility speed and migration. Firstly, 1,4-NQ and OPA significantly decreased all these parameters while 2-OH-NQ and PA did not alter them. Cell migration is intrinsically connected to the upregulation of the signal transducer and activator of transcription 3 (STAT-3) [START_REF] Kida | GP130-STAT3 Regulates Epithelial Cell Migration and Is Required for Repair of the Bronchiolar Epithelium[END_REF]. Quinones derived from 1,4-NQ are recognized for decreasing the expression levels of this protein [START_REF] Wang | Two Novel 1,4-Naphthoquinone Derivatives Induce Human Gastric Cancer Cell Apoptosis and Cell Cycle Arrest by Regulating Reactive Oxygen Species-Mediated MAPK/Akt/STAT3 Signaling Pathways[END_REF], which could explain the decrease in all behavioral parameters associated with 1,4-NQ. It is also interesting to note that both 1,4-NQ and OPA induced a decrease in the migration, motility and motility speed.

Results from the literature are divergent on the toxicity of PA. Ema et al. observed that this chemical is not toxic to pregnant rats and their litter, while Kwack & Lee stated that it decreased the viability of testicle cells by 40% at 100 mM, a concentration 10× higher than the one that caused cell death in our experiment [START_REF] Ema | Developmental Toxicity Evaluation of Phthalic Acid, One of the Metabolites of Phthalic Acid Esters[END_REF][START_REF] Kwack | Comparative Cytotoxicity and Sperm Motility Using a Computer-Aided Sperm Analysis System (CASA) for Isomers of Phthalic Acid, a Common Final Metabolite of Phthalates[END_REF]. The present study is the first to assess the toxic effects of PA on proliferating lung cells, which is of extreme importance, since, as a by-product of naphthalene, it is present in the air in urban areas.

Phthaldialdehyde is used as a common endoscope disinfectant, and there have been reported cases of severe skin and mucous membrane damage of the lip, tongue, pharynx and esophagus areas that were attributed to inadequate washing after the sterilization of a transesophageal echo device with OPA [START_REF] Suzukawa | Three Cases of Ortho-Phthalaldehyde-Induced Anaphylaxis after Laryngoscopy: Detection of Specific IgE in Serum[END_REF]46]. In the present study, OPA decreased the cell index and the optical volume, migration, motility and motility speed when compared to a control. In vivo studies showed that OPA caused fibrosis, hyperplasia, chronic active inflammation and squamous metaplasia in the lung, causing even histiocytic cellular infiltration in the alveolus. However, none of these lesions are known to cause a decrease in the pneumocyte volume or migration parameters; thus, the question regarding the mechanisms that OPA uses to cause these effects remains unanswered.

When comparing RTCA and the Holomonitor, both methods are real-time, without labelling, and useful for assessing the toxicity of all components. However, as RTCA produces an impedance value reflecting cell proliferation, it can be affected by cell surface and adhesion strength. In this manner, the Holomonitor brings a complementary method of determining the impact of a chemical on cells.

Conclusions

In conclusion, 1,4-NQ is the most toxic by-product of naphthalene, with an EC50 value that is one hundred times higher than those of other compounds, inducing structural and behavioral alterations in A549 cells. Despite their similar EC50 values on RTCA, 2-OH-NQ and PA showed no alteration in cell parameters, while OPA significantly altered optical volume, motility, motility speed and migration. The present study highlights the perfect complementarity of RTCA and the Holomonitor microscope to study alterations induced by chemicals.

. Introduction

The World Health Organization (2018) estimates that 3.8 million premature deaths per year are due to exposure to environmental pollution, especially particulate matter (PM) [1]. These nanoparticles (NPs) arise from household air pollution, industrial and traffic sources, and wildfires. In fact, around 3 billion people still cook or heat their houses using solid fuels due to economic conditions, and wood is the main fuel used for domestic biomass combustion [2]. While wood is often considered as a renewable fuel, its combustion produces primary nanoparticles more efficiently than oil or natural gas burning systems [3]. As of 2005, domestic biomass combustion was responsible for more than 45% of PM2.5 over Europe [4]. Such particulate pollution causes not only lungrelated diseases, such as pneumonia, chronic obstructive pulmonary disease, stroke, lung cancer, and cardiovascular diseases, but also negatively affects cognitive functioning 247 among the elderly [5,6]. Under the changing climate and land use change, the frequency of wildfires gradually increased worldwide. Large fires are frequently reported in countries such as Canada and the USA, Australia, Brazil, and Indonesia [7][8][9]. These fires can exert impacts ranging from regional to global on climate and air quality, in contrast to household pollution. Global exposure to wood-related aromatic compounds is inevitable. These compounds have a short lifetime in the atmosphere (several hours up to a few days) and they are ubiquitously present in fog and precipitation [10,11]. In addition, two different subfractions (water-soluble vs. organic-soluble) of wood fuel pyrolysis brown carbon (BrC) were tested and shown to be toxic to epithelial lung cells [12][13][14].

Wood burning can be described by three identified combustion stages: flaming, smoldering, and pyrolysis. Flaming is defined by the burning of wood with flames or complete combustion, while smoldering is the slow and incomplete burning of wood, with lowtemperatures, and is flameless. Pyrolysis is an intricate process that is not yet fully understood, but it is the genesis for both flaming and smoldering conditions [15][16][17][18][19][20].

In vitro studies have been performed with lung cell lines, demonstrating that woodburning biomass NP is toxic, due to the presence of phenolic compounds, organic peroxides, and polycyclic aromatic hydrocarbons (PAH). PAH are considered as human carcinogens, with well-documented mechanisms of action that involve the production of reactive oxygen species (ROS) [21,22]. In addition, in vivo studies were performed to establish which burning condition produces the most toxic outcome, but the results were inconclusive, with different studies highlighting different combustion conditions [14,18,19].

Forest fires are unexpected, and smoke can be transported over large distances. Hence, it is almost impossible not to be exposed to smoke particles and gaseous species. It is critical to understand what the most toxic mechanisms of action of biomass burning particles are, in order to prevent their adverse health effects. Three different but complementary methods were used to determine the cytotoxicity of particles. All three methods are without labelling, and are conducted in real-time. First, real-time cell analysis (RTCA) allows for the monitoring of cell proliferation and viability. It analyzes cell viability using electrical impedance. Second, the quantitative phase microscope Holomonitor produces 3D reconstructive images of cells, and measures the structural and behavioral parameters of cells, such as their area and migration. Third, the multi-mode brightfield microscope Cytation 3 provides images of cells, allowing the visualization of cell division and death [23][24][25]. All three, flaming, smoldering and pyrolysis stages, can occur during wood fires. In this study, we focused on their effects on cell proliferation, which is an important feature of the maintenance of epithelia, and on the effects on the cell structure and cell behavior of epithelial lung cells.

Materials and Methods

Cell Culture

Human carcinoma A549 cells (ATCC) were grown in Dulbecco's Modified Eagle's Medium with low glucose (1 g/L), supplemented with 10% fetal calf serum (DMEM 10% FCS, PAA Laboratories, Etobicoke, ON, Canada) and streptomycin-penicillin solution (100 units/mL; Sigma Aldrich, Saint-Quentin Fallavier, France). After trypsinization by 0.05% trypsin (Sigma Aldrich, Saint-Quentin Fallavier, France), cell concentration was measured using an automated cell counter (Sceptor Millipore, Danvers, MA, USA). Cells were used from passage 3 to 7.

Water-Soluble Particulate Pollutants from Biomass Burning

Wood pellets (Hallingdal Trepellets; water content 6.55 wt.%; length 2~3 cm, diameter 0.2-0.3 cm) were used for the production of water-soluble particulate pollutants 248 from biomass burning. For pyrolysis, the wood pellets were pyrolyzed at 535 °C without any air; for smoldering, 1.6 LPM oxygen-poor air (O2 <~5.0 Vol.%) was supplied to sustain smoldering of wood pellets maintained at 535 °C; for flaming 1.6 LPM high-purity air (O2 ~21.0 Vol.%) was supplied to sustain flaming combustion of wood pellets that were ignited at above 530 °C. The particulate emissions from specific burning conditions were collected as tar emulsions using a water-cooled trap. Then, the water-soluble fraction of the respective tar emulsions was extracted with MilliQ water (18 MΩ, sterilized by 185 nm UVA irradiation) and filtered using 0.45 µm and 0.2 µm syringe filters in sequence (polytetrafluoroethylene [PTFE] membrane, Pall Corporation) to remove impurities and PM. Subsequently, the filtered solutions were further centrifuged to remove any suspended colloidal particles (2500 rps for 4 min at -2 °C). Finally, the extracts were freezedried to obtain the water-soluble tar material in a semisolid, viscous form. The dry watersoluble extracts were termed FWS, SWS, and PWS, corresponding to the watersoluble extracts from flaming combustion, smoldering burning, and pyrolysis-related smoke particles, respectively. The chemical composition of processed wood tar extracts was extensively characterized by Pardo et al. [12]. All three water-soluble particulate pollutants from biomass burning were tested at the concentrations of 31, 62, 125, 250 and 500 µg/mL.

Measurements of Cytotoxicity 2.3.1. Real-Time Cell Analysis

The real-time cell analysis (RTCA) (Agilent, Santa Clara, CA, USA) system measures cell index, taking cell number, cell size, and adhesion force into consideration. In the case of cytotoxicity, a decrease in cell index can result from a decreased cell number (cell death), a decrease in cell adhesion, or a decrease in cell surface. During cell proliferation, cell index mainly represents cell number, since cell size is homogenous in nondifferentiating cells, and adhesion is a constant for a given cell line. In order to measure the cytotoxic response of A549 cells in real-time, 2500 cells/well were seeded on gold microelectrodes embedded at the bottom of 96-well microplates (E-plates; Roche Diagnostics, Basel, Switzerland). The gold microelectrodes emit a flow of electrons when cells are present in the wells and attached to the microelectrodes, an impedance of electron flow is created and translated into cell index. The impedance was recorded at 15 min intervals for time sequences of 72 h under control conditions, 24 h incubation with particle addition, and 24 h particle wash-out incubation. The wash-out period allows for measurement of the capacity of cells to recover after particle-exposure treatment. The RTCA system was placed in a standard 37 °C cell culture incubator with 5% CO2. The EC50 of all compounds was calculated using the RTCA system.

Data are presented as delta cell indices, calculated by the difference between final and initial cell index, for the time of treatment and wash-out periods. In particle-exposure experiments, the initial time was established as the moment of particle addition, while the final time was set at particle wash-out. For the wash-out, the initial time was fixed at the moment in which the culture with particles was replaced by the control culture medium, while the final time was 24 h afterward. Cells were also monitored for 20 h in a 96-well plate in the Cytation 3 microscope.

Quantitative Phase Imaging

Quantitative phase imaging was performed using the Holomonitor M4 digital holographic cytometer (DHC) from Phase Holographic Imaging (PHI, Lund, Sweden). The microscope was placed in a standard 37 °C cell culture incubator with 5% CO2. The microscope measured eight parameters obtained from 3D reconstructed images, every 10 min for 10 h: area, perimeter length, optical thickness, optical volume, eccentricity, migration, motility, and motility speed. 

.4. Statistical Analysis

The figures presented here depict three experiments performed independently. Data are presented as mean values ± SEM for RTCA and Holomonitor (each value represents the average of eight wells). Statistical analysis was performed with Stat View 4.5 software (Abacus Corporation, Baltimore, MD, USA) for Windows; the data were analyzed using one-way ANOVA followed by Fisher's protected least significance difference (PLSD), post hoc test. Differences were considered to be significant at a probability level of p ≤ 0.05. Water-Soluble Particulate Pollutants from Biomass Burning on A549 Cell Index A549 cells were exposed to increasing concentrations of three types of water-soluble particulate pollutants from biomass burning, in order to determine their toxicity. The particle types used were FWS, SWS and PWS, at concentrations of 31,62,125,250, and 500 µg/mL.

Results

Effects of

Figure 1 shows the evolution of the cell index provided by RTCA for A549 cells in response to increasing concentrations of SWS, PWS, and FWS particles. All three particle types showed similar results, in which cell exposure to the two smallest concentrations, 31 and 62 µg/mL, were not significantly different from the control, while exposure to 125 µg/mL decreased the cell index compared to the control (p < 0.001), and exposures of 250 and 500 µg/mL decreased the cell index of cells to 0 (Figure 1). Figure 2 represents the EC50 for each type of water-soluble particulate pollutant from varied biomass burning conditions. They were calculated from the mean of delta cell indices obtained from the treatment time for three independent experiments. The resulting EC50 are 188.3 ± 43.3 µg/mL for FWS; 188.7 ± 24.3 µg/mL for SWS; and 202 ± 20.9 µg/mL for PWS. Statistical significance was not found between the toxicities of the three particle types. The two lowest concentrations of all three types of water-soluble particulate pollutants from biomass burning did not significantly alter the cell index compared to the control (Figure 2A). The concentration of 125 µg/mL froze the cell index, inducing a static condition for cells. Exposure to higher concentrations of 250 and 500 µg/mL resulted in a highly negative delta cell index (Figure 2A).

Figure 2B shows the effect of wash-out on the cell index for cells previously treated with FWS, SWS, and PWS particles from biomass burning. For the two lowest concentrations, i.e., 31 and 62 µg/mL, the cells did not exhibit any difference from the control (Figure 2B). At a concentration of 125 µg/mL, an improvement in the cell index was observed for all three types of particles, showing that the cells were able to proliferate after the removal of particles, although at a much lower rate than the control, with the exception of PWS, which did not exhibit any statistical difference compared to the control, mainly due to a higher standard error (Figure 2B). Since the effect of the wash-out is calculated as the difference between 24h after the removal of particles and the time of removal for particles, dead cells have a delta cell index equal to 0, as observed for cells exposed to 250 and 500 µg/mL.

Photomicrographs taken with Cytation enable a more detailed observation of the effect of biomass burning particles. 
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(control, FSW, SWS, and PWS at 125, 250, and 500 µg/mL). As particle concentration of 125 µg/mL did not cause any changes in the delta cell index, leading to a static condition in the cells (Figure 2A), Figure 3D shows that, after 20h of treatment, some cells were still dividing (red arrows), but not all the dividing cells survived (yellow arrows). The full movies for 250 µg/mL are available as Supplementary Data as S1 (SWS), S2 (FWS), S3 (PWS) and S4 (Control). All three types of water-soluble particulate pollutants from biomass burning caused a strongly negative cell index at 250 and 500 µg/mL exposures (Figure 2A). However, cells treated with all three particles at 250 µg/mL started cell division, and died during the division process (Figure 3E,F), while cells treated with particles at a concentration of 500 µg/mL shrank and remained fixed during the rest of the experiment (Figure 3G,H).

Effects of Water-Soluble Particulate Pollutants from Biomass Burning on A549 Behavioral and Structural Parameters

Cells were monitored with a Holomonitor, a quantitative phase contrast microscopy for non-invasive analysis of cellular events by long-term digital phase imaging, allowing for the quantification of behavioral and structural parameters. The analyses were performed for 10 h, and results are presented as the mean of the last two hours.

The area and optical volume of cells were not affected by any of the three types of particles in any of the tested concentrations (Figure 4A,D). SWS and FWS caused a decrease in the perimeter of cells at 500 µg/mL, while PWS had no effect (Figure 4B). The optical thickness of cells increased after treatment with FWS and SWS at 500 µg/mL, but did not change after treatment with PWS (Figure 4C). The eccentricity of the cells was not affected by any of the three types of particles in any of the tested concentrations (Figure 5A). FWS, SWS, and PWS caused a decrease in the migration and motility speed of cells at 250 and 500 µg/mL, further validating the results obtained with Cytation (Figure 5B,D). The cells' motility decreased when treated with FWS, SWS, and PWS particles at 500 µg/mL, but only with FWS and PWS at 250 µg/mL (Figure 5C). 

Discussion

Water-soluble organics constitute the major and most environmentally relevant fraction of biomass burning smoke particles. However, the health effect and toxicity mechanisms of these water-soluble carbonaceous pollutants are not fully constrained, due to their inherent complexity, which arises from the varying burning conditions and particle compositions. The present study investigated the cytophysics-based toxicity of the watersoluble fraction of biomass burning particles emitted from almost all combustion processes, including FWS, SWS, and PWS. The main finding of the present study is that watersoluble particulate pollutants from biomass burning are toxic at high concentrations (higher than 125 µg/mL). Cell division, or mitosis, is a complex succession of sophisticated rearrangements of all cell components, and is critical for epithelium renewal. Mitosis is rather easily perturbed in response to cell environmental changes. For these reasons, it is a reliable parameter for testing the toxicity of chemical compounds. There is no major difference between the three types of biomass burning particulates, SWS, PWS and FWS, since their EC50 for the inhibition of cell proliferation was similar. The effects of biomass burning particles can be tested by analyzing the structural effect they exert on cells, such as area, perimeter, and optical thickness. Only cell perimeter and optical thickness were affected by the water-soluble fraction of smoke particles, at the highest concentrations tested (500 µg/mL) for smoldering and flaming, but not for pyrolysis. Another approach for analyzing the toxicity of chemicals is to study their effects on cell behavior, such as migration, motility, and motility speed. These three behavioral parameters decreased at 250 µg/mL for the three particle subtypes that were tested. As expected, the materials altered the cell behavior at concentrations lower than those required to produce cell structure modifications (250 vs. 500 µg/mL). Surprisingly, cell division was more sensitive than behavioral changes, as a concentration of 125 µg/mL was sufficient to significantly alter cell division. This is most likely related to the fact that 255 cell division is highly complex and finely regulated and, therefore, more sensitive to chemicals.

Previous studies have indicated that exposure to biomass burning particles in indoor air and from wildfires may impact human health [26,27]. Regarding in vitro toxicity, studies with A549 cells have demonstrated that PWS biomass burning particles were toxic to cells at 200 µg/mL [12]. Biomass burning particles generate ROS and induce DNA damage [12,28]. In the present study, all three types of particles caused cell death at 250 and 500 µg/mL, and stopped cell proliferation at 125 µg/mL (Figures 1 and2A). To investigate whether the toxic effects induced by the particles continued even after their removal from the cells, the culture medium in which the particles were maintained was replaced by a clean culture medium, allowing for the investigation of the recovery of the cell properties by real-time cell analysis, a procedure never previously reported in the literature. Cells treated with 125 µg/mL had partially recovered; however, their speed of cell proliferation was significantly lower compared to the control (Figure 2B). This observation suggests that exposure caused permanent cell damage. Cells treated with 250 and 500 µg/mL did not restart proliferation for all three types of particles from biomass burning.

Pardo et al. [12], while working with similar materials from the SWS phase, described the toxicity of these NPs by the reduction in the cellular antioxidant activity, characterized by a decreased Nrf2 factor, and an inflammatory response, characterized by an increase in . The decrease in the Nrf2 factor and the increase in and TNF-α are corroborated by de Oliveira Alves et al. [27] and Mondal et al. [29]. Additionally, de Oliveira Alves et al. [27] stated that biomass burning caused cell death by autophagy, apoptosis, and necrosis. Ko et al. [30] observed that the suppression of Nrf2 in A549 cells inhibited cell migration and invasion, and shrunk cell size due to decreased focal adhesions via inhibition of the RhoA-ROCK1 pathway. In this study, the results show that water-soluble particle pollutants from biomass burning did not alter the area, optical volume, or eccentricity (how elongated the cells are) of cells for any of the three combustion types, a result that can also be observed by time-lapse microscopy (Figure 3). However, the particles did alter the cell structure by increasing their optical thickness and decreasing their perimeter (for FWS and SWS) (Figure 4). PWS did not change any of the cells' structural parameters. Related to the behavioral parameters, all three extract types decreased the migration and motility speed of cells at 250 µg/mL (Figure 5), in agreement with the decreased expression of Nrf2 [12] and its effect on cell migration [30].

Differences in toxicity due to combustion conditions have rarely been investigated in the literature. Moreover, the few studies that investigated the effects of the combustion process are controversial, as Hargrove et al. (2019) stated that SWS particles induce more respiratory effects than FWS particles, while Kim et al. [17] stated the opposite, with both citing the emission factor as a determinant factor in the toxicity of biomass burning particles. In our study, SWS, and FWS particles exhibited the same overall toxicity. PWS, however, was less toxic than FWS and SWS and did not induce changes in the structural parameters, while inducing changes in two (migration and motility speed) out of three behavioral parameters (Figures 4 and5).

The present study is also an opportunity to compare three different methods for cell analysis: RTCA, phase imaging microscopy, and time-lapse microscopy. The three methods provide real-time monitoring of the cells without labelling. Each process has its own advantages and drawbacks. RTCA is based on impedance measurements, which are affected by the surface of electrodes covered by the cells and the adhesion strength of the specific cell line. Cell size is rather constant and homogeneous during cell proliferation. Adhesion strength is a characteristic of the cell line. Under normal conditions, it is not expected to change; however, the possibility that adhesion may be altered by various chemicals cannot be excluded. For this reason, the results obtained from RTCA were 256 crosschecked using phase imaging microscopy (Holomonitor), which measures numerous cell parameters, such as cell volume and mobility, which are normally difficult to measure. The results showed that cell surface did not change in response to particles, and the decrease in cell index cannot be explained by a reduction in cell size, which strengthens the conclusion that these results from a decrease in cell proliferation. Interestingly, time-lapse microscopy showed that cells were still capable of division in response to the 250 µg/mL treatment, but this invariably ended with cell death (Figure 3).

All tests were performed in A549 cells, a commonly used tumorigenic cell line. Pardo et al. [13] compared the toxicity of wood tar materials in both A549 and BEAS-2B cells, finding that BEAS-2B were slightly less responsive to the toxic effects of biomass burning than A549. Other studies, however, stated that BEAS-2B is more responsive to toxicity than A549 [31,32]. Pardo et al. [13] justify the use of A549 cells by stating that BEAS-2B cells are immortalized by integrated SV40 virus and present a low sensitivity, suggesting that the choice of BEAS-2B over A549 is disputable.

Conclusions

Materials extracted from biomass burning particles from three combustion processes did not exhibit differences in toxicity with respect to the cell index of A549 cells, exerting toxic effects on cells at 125, 250, and 500 µg/mL. All three types of water-soluble particulate pollutants from biomass burning caused a decrease in the migration, motility, and motility speed at 250 and 500 µg/mL, with the exception of PWS, which did not cause a decrease in motility for 250 µg/mL, as measured by a Holomonitor for 10 h. Overall, the particles from FWS and SWS were the only ones that affected cell structure by increasing the cell optical thickness (FWS and SWS 500 µg/mL, Figure 4) and decreasing the perimeter length (FWS and SWS 500 µg/mL). Furthermore, the different real-time and label-free methods, used here to study the toxicity of these particles, shared an essential complementarity to properly assert toxicity studies of atmospheric pollutants. Our results demonstrate that a short but intense exposure to water-soluble particulate pollutants from biomass burning may exert long-term, persistent, deleterious effects.

  100 µM, la 2-hydroxy-1,4-naphtoquinone (2-OH-NQ), l'acide phtalique (PA) et le phtaldialdéhyde (OPA) testés à 1, 2,5, 5, 7,5 et 10 mM. Les résultats montrent une EC50 de 31,8 µM pour 1,4-NQ, 5,3 mM pour 2-OH-NQ, 5,2 mM pour PA et 4,2 mM pour OPA. Le 1.4-NQ est le sous-produit le plus toxique, 100 fois plus que les autres sous-produits de naphtalène. Après que le milieu de culture dans lequel les produits chimiques ont été dissous ait été remplacé par un milieu de culture sans contaminant, les cellules traitées avec 25 µM de 1,4-NQ, 5 et 7,5 mM de PA et 2,5 d'OPA ont eu une augmentation de leur cell index, ne différant pas du contrôle. Les cellules ont été surveillées avec Holomonitor pendant 10h. La 1.4-NQ et l'OPA ont diminué le volume, la migration, la motilité et la vitesse de motilité des cellules. 2-OH-NQ et PA n'ont induit aucun changement dans les paramètres cellulaires structurels et comportementaux. Puisque la 1,4-NQ est le produit chimique le plus toxique, d'autres études ont été menées pour comprendre son mécanisme d'action. Les résultats montrent que 1,4-NQ de 10 à 40 µM augmente le stress oxydatif (mesurée par coloration DHR) par rapport au témoin. Pour prévenir ses effets, l'antioxydant glutathion a été ajouté de deux manières différentes : mélangé avec de la 1.4-NQ à 20
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  Articles published in the context of the thesis: o Lima de Albuquerque, Y.; Berger, E.; Li, C.; Pardo, M.; George, C.; Rudich, Y.; Géloën, A. The Toxic Effect of Water-Soluble Particulate Pollutants from Biomass Burning on Alveolar Lung Cells. Atmosphere 2021, 12, 1023. o Lima de Albuquerque, Y.; Berger, E.; Tomaz, S.; George, C.; Géloën, A. Evaluation of the Toxicity on Lung Cells of By-Products Present in Naphthalene Secondary Organic Aerosols. Life 2021, 11, 319. https://doi.org/10.3390/life11040319 • Oral presentations o Yuri Lima de Albuquerque, Alain Géloën. Protective effect of different concentrations of glutathione against the toxicity of 20 µM of 1,4-naphthoquinone. Young researchers in biology of the Region Auvergne-Rhône-Alpes, Villeurbanne, France, 2021. o Yuri Lima de Albuquerque, Christian George, Emmanuelle Berger, Alain Géloën. Protective effect of glutathione on A549 cells treated with different concentrations of 1,4-naphthoquinone, Journée scientifique de l'EDISS, 2020. • Poster presentations o Yuri Mateus Lima de Albuquerque, Sophie Tomaz, Sebastien Perrier, Matthieu Riva, Christian George, Alain Géloën. Effect of glutathione on the toxicity of naphthalene atmospheric nanoparticles on 3T3-L1 cell line, Journée scientifique de l'EDISS, 2019.
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 252627282930313233343536373839144041424344454647485254 Figure 25: Effect of fresh (F) or aged (A) naphthalene NPs (at 25 or 50 µg/mL) on 3T3-
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 11 water-soluble tar materials from biomass burning GBD: Global burden of diseases, injuries, and risk factors study GCL: glutamate-cysteine ligase GGT-MS: proton transfer reaction time-of-flight mass spectrometer PWS: pyrolysis water-soluble tar materials from biomass burning RhoA: Ras homolog family member A ROCK1: Rho Associated Coiled-Coil Containing Protein Kinase transducer and activator of transcription 3 SVOC: semi-volatile organic compound SWS: smoldering water-soluble tar materials from biomass burning TBARS: thiobarbituric acid reactive substances TNF-α: tumor necrosis factor alpha UFPM: ultrafine particulate matter ULK1: Unc-51 like autophagy activating kinase 5 million people had premature deaths due to air pollution, according to the Global Burden of Diseases, Injuries, and Risk Factors Study 2017 (GBD, 2017), an epidemiological study comparing results of 145 countries led by the researches at the World Health Organization and based at the Institute for Health Metrics and Evaluation (IHME)/University of Washington.This number previously cited for air pollution deaths is higher in 2017, for example, than child malnutrition (3.1 million of deaths) or alcohol related deaths (2.8 million of deaths), or even illegal drugs abuse (585 thousand of deaths). That is a growing factor for health problems according to this epidemiological study, when showing that in the leading causes of premature deaths, Ambient Particulate Matter (particulates in suspension in air) occupied the 17th position on 1990, then the 13th in 2007 and the 10th on 2017 (GBD, 2017).In addition, the Global Burden of Diseases, Injuries, and Risk Factors Study 2017 adds a list of the 10 leading risks for premature death, where air pollution is the only environmental, the others being behavioral or metabolic. In the 10 leading risks for premature death in 2007, unsafe water source was the 9th leading cause, being lowered to 14th by 2017, showing that the world's population does not share the same preoccupations about the quality of water and air.
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 2 Figure 2: Schematization of the size and main target for particulate matter and nanoparticles (from Nemmar et al., 2013).
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 3 Figure 3: Annual mean ambient of PM2.5µm (µg/m3), 2020. The box in the left lower side indicates the level of PM2.5µm in µg/m3 through intensity of the blue
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 4 Figure 4: Routes of entrance and reach of PM 0.1 μm in the body (Oberdöster et al., 2004; Helland et al., 2007; Theodorou et al., 2014; Teleanu et al., 2018).
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 5 Figure 5: Entry of NPs into cell using different endocytotic pathways.a Macropinocytosis and phagocytosis.b Clathrin-mediated endocytosis, clathrincaveolin independent endocytosis and caveolae-mediated endocytosis (Foroozandeh and Aziz, 2018).
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 56 Figure 6: Mechanisms of cell damage by nanoparticles. (1) Physical damage of membranes; (2) Structural changes in cytoskeleton components; (3) Disturbance of transcription and oxidative damage of DNA; (4) Damage of mitochondria; (5) Disturbance of lysosome funct functioning; (6) Generation of reactive oxygen species; (7) Disturbance of membrane protein functions; (8) Synthesis of inflammatory factors and mediators (Sukhanova et al., 2018).

  studied the effects of NPs with different shapes (needle-like, plate-like, rod-like, and spherical) on cultured BEAS-2B cells (normal bronchial epithelium) and demonstrated that plate-like and needle-like NPs caused death of a larger proportion of cells when compared to spherical and rod-like NPs, probably due to those first damaging the cell membrane. Studies from Park and co-workers (2003) show that nanotubes can block calcium channels, a fact that is not true for spherical NPs. Similar studies from Hu et al. (2010) evaluated the toxicity of graphene oxide nanosheets relating it to their shapes and ability to damage cell membranes. They found out that the toxicity decreased when the fetal calf serum concentration increased, showing the high capacity of these NPs in adsorbing protein molecules, which cover the NP surface and changes the shape of the NPs. This change in the shape is what the authors believe prevented the damages in the cell membranes, thus cell death.
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 8 Figure 8: Skeletal formula of a: benzoquinone; b: 1.4-naphtoquinone; and c: anthraquinones.
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 9 Figure 9: Mechanism of formation of 1,2-naphthoquinone (red) and 1,4naphthoquinone (green) from the oxidation of naphthalene.

Figure 10

 10 Figure 10 Schema of 1,4-naphthoquinone entrance inside the cell inducing ROs production. Courtesy of Marcela Vieira.

Figure 11

 11 Figure 11 Skeletal formula of 2-hydroxy-1,4-naphthoquinone.

Figure 12 Adverse

 12 Figure 12 Adverse Outcome Pathway of 1,4-naphthoquinone on a cellular level

  Cell confluency was assessed by a light microscope EVOS XL core (Invitrogen by Thermo Fisher Sciences, Waltham, MA, USA). Prior to cell passage, the culture medium in the flask was discarded and the cells were washed twice with sterile phosphate buffered saline (PBS) to remove any FCS remnant. Cells were then exposed to 10 mL of 0.05% trypsin-Ethylene Diamine Tetra Acetic Acid (EDTA) solution (Thermo Fisher Science, Waltham, Massachusetts, United States) and incubated at 37°C for 5 minutes (CO2 incubator Hera Cell, Thermo Fisher Sciences, Waltham, MA, USA) until the cell monolayer had detached from the flask floor. Trypsin was deactivated by adding 10 mL of culture medium. The mixture of cells, trypsin and culture medium was centrifuged at the speed of 200 x g for 5 min (Centrifuge 5910R, Eppendor, Hambourg, Germany). The supernatant was discarded and the pellet of cells was resuspended in 10 mL of culture medium to subculture the cells into a new flask at a dilution of 1:5 -1:20. Culture medium was renewed 2-3 times per week.

(

  SMPS) composed by a Differential Mobility Analyzer (DMA 3081, TSI Inc., US) coupled with an Ultrafine Condensation Particle Counter (CPC 3776, TSI Inc., US).

  -NQ was tested at the concentrations of 10, 25, 50 and 100 µM; and 2-OH-NQ, PA and OPA were tested at the concentrations of 1, 2.5, 5, 7.5 and 10 mM, based on concentrations used in the studies of Sauriasari et al. (2007), Shang et al. (2013), Kwack & Lee (2015), and Catlin et al. (2017).

Table 2

 2 Description of four chemicals. Empirical formula, CAS number, molecular weight, target organs for toxicity, hazard classifications and pictograms.

  2 MΩ, sterilized by UV irradiation). The water extracts were treated in sequence with 0.45 and 0.2 μm PTFE membrane filtration and centrifugation (2500 rps for 5 min at -2°C) to remove any suspended colloidal particles. Finally, the water extracts were freeze dried to get semisolid with high viscosity water-soluble tar materials. The stock solution of the polar wood tar in water could be kept at 2°C in the dark for approximate one month without significant absorption change. The Weizmann Institute of Research (Israel) have provided us with the chemical analysis of these particles. The particles were analyzed with HR-Tof-AMS, results summarized in Figure 15. The figure depicts fragmented compositions in term of hydrocarbon (CxHy+), oxygenated hydrocarbon (CxHyO+, CxHyOz+), nitrogencontaining fragments (CxHyOiNp+), and minor nitrogen oxide ions (NOy+).

Figure 15

 15 Figure 15 Composition of wood biomass burning particles.

  RTCA system (Agilent, Santa Clara, CA, United States) employs a technique that allows the analysis in a non-invasive way and in real-time cellular processes such as adhesion, surface change and cell proliferation. These techniques thus make it possible to study cells in vitro without the need to label target cells or proteins with, for example, fluorescent probes. RTCA instruments utilize patented microplates (E-Plates) containing gold biosensors embedded in the bottom of each well. These biosensors continuously and noninvasively monitor changes in cell number, cell size, and adhesion strength quality through the constant flow of electrons from the positive to the negative side of the electrodes. When cells are attached to the bottom of each well, the flow of electrons is perturbed, creating impedance. Thus, this impedance can be induced by any of the three before mentioned criteria (cell number, size of adhesion strength). Then, the impedance is translated into cell index, a dimensionless unit used by the instrument.

Figure 17 Cytation™ 3 (

 173 Figure 17 Experimental protocol for Holomonitor

Figure 19 :

 19 Figure 19: The whole module exposure of the Vitrocell 12/12 system with the upper part with the inlet/outlet heads.

Fallavier,

  France). After 20 min incubation in the frigde (4 °C) the cells were centrifuged at 1000 rpm for 5 min Centrifuge 5910R, Eppendor, Hambourg, Germany). The pellet was dissolved in 100 µL of dihydrorhodamine 123 (DHR) 1x diluted in PBS Triton 0.1%. The cells were incubated with the DHR solution for a minimum of 15 min in room temperature in the dark. After the determined period for incubation, 400 µL of PBS was added for each one of the samples. Toxicity will be determined by changes on the cell index, parameters of cell monitored by Holomonitor and results of fluorescence of zombie red (viability of cell membrane) or DHR (oxidative stress production) when statistically different from control.

Figure 22 :

 22 Figure 22: A: Evolution of cell index during 3T3-L1 cell proliferation under control conditions and then during exposure to fresh naphthalene NPs at 25 or 50 µg/mL. B: Evolution of cell index during 3T3-L1 cell proliferation under control conditions and then during exposure to aged naphthalene NPs at 25 or 50 µg/mL. Black arrows indicate time of addition of nanoparticles. "A" means aged; "F" means fresh nanoparticles.

Figure 23 :

 23 Figure 23: Delta cell index between control and cells after 24 hours exposure to NPs. Fresh naphthalene NPs at 25 µg/mL (F 25) or 50 µg/mL (F 50) significantly reduced cell proliferation compared to their respective control (C 25 and C 50). Fresh naphthalene NPs were diluted in culture medium supplemented with glutathione 1 mM (FG 25 and FG 50), which fully restored the cell proliferation of cells exposed to 25 µg/mL (FG25 vs CG25) and allowed to partially restore cell proliferation in the presence of naphthalene at 50 µg/mL (FG 50 vs CG 50). Data are presented as mean values +/-SEM (n=8). Results from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Figure 24 presents

 24 Figure24presents the effect of aged naphthalene NPs at 25 or 50 µg/mL with or without the antioxidant glutathione at 1mM. Again, aged naphthalene NPs were diluted in culture medium supplemented with 1mM of glutathione the moment before addition to cells. Aged NPs at 25 µg/mL did not affect the cell index of cells when compared to the respective control (A25 vs C25, ns). Aged naphthalene NPs at 50

Figure 31 8 ±

 318 Figure 31 represents the EC50 for each chemical. They were calculated from the mean of the delta cell indexes obtained from at least three repetitions. Results are 31.8 ± 4.3 µM for 1,4-NQ; 5.3 ± 0.6 mM for 2-OH-NQ; 5.2 ± 0.3 mM for PA; and 4.2 ± 0.5 mM for OPA.
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 2 NQ was toxic to cells at the concentrations of 5, 10 and 25 µM, while 1.4-NQ was toxic only at the concentrations of 10 and 25 µM. Both chemicals did not differ among them at the concentrations of 5 and 10 µM, while 1.2-naphthoquinone is less toxic than its concentration of 25 µM. The mix of both chemicals was also tested, representing the same concentration (e.g. Mix 5 µM represents 5 µM of 1,2-NQ and 5 µM of 1,. The mix at the concentrations of 5 and 10 µM was toxic to control, but did not differ from the chemicals alone, while at 25 µM it was more toxic than 1.2-NQ, but less toxic than 1. 

Figure 32 :

 32 Figure 32: Effect of 1.2-, 1.4-naphthoquinone or the mix of both on the cell index of A549 cells. Data are presented as mean values +/-SEM (n=8). Delta cell index was calculated as Final (time of removal of chemicals, 24h after addition) -Initial (time of addition) -Initial (time of addition of chemicals). Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Image represents one representative experiment.

  illustrates the curves of ROS production induced by 1,4-NQ in increasing concentrations. 1,4-NQ at 10 µM and control had curves that overlaps (showing no difference), while the curve of 1,4-NQ concentrations moved to the right (increased ROS production. Figure 40 illustrates the effect of 1,4-NQ on the ROS production of A549 cells through a graph with the mean of three experiments.

Figure 39 Figure 40 :

 3940 Figure 39: 1,4-NQ incubated for 24h induced ROS production monitored by cytometry analysis of DHR 1,2,3 fluorescence. A: 1,4-NQ at 10 µM; B: 1,4-NQ at 20 µM; C: 1,4-NQ at 30 µM; and D: 1,4-NQ at 40 µM. Results are from one representative experiment. Experiments have been repeated 3 times.

Figure 41 :

 41 Figure 41: Effect of 1,4-NQ in increasing concentrations for 24h on the cell number of A549 cells. A: Control; B: 1,4-NQ at 10 µM; C: 1,4-NQ at 20 µM; D: 1,4-NQ at 30 µM; and E: 1,4-NQ at 40 µM. Results are from one representative experiment. Experiments have been repeated 3 times. Cells are represented by red points. Note the decrease of cells represented by the value P1, showed below each image.

Figure 42 :Figure 43 :

 4243 Figure 42: Effect of 1,4-NQ in increasing concentrations for 24h on the FSC-H of A549 cells, an indicative of cell size given by FACS. A: 1,4-NQ at 10 µM; B: 1,4-NQ at 20 µM; C: 1,4-NQ at 30 µM; and D: 1,4-NQ at 40 µM. Results are from one representative experiment. Experiments have been repeated 3 times.

  A-C), Mix Glutathione 2.5mM + 1.4-NQ (Fig 48 D-F), Mix Glutathione 5mM + 1.4-NQ (Fig 48 G-I), Mix Glutathione 7.5mM + 1.4-NQ (Fig 48 J-L), mix Glutathione 10 mM + 1.4-NQ (Fig 48 M-O) and 1.4-NQ at 20 µM (Fig 48 P-R). The images revealed that the decrease in the cell index was most likely due to the decrease in the adhesion of the cells, more evident with the images of the mixes Glutathione 7.5 mM + 1.4 NQ and 10 mM + 1.4-NQ (Figures 48 J-O).

  Figure 50: Effect of glutathione (G) in increasing concentrations (5-10mM) and the mix of glutathione (7.5 and 10 mM) with 1.4-NQ (20 µM) on cell viability of A549 cells. A: Glutathione 5 mM; B: Glutathione 7,5 mM; C: Glutathione 10 mM; D: Mix of glutathione 7,5 mM; C: Glutathione 10 mM; D: Mix of glutathione 7,5 mM; C: Glutathione 10 mM; D: Mix of glutathione 7,5 mM + 1,4-NQ 20 µM; E: Mix of glutathione 10 mM + 1,4-NQ 20 µM; and F: 1,4-NQ 20 µM. Cell viability was monitored by cytometry analysis of zombie red. Results represent one representative experiment.

  Figure 44 shows the curves of fluorescence with DHR. All curves of glutathione treated cells overlapped and did not differ with control (Figure52 A-D). The curve of cells treated with 1.4-NQ at 20 µM, although overlapping with control, moved more to the right, especially in the base of the curve, justifying the difference (Figure52 E). Also, the figure of the curves is representative of one experiment, while the histogram shows the mean of three experiments. Cells pretreated with glutathione and control did not differ among them, proving the protective effect of the antioxidant glutathione against the pro-oxidative effect of 1.4-NQ (Figure52 F).

Figure 52 :

 52 Figure 52: Protective effect of glutathione (G) pre-incubated for 15h against increasing concentrations of 1,4-NQ incubated for 24h on the ROS production monitored by cytometry analysis of DHR 1,2,3 fluorescence. A: G-2,5 mM 1,4NQ at 20 µM; B: G-5 mM 1,4NQ at 20 µM; C: G-7,5 mM 1,4NQ at 20 µM; and D: G-10 mM 1,4NQ at 20 µM; E: 1,4NQ at 20 µM; and F: Histogram with the ROS production monitored by cytometry analysis ofDHR 1,2,3 fluorescence. Image F represent the mean of three experiments. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

  Figure 53: Dose-response curves of A549 cell proliferation in response to increasing concentrations of water-soluble particulate pollutants from biomass burning after various burning conditions: A: smoldering (SWS); B: pyrolysis (PWS); and C: flaming (FWS). Color code: dark blue: control, pink: 31 µg/mL; light blue: 62 µg/mL; purple: 125 µg/mL; green: 250 µg/mL; and red: 500 µg/mL.

  Figures 56, 58 and 60 show that the low concentrations (31 and 62 µg/mL) of SWS, FWS and PWS did not have any impact on the cells when compared to Control (Figure55 A-B).

Figure 57 :Figure 58 :Figure 59 :Figure 60 :

 57585960 Figure 57: Photomicrographs of cells treated with FWS water-soluble particle pollutants from biomass burning. A-B: 125 µg/mL; C-D: 250 µg/mL; and E-F: 500 µg/mL. A, C and E: photomicrography at the beginning of the time-lapse. B, D and F: photomicrography after 19h45min of treatment. Yellows arrows point to dying cells. Red arrows point to cells in division. Results from one representative experiment.

  Area and optical volume of cells were not affected by any of the three types of particles in any of the tested concentrations (Figure61A, D). SWS and FWS caused

Figure 62 :

 62 Figure 62: Effects of three types of water-soluble particulate pollutants from biomass burning on A: eccentricity, B: migration, C: motility, and D: motility speed of A549 cells. Significant differences at p ≤ 0.05 between the particles and control are represented by F for FWS, S for SWS and P for PWS. Results are the mean of three experiments.

  Publications on aged naphthalene NPs are very rare in the literature, the only two papers found being[START_REF] Chowdhury | Exposure of Lung Epithelial Cells to Photochemically Aged Secondary Organic Aerosol Shows Increased Toxic Effects[END_REF] and[START_REF] Han | Proteome-Wide Effects of Naphthalene-Derived Secondary Organic Aerosol in BEAS-2B Cells Are Caused by Short-Lived Unsaturated Carbonyls[END_REF].[START_REF] Chowdhury | Exposure of Lung Epithelial Cells to Photochemically Aged Secondary Organic Aerosol Shows Increased Toxic Effects[END_REF], through MTT and PCR tests, found that aged naphthalene NPs were more toxic than the fresh ones. However, they used the air-liquid interface, with the consequence that their NPs were not diluted in the culture medium, which may explain the different result.[START_REF] Han | Proteome-Wide Effects of Naphthalene-Derived Secondary Organic Aerosol in BEAS-2B Cells Are Caused by Short-Lived Unsaturated Carbonyls[END_REF], based on proteome-wide effects, indicate that fresh naphthalene SOA are more toxic than the aged on BEAS-2B cells, stating that naphthalene SOA acts through oxidative stress by activating the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (proved by the increase of the NAD(P)H:quinone oxidoreductase-1 protein, NQO1, a protein regulated by Nrf2). Han et al. (2020) justified the discrepancy between their results with Chowdhury et al.'s results (2018) with the different extents of photooxidation by OH, since Han et al. (2020) photo-oxidized their SOA for 2 days and Chowdhury et al. (2018) for 10 days.

Figure 63 :

 63 Figure 63: Conjugation between shikonin, a 1,4-naphthoquinone derivative, with glutathione. Extracted from Wiart, 2013.

  , 54A). A result that corroborates the in vitro toxicity study on A549, performed by Pardo et al. (2020), using cell viability fluorescence with flow cytometry, where they found that PWS biomass burning particles were toxic to cells at 200 µg/mL. These results are explained by Bølling et al. (2012) and Pardo et al. (2020) that affirmed that biomass burning particles generate ROS and induce DNA damage. Pardo et al. (2020) also discovered that these particles downregulated the genes related to the Nrf2 factor and caused an inflammatory response, characterized by the upregulation of IL-1β, TNF-α and IL-8. The decrease of the Nrf2 factor and the increase of IL-1β and TNF-α are corroborated by de Oliveira Alves et al. (2017) (using immunohistochemistry) and Mondal et al. (2018) (using flow cytometry).

Figure 1 .

 1 Figure 1. Ratio of relative abundances in fresh and aged aerosols for compounds detected in NAP SOA.

Figure 2 .

 2 Figure 2. Abundances of some identified compounds in DMEM compared with ACN

Figure 3 .

 3 Figure 3. a. Evolution of cell index during time of 3T3-L1 proliferating cell under control conditions or during exposure to NAP SOA at 50 (F50) and 25 (F25) µg mL -1 . Addition of NAP SOA (arrow) to culture medium significantly reduced cell proliferation. b. Difference in cell index between control condition and after 24 hours exposure to NAP SOA. SOA concentration at 50 µg mL -1 (F 50) and 25 µg mL -1 (F 25) significantly reduced cell proliferation compared to their respective control (C 50 and C 25) with and without glutathione (G) and their respective control. Data are presented as mean values +/-SEM (n=7). Results from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05.

Figure 4 .

 4 Figure 4. Effect of fresh or aged NAP SOA (at 50 and 25 µg mL -1 ) on 3T3-L1 cell proliferation. Data are presented as mean values +/-SEM (n=6). Results are from one representative experiment. Experiments have been repeated 3 times. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Toxicity using chemical standards and oxidative stress While some compounds have been detected as potentially affecting cell proliferation, a limited number of commercially available standards could be used for singlecompounds in-vitro experiments. In an attempt to verify which component of the NAP SOA is toxic, phthalic acid being less abundant in fresh NAP SOA, 2-hydroxy-1,4napthoquinone and 1,4 naphthoquinone being more abundant in fresh NAP SOA were also tested on the proliferation of 3T3-L1 fibroblasts cells.

Figure 5 .

 5 Figure 5. Effect increasing concentrations of 1,4 naphthoquinone, 2-OH-1,4naphthoquinone and phthalic acid on proliferating 3T3-L1 cells, expressed as the difference of cell index before addition of compounds and after 24 hours. Significativity has been calculated using ANOVA followed by Fisher PLSD. Different letters indicate a significant difference at p<0.05. Discussion Addition of NAP SOA to culture medium significantly decreased cell proliferation at both 25 and 50 µg mL-1 . Since cell division is a strictly regulated succession of complex biochemical and structural mechanisms, it is an adequate parameter to study the sensitivity to pollutants. Besides, cell proliferation is an absolute necessity even in adult organisms to maintain their functionalities fully efficient. Indeed, cell replacement occurs permanently in skin, intestinal epithelium and even olfactory epithelium. Furthermore, using the measure of impedance to quantify cell proliferation allows realtime measurement in the absence of markers which may induce undesirable side effects. Naphthalene is an important precursor of secondary organic aerosol of anthropogenic source.33 Although the apoptotic effects of NAP SOA have been reported,16 we show for the first time the effect of NAP SOA on real-time cell proliferation. NAP SOA is known to produce reactive oxygen species such as hydrogen peroxide (H2O2) and superoxide radicals (O2 .-).16 Reactive oxygen species play a crucial role in numerous pathologies such as cardiovascular, neurological diseases, cancer, diabetes and immunity.34, 35 ROS are formed in water and in

Figure 1 .

 1 Figure 1. Dose-response curves of A549 cell proliferation in response to (A) 1,4-naphthoquinone (1,4-NQ) at 12.5 µM (pink), 25 µM (purple), 50 µM (green), 100 µM (red) and control (light blue); (B) 2-hydroxy-1,4-naphthoquinone (2-OH-NQ); (C) phthalic acid (PA); and (D) phthaldialdehyde (OPA). For (B-D): 1 mM (pink); 2.m (purple); 5 mM (green); 7.5 mM (blue); and 10 mM (red) and control (light blue). Black arrows: time of addition of the treatment (TRT).

Figure 2

 2 Figure 2 represents the EC50 for each chemical. They were calculated from the mean of the delta cell indexes obtained from at least three repetitions. Results are 38.7 ± 5.2 µM for 1,4-NQ; 5.3 ± 0.6 mM for 2-OH-NQ; 5.2 ± 0.3 mM for PA; and 4.2 ± 0.5 mM for OPA.

Figure 2 .

 2 Figure 2. Delta cell index in response to increasing concentrations of (A) 1,4-naphthoquinone (1,4-NQ); (B) 2-hydroxy, 1,4-naphthoquinone (2-OH-NQ); (C) phthalic acid (PA); and (D) phthaldialdehyde (OPA). Asterisks indicate significant differences at p < 0.05 when compared to control.

Figure 3 .

 3 Figure 3. Effects of 50 µM of 1,4-naphthoquinone (1,4-NQ) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. Black lines above the curves indicate significant differences at p < 0.05 between 1,4-NQ and control.

Figure 4 .

 4 Figure 4. Effects of 5 mM of 2-hydroxy-1,4-naphthoquinone (2-OH-NQ) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. No significant differences were observed in these parameters.

Figure 5 .

 5 Figure 5. Effects of 5 mM of phthalic acid (PA) on the (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. No significant differences were observed in these parameters.

Figure 6 .

 6 Figure 6. Effects of 5 mM of phthaldialdehyde (OPA) on (A) area, (B) optical volume, (C) perimeter length, (D) migration, (E) motility and (F) motility speed of A549 cells. Black lines above the curves represent significant differences at p < 0.05 between OPA and the control.
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2

 2 

Figure 1 .

 1 Figure 1. Dose-response curves of A549 cell proliferation in response to stimulations by increasing concentrations of water-soluble particulate pollutants from biomass burning obtained for various burning conditions: (A): smoldering (SWS); (B): pyrolysis (PWS); and (C): flaming (FWS). Color code: dark blue: control, pink: 31 µg/mL; light blue: 62 µg/mL; purple: 125 µg/mL; green: 250 µg/mL; and red: 500 µg/mL. Black arrows indicate time of treatment addition; orange arrows indicate time of wash-out.

Figure 2 .

 2 Figure 2. Delta cell index of A549 cells. (A): Delta cell index for the time of treatment with increasing concentrations of three types of water-soluble particulate pollutants from biomass burning: flaming (FWS), smoldering (SWS), and pyrolysis (PWS). (B): Delta cell index for the time of wash-out after removal of water-soluble particulate pollutants from biomass burning. Means of three independent experiments are presented. Significant differences at p ≤ 0.05 between the particles and the control are represented by F for FWS, S for SWS, and P for PWS.

  Figure 3 represents the initial (Figure 3A,C,E,G) and final time (Figure 3B,D,F,H) of treatment with the particles at different concentrations
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Figure 3 .

 3 Figure 3. Photomicrographs of cells treated with SWS water-soluble particle pollutants from biomass burning. (A,B): Control; (C,D): 125 µg/mL; (E,F): 250 µg/mL; and (G,H): 500 µg/mL. (A,C,E, and G): photomicrography at the beginning of the time-lapse. (B,D,F, and H): photomicrography after 19 h 45 min of treatment. Yellow arrows point to dying cells.

  cells during division. Cells treated with FWS and PWS exhibited similar results. The full movies for 250 µg/mL are available in the Supplementary Data.

Figure 4 .

 4 Figure 4. Effects of three types of water-soluble particulate pollutants from biomass burning on (A): area, (B): perimeter length, (C): optical thickness, and (D): optical volume of A549 cells. Significant differences at p ≤ 0.05 between the particles and the control are represented by F for FWS and S for SWS.
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Figure 5 .

 5 Figure 5. Effects of three types of water-soluble particulate pollutants from biomass burning on: (A): eccentricity, (B): migration, (C): motility, and (D): motility speed of A549 cells. Significant differences at p ≤ 0.05 between the particles and the control are represented by F for FWS, S for SWS, and P for PWS.
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Lifetime can be defined as the ability of the particle to stay in the air before they are "grounded".

Black carbon is a potent climate-warming component of particulate matter formed by the incomplete combustion of fossil fuels, wood and other fuels.

Nucleation is a dynamic process by which atoms or molecules aggregate to form clusters(Zhang et al., 2015).

γH2AX is a sensitive molecular marker of DNA damage. It is produced by the phosphorylation of histone protein H2AX at nascent DNA double-strand break (DSB) sites. It is a serious lesion that can initiate genomic instability, ultimately leading to cancer[START_REF] Rogakou | Megabase Chromatin Domains Involved in DNA Double-Strand Breaks in Vivo[END_REF][START_REF] Mckinnon | DNA Strand Break Repair and Human Genetic Disease[END_REF].

Epigenic alterations are reversible mechanisms that can significantly influence genome function under any exogenous influence.

A regulator of inflammation-associated epigenic alterations(Nakshatri et al., 2015).

The apurinic/apyrimidinic (AP) site is considered to be a common lesion in genomic DNA, arising at a frequency of 10,000 to 50,000 lesions per mammalian cell per day(Lindahl T, 1993).

A common way to measure lipid peroxidation products in cells, tissues, and body fluids, thus assessing oxidative stress production.

Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme that is found in all cells. LDH is rapidly released into the cell culture supernatant when the plasma membrane is damaged, a process indicating that cells are undergoing apoptosis, necrosis, and other forms of cellular damage(Kumar et al., 2018).

A severe allergic reaction of rapid onset affecting many body systems.

Histiocytic lung disorders comprise a number of diseases that can affect the lung alone. Pulmonary histiocytic disorders are characterized by infiltration of alveoli or the pulmonary interstitium by histiocytes. Histiocytes are cells that are fully differentiated from the monocyte/macrophage lineage or dendritic cells[START_REF] Ahuja | Histiocytic Disorders of the Chest: Imaging Findings[END_REF][START_REF] Suryadevara | Chapter 1 -Tumors of the Central Nervous System: Anatomy and Interventional Considerations[END_REF].

Cloud condensation nuclei are aerosol particles able to form cloud droplets. They change cloud microstructure and precipitation processes, which in turn can play a role in the radiative properties of clouds, atmospheric circulation and thermodynamics(Rosenfeld et al., 2014).

Greenhouse gases include water vapor, carbon dioxide, methane, nitrous oxide, ozone and some artificial chemicals such as chlorofluorocarbons.

The AMPK/ULK1 pathway is one of the key factors for intracellular and extracellular energy integration, and is closely related to autophagy(Li et al., 2018).
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