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Resumo 

As tecnologias avançadas usadas na indústria cerâmica têm um forte 

potencial para a formação e emissão de (nano)partículas em suspensão no ar, o 

que significa que os trabalhadores dessas indústrias correm um grande risco de 

exposição a essas partículas. No entanto, os estudos toxicológicos destas 

(nano)partículas são ainda escassos, principalmente de partículas ambientais 

libertadas em indústrias como as do setor cerâmico. De modo a abordar este 

assunto pertinente, o presente trabalho teve como objetivo avaliar a toxicidade, 

usando concentrações relevantes do ponto de vista ocupacional, de partículas 

emitidas durante duas tecnologias de pulverização térmica industrial [pulverização 

por plasma à pressão atmosférica (APS) e pulverização oxicombustível de alta 

velocidade (HVOF)], bem como de quatro nanopartículas de engenharia [ENP; óxido 

de estanho (SnO2), óxido de antimónio-estanho (ATO; Sb2O3●SnO2), óxido de cério 

(CeO2) e óxido de zircónio (ZrO2)] utilizadas como matéria-prima na manufatura de 

produtos cerâmicos. Dois modelos in vitro do sistema respiratório humano foram 

expostos às partículas selecionadas: i) células epiteliais alveolares A549 mantidas 

sob condições submersas ou na interface ar-líquido (ALI); ii) culturas 

tridimensionais (3D) avançadas de epitélio respiratório das vias aéreas superiores 

(MucilAir
TM

) em condições de ALI. Os principais parâmetros de toxicidade avaliados 

incluíram a integridade da membrana plasmática, atividade metabólica, stress 

oxidativo, resposta inflamatória e genotoxicidade. 

Na generalidade, as partículas geradas pelos dois processos de pulverização 

térmica causaram maior toxicidade comparativamente às ENP, muito 

provavelmente devido à sua maior complexidade e composição química, 

apresentando níveis elevados de elementos metálicos como crómio (Cr) e níquel 

(Ni). Entre os dois processos de pulverização térmica avaliados, as partículas 

derivadas do processo de HVOF foram mais citotóxicas do que as emitidas durante 

o processo de APS. Para ambos os processos de pulverização, tanto as partículas 

finas (PGFP) como as nanopartículas (PGNP) originadas foram capazes de induzir 

efeitos genotóxicos. No entanto, enquanto as partículas emitidas por APS levaram 

ao aumento dos níveis de fosforilação de histona 2AX (H2AX), as partículas de 

HVOF causaram lesões oxidativas no DNA do tipo 8-oxo-guanina (8-oxo-G). Por um 

lado, as células epiteliais alveolares humanas foram mais sensíveis à ação das ENP 

quanto cultivadas em condições de ALI e expostas às ENP sob a forma de aerossol, 
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do que quando expostas em condições submersas às ENP dispersas em meio de 

cultura sem soro bovino fetal, particularmente as ZrO2 NP. Por outro lado, as 

culturas avançadas MucilAir
TM

, que melhor recapitulam caraterísticas fisiológicas 

observadas in vivo como o transporte mucociliar, um importante mecanismo de 

defesa, foram mais resistentes às partículas emitidas por HVOF e às ENP, 

comparativamente às culturas epiteliais alveolares humanas convencionais. Deste 

modo, os modelos 3D de culturas do epitélio respiratório humano das vias aéreas 

superiores apresentaram uma resposta mais atenuada, enquanto as culturas 

convencionais de células A549 foram mais sensíveis às (nano)partículas estudadas.  

O presente trabalho destaca assim o perigo das (nano)partículas libertadas 

durante processos industriais ou utilizadas como matéria-prima para a manufatura 

de cerâmicas. Não apenas as propriedades físico-químicas das partículas, mas 

também as condições de exposição, i.e. o modelo celular in vitro usado e o tipo de 

exposição, tiveram um papel determinante nos efeitos biológicos observados. 

Estes resultados reforçam a importância do uso de modelos in vitro 

fisiologicamente relevantes no estudo de toxicidade de (nano)partículas, para uma 

melhor extrapolação dos resultados para o Homem. 

Palavras-chave: tecnologias da indústria cerâmica; partículas geradas por 

processos industriais; nanopartículas de engenharia; avaliação do perigo; testagem 

in vitro de toxicidade por inalação; culturas submersas; culturas 3D; interface ar-

líquido. 
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Abstract 

Advanced ceramic technologies have a strong potential for airborne 

(nano)particle formation and emission, meaning that workers of those industries 

are at great risk of exposure to these particles. However, toxicological data of these 

(nano)particles is lacking, particularly for airborne particles released within sectors 

such as the ceramic industry. To address this relevant topic, the present work 

aimed to assess the toxicity of occupationally relevant doses of industrially 

process-generated particles emitted during two industrial thermal spraying 

technologies [atmospheric plasma spraying (APS) and high velocity oxy-fuel 

(HVOF)], as well as of four engineered nanoparticles [ENP; tin oxide (SnO2), 

antimony-tin oxide (ATO; Sb2O3●SnO2), cerium oxide (CeO2) and zirconium oxide 

(ZrO2)] used as raw materials for ceramics manufacture. Two human respiratory in 

vitro systems, either conventional alveolar epithelial A549 cultures under 

submerged or air-liquid interface (ALI) conditions, or advanced three-dimensional 

(3D) upper airway epithelium (MucilAir
TM

) cultures at ALI were exposed to the 

selected particles. Major toxicity endpoints including plasma membrane integrity, 

metabolic activity, oxidative stress, inflammatory response, and genotoxicity were 

assessed.  

Overall, the tested process-generated particles seem to be more toxic 

compared to the ENP, most likely due to their higher chemical complexity and 

composition [elevated levels of metallic elements like chromium (Cr) and nickel 

(Ni)]. Among the two evaluated thermal spraying processes, particles derived from 

HVOF were more cytotoxic than those emitted from APS. Either fine (PGFP) and 

ultrafine (PGNP) particles from both spraying processes were able to induce 

measurable genotoxic effects. While APS particles lead to increased levels of 

histone 2AX (H2AX) phosphorylation, HVOF particles caused 8-oxo-7,8-

dihydroguanine (8-oxo-G) oxidative DNA lesions. ENP were more toxic to human 

alveolar epithelial cultures when aerosolised than in liquid suspension, particularly 

ZrO2 NP. On the other hand, advanced MucilAir
TM

 cultures, that better mimic in vivo 

physiological features, such as the mucociliary defence mechanisms, were quite 

resistant to both HVOF-derived particles and ENP aerosols. Thus, while 3D human 

upper airway epithelial cultures exhibited attenuated responses, the conventional 

A549 cultures were more sensitive to the studied (nano)particles. 
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The present work highlights the hazard of industrially derived 

(nano)particles, either intentionally used or incidentally released into the workplace 

air during advanced ceramic processes. Importantly, particles’ physicochemical 

properties alongside the testing conditions (cell model and type of exposure) 

played a determinant role in the observed biological responses. These findings 

reinforce the importance of using physiologically relevant in vitro models in 

(nano)particle toxicity studies, for better data extrapolation to humans. 

Keywords: ceramic technology; process-generated particles; engineered 

nanoparticles; hazard assessment; in vitro inhalation toxicity testing; submerged 

cultures; 3D cultures; air-liquid interface. 
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Thesis Structure 

This thesis is organised into three different chapters: 

 

Chapter I – General Introduction 

The first chapter is divided into two sections: 

• Theoretical Background: This section includes two literature reviews. 

The first one provides a state-of-art on the occupational exposure to 

nanoparticles in the ceramic industry and their impact on human 

health, describing possible sources and exposure scenarios, the 

existing case studies, and the toxicological potential of airborne 

nanoparticles used or generated in the ceramic industry workplace. 

The second review explores the existing pulmonary in vitro models 

already employed for nanotoxicity assessment, from basic cell lines 

to more advanced cell culture models. 

• Thesis Main Goals: The general and specific objectives of the thesis 

are provided in this section. 

 

Chapter II – Original Research 

This chapter is divided into two main sections:  

• Process-Generated (Nano)Particles: Collection, Sampling, and 

Characterisation: Herein, an original paper on the collection, 

sampling, and characterisation of the fine (PGFP) and nano-sized 

(PGNP) process-generated particles incidentally released during two 

industrial processes of thermal spraying of ceramic coatings is 

included.  

• In Vitro Toxicity Assessment of the Airborne Process-Generated and 

Engineered (Nano)Particles: This section includes four published 

articles. The first article refers to a protocol optimisation study on the 

comet assay for assessing in vitro genotoxicity, while the remaining 

three rely on the in vitro toxicity assessment of the (nano)particles 



xxxiv 

 

under study, using conventional and advanced in vitro models and 

exposure conditions. 

 

Chapter III – Integrated Discussion, Conclusions and Final Considerations 

This chapter is divided into two sections: 

• Integrated Discussion: This contains an overall discussion of the 

results obtained from the experimental work performed under the 

framework of this PhD thesis, towards answering the research 

questions set out in the present thesis. 

• Conclusions and Final Considerations: The main take-home messages 

from the research project and the study impact for advancing the 

knowledge in the field are given in this section. 

 

Chapter VI – References 

The last chapter includes the bibliographic references cited along with the 

dissertation. 
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A. Theoretical Background 

Ceramic Industry: An Overview 

Throughout the history to the present, the ceramic industry has been 

offering a wide range of applications with great impact in our daily lives, going 

from traditional ceramics such as tableware, pottery, sanitary ware, bricks, and 

tiles, to more advanced materials with electrical, optical, magnetic and structural 

properties (Carter et al., 2007; Munz et al., 2000). Indeed, advanced ceramics have 

a huge impact on cutting-edge technologies in the areas of energy and the 

environment, transport, life sciences, and communication (Matizamhuka, 2018; 

Salamon, 2014). Accordingly, the ceramic industry is an industrial branch with a 

great impact on the global economy. As depicted in Figure 1, according to the 

European Ceramic Industry Association, the European industries play a major role 

in worldwide ceramics manufacture, with a production value of around 30 billion 

euros per year (Cerame Unie - The European Ceramic Industry Association, 2021), 

accounting for 23 % of the worldwide production. Indeed, most of the ceramic 

companies, as well as the most qualified employees, are located in Europe. Over 

200,000 people work in these industries, whose leading countries are Austria, 

France, Germany, Italy, Poland, Portugal, Spain, and the United Kingdom (Cerame 

Unie - The European Ceramic Industry Association, 2021) 

 

Figure 1. The European ceramic industry: facts and numbers: (A) main leading countries in ceramics 

manufacture (dark grey), (B) main ceramic sectors and their contribution for the ceramic production 

value (%), and (C) the estimated number of direct jobs and percentage of ceramic worldwide 

production [Adapted from Cerame Unie - The European Ceramic Industry Association (2021)]. 
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Nanotechnology, Nanomaterials and the Ceramic Industry 

The ceramic industry has been benefitting from nanotechnology innovation 

processes and advanced materials (Bessa et al., 2020). Many nanomaterials (NM) 

such as carbon-based NM (e.g., carbon nanotubes, carbon black, graphene) (Ahmad 

et al., 2015), metal oxide nanoparticles (NP) (e.g., TiO2, Al2O3, CeO2, SiO2 NP) (Cain 

et al., 2001; da Silva et al., 2017; Lee et al., 2010; Manivasakan et al., 2010), nano-

sized clays and nanocomposites (Palmero, 2015) have been applied in varied 

ceramic processes due to their unique properties. The specific nanoscale features 

of NM (size range 1–100 nm) (European Commission, 2011; Riego Sintes et al., 

2019) allow to explore and combine innovative functionalities, which will enable 

enhanced tribological, mechanical, thermal, and/or electrical properties of the 

nano-based ceramics. At the same time, several processes employed in the ceramic 

industry, such as ceramics firing, fracturing, glazing, spraying, inkjet printing, 

laser-based processes, and deposition techniques may lead to the release of coarse 

and fine particulate matter (PM) (Fonseca et al., 2016; Fonseca et al., 2015; 

Salmatonidis et al., 2018a; Salmatonidis et al., 2019; Salmatonidis et al., 2020; 

Salmatonidis et al., 2018b; Viana et al., 2017; Viana et al., 2021) to the workplace 

air. This means that ceramic workers are at high risk of exposure to airborne fine 

(< 2.5 µm mass median aerodynamic diameter [MMAD]) and ultrafine (< 0.1 µm 

MMAD) particles that may be released either during the handling or manufacturing 

of ceramics using engineered nanoparticles (ENP) as raw materials or incidentally 

emitted during mechanical and combustion/heating processes (Bessa et al., 2020). 

Epidemiological evidence shows a relationship between increased concentrations 

of (nano)particles in the workplace air and the occurrence of adverse health effects 

that include pulmonary and cardiovascular diseases (Schraufnagel, 2020). 

Notwithstanding, there is not enough scientific evidence on the exact risk that 

these particles pose to human health since the existing knowledge relies on 

insufficient data of the dose-response relationships and on the consequences of 

long-term exposure to these particles (Riediker et al., 2019; Valsami-Jones et al., 

2015). Therefore, it is of major importance to identify scenarios of occupational 

exposure to airborne (nano)particles and to investigate their possible adverse 

effects on human health. 
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In Vitro Toxicity Assessment of Airborne (Nano)Particles 

Most of the existing knowledge on the airborne (nano)particle-induced 

biological effects comes from in vivo and in vitro inhalation toxicity studies. While 

there are already some studies on the toxicity of ENP used as input materials in the 

ceramic industry, so far it has not been possible to comprehensively assess the 

toxicity of airborne, process-generated fine (PGFP) and nano-sized particles (PGNP) 

released during the manufacture of ceramics as the result of the employed 

industrial processes and equipment. At the same time, many of the available 

studies addressing the occupational or environmental hazard of NP rely on 

unrealistic exposure scenarios, where very high doses were tested (Krug, 2014). 

Beyond that, a large extent of the available nanotoxicity studies focused on using 

animal models to predict human responses, which is particularly challenging for 

the assessment of the inhalation toxicity of airborne particles considering the 

anatomical and physiological differences of the human and animal respiratory 

systems (Bakand et al., 2010, 2016). Accordingly, we are progressively moving 

towards the use of advanced human-based in vitro models for predicting target-

specific toxicological responses induced by (nano)particles at the cellular level to 

assist in the human hazard assessment (Fadeel, 2019).  

Over the past few years, an increasing number of more complex in vitro 

models and exposure systems for respiratory toxicity assessment have emerged 

(Nossa et al., 2021). Advanced human-based in vitro systems can be designed to 

combine several cell types, better mimicking what occurs in vivo (Miller et al., 

2017). In addition, novel exposure systems comprising aerosol generators and cell 

exposure chambers have been developed for providing a more realistic exposure 

scenario compared to the traditional submerged conditions (Lacroix et al., 2018). 

 

In Section A.1 is presented a literature review on occupational exposure to 

NP in the ceramic industry and its impact on human health. Possible sources and 

exposure scenarios, a summary of the existing methods for evaluation and 

monitoring of airborne NP in the workplace environment and proposed nano 

reference values (NRV) for different classes of NP are presented. Case studies on 

occupational exposure to airborne NP generated at different stages of the ceramic 

manufacturing process are described. Finally, the toxicological potential of 

intentional and unintentional airborne NP that have been identified in the ceramic 
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industry workplace environment is discussed based on the existing evidence from 

in vitro and in vivo inhalation toxicity studies.  

In Section A.2, is presented a literature review on the existing exposure 

systems and available human respiratory models for in vitro testing, with a special 

focus on (nano)particulate material. A brief insight into the path of inhaled 

(nano)particles along the respiratory system, the defence barriers they face, and 

consequent adverse effects they might cause is also presented. 
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A.1. Nanoparticle exposure and hazard in the ceramic 

industry: an overview of potential sources, toxicity and 

health effects 

Bessa M. J., Brandão F., Viana M., Gomes J. G., Monfort E., Cassee F. R., 

Fraga S., & Teixeira J. P. 

Reprinted from Environmental Research 184, 109297  
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Abstract: In vitro testing has long been used to assess the hazard of 

airborne particulates and other pollutants. Current efforts are being done for 

developing physiologically relevant human-based in vitro models for reliably and 

accurately predict in vivo human responses, ranging from mono- or coculture of 

various respiratory cell types in two- or three-dimensional culture systems or 

even more sophisticated systems such as lung-on-a-chip devices. 

Simultaneously, the exposure conditions are also known to strongly influence 

cell responses in vitro. So far, most of the pulmonary in vitro studies have been 

carried out using cell lines under submerged conditions but is now widely 

accepted that cells cultured and exposed under air-liquid interface (ALI) 

conditions represent a more realistic exposure scenario. Accordingly, choosing 

the most suitable cellular model and exposure conditions to answer a particular 

question is of extreme importance when designing in vitro pulmonary toxicity 

studies. This review provides an overview of the existing exposure systems and 

human respiratory models for in vitro testing, with a special focus on 

(nano)particulate material. A brief insight into the path of inhaled (nano)particles 
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along with the respiratory system, the defense barriers they face, and 

consequent adverse effects they might cause will be also presented. 

Keywords: nanoparticles, respiratory models, in vitro, submerged 

cultures, air-liquid interface, toxicity testing 

1. Introduction 

Nanotechnology is an emerging field that offers insightful and innovative 

approaches and applications in many areas (De Jong et al., 2008; Thiruvengadam 

et al., 2018). Indeed, nanoparticle (NP) production and use are increasing 

exponentially, making environmental and human exposure to these particles 

inevitable (Malakar et al., 2021). Multiple efforts have been made to understand 

the health implications from manipulation and exposure of these nanoscale 

materials. Growing evidence has shown that due to their small size and increased 

surface area, NP might cause harmful effects since they can easily cross the 

biological barriers and reach the systemic circulation, where they can be 

distributed and translocated to vital organs (Jia et al., 2020). Inhalation is the 

main route of entrance for (nano)particles (Oberdorster et al., 2015) and it is 

estimated that solid (nano)particles half-life in the human alveolar region based 

on the clearance mechanism is around 700 days, which constitutes a threat to 

the respiratory system (Hagens et al., 2007). 

Over the past few years, many in vitro and in vivo studies have explored 

the effects of micro- and nano-sized materials in different lung-related models 

[reviewed in (Fytianos et al., 2016; Kumar et al., 2017; Nahar et al., 2013; Wick 

et al., 2015; Wiemann et al., 2016)]. From these studies, multiple hallmarks of 

(nano)particle-induced pulmonary toxicity have been identified, including 

particle internalization pathways, oxidative stress, genotoxicity, cell cycle 

alterations, and dysregulation of signaling cascades, among others (Bakand et 

al., 2012; Li et al., 2010; Paur et al., 2011; Pietroiusti et al., 2018). Several of 

these mechanisms are associated with the occurrence of negative health 

outcomes such as impaired lung function and inflammation, vascular 

dysfunction, and severe acute respiratory and cardiovascular effects (Stone et 

al., 2017). These adverse effects are strongly linked with different diseases 

including lung cancer, bronchitis, and acute asthma, cardiac infection and 

arrhythmia, hypertension, atherosclerosis, and ischemia (Brook et al., 2004; 
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Kelly et al., 2015; Knaapen et al., 2004; Kreyling et al., 2006; Schulz et al., 2005; 

Shannahan et al., 2012). 

As will be described later on, in vivo animal studies using rodents are 

commonly used to investigate (nano)particle pulmonary toxicity. However, data 

obtained from these studies are not easily extrapolated for predicting the effects 

of micro- and nano-sized materials inhalation in humans (Movia et al., 2017; 

Movia et al., 2020). Many in vitro models have proven to be good candidates to 

assess (nano)particle respiratory toxicity (Clippinger et al., 2016; Clippinger et 

al., 2018). In recent years, several efforts have been made towards the 

development and/or improvement of physiologically more relevant in vitro 

systems for inhalation toxicology testing of particles (Fröhlich, 2018).  

The main purpose of this review is to provide an overview of the existing 

pulmonary in vitro models and exposure conditions for identifying and 

evaluating (nano)particle hazards, as reliable alternatives to animal testing. The 

main differences between human and rodents’ respiratory systems, as well as 

the main adverse health effects from exposure to airborne (nano)particles, are 

also addressed as a prelude. 

2. Human respiratory system and how it differs from rodents 

Based on its structure, size and function, the respiratory tract can be 

divided into: (1) upper respiratory tract, which includes the extrathoracic region 

(nasal cavity, mouth, pharynx, and larynx), and (2) lower respiratory tract, which 

includes the tracheobronchiolar (trachea to terminal bronchioles) and pulmonary 

(terminal bronchioles to alveolar sacs) regions (Harkema et al., 2012; Ionescu, 

2013). While the upper respiratory tract allows the passage of the air and 

protects the lower respiratory regions from external aggressions (Thomas, 

2013), the lower tract is where the gas exchange takes place (Weibel et al., 

2005). Along the respiratory tract, cell types and morphology vary (Figure 1), 

which can also be affected by pulmonary disease (Whitsett et al., 2015a). As 

shown in Figure 1, the upper airways are lined with a pseudostratified 

epithelium that is composed of ciliated, secretory (goblet and club cells), neuro-

endocrine, and basal cells, the latter acting as progenitor cells for the various 

cell types of the airway epithelium (Crapo et al., 1982; Hiemstra et al., 2015). 

The bronchioles are lined by ciliated cuboidal epithelium, with a small number 

of non-ciliated club cells that are more dominant in the distal part (Khan et al., 

2018). In addition, the alveolar epithelium is very important for maintaining lung 
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homeostasis and is constituted by cuboidal alveolar epithelial type 1 cells (AEC1) 

and type 2 cells (AEC2). A thin layer of AEC1 cells covers most of the alveolar 

surface and allows efficient gas exchange between blood and alveoli (Braakhuis 

et al., 2015; Stone et al., 1992). AEC2 are the progenitor cells of AEC1 and 

produce the pulmonary surfactant critical to control surface tension and prevent 

the alveoli collapse during the ventilation mechanisms (Stone et al., 1992; 

Whitsett et al., 2015b).  

 

Figure 1. Respiratory tract: cell types and morphology. This illustration was created including 

images obtained from Smart Servier Medical Art (www.smart.servier.com) CC BY 3.0. 

The defense mechanisms of the airways and lung comprise the cough 

reflex, the epithelial barrier and lining fluid, the mucociliary escalator, humoral 

factors - such as antimicrobial peptides, peptides surfactant and complement 

proteins - and cells that elicit immune responses, namely epithelial cells, 

macrophages, monocytes, dendritic cells, neutrophils, natural killer cells, and 

mast cells (Hastedt et al., 2016; Rothen-Rutishauser et al., 2008). In the large 

airways, the epithelial lining fluid is composed of a superficial mucus layer 

overlying a periciliary liquid layer that is responsible for mucociliary clearance 

through physical unidirectional cilia movement and removal of deposited 

particles and gases dissolved in the mucus from the respiratory tract (Schuster 

et al., 2013). In turn, the alveolar surface is covered by pulmonary surfactant 

that also plays a pivotal role in the clearance of inhaled toxicants, including 
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aerosolized (nano)particles (Wohlleben et al., 2016). The alveolar surfactant is 

composed of a complex mixture of lipids (90 %, mainly phospholipids), and 

proteins (10 %), that include specific surfactant proteins, albumin, and 

immunoglobulins. Moreover, there are additional mechanisms that contribute to 

the lung epithelial defense. Those include the activation of metabolic enzymes 

such as the cytochrome P450 family (Lingappan et al., 2017) and/or activation 

of nuclear factor erythroid 2–related factor 2 (Nrf2)-mediated transcription 

factors, which are involved in the protection against oxidative damage by inhaled 

hazardous substances through the disruption of the Kelch-like erythroid cell-

derived protein with Cap 'n' Collar (CNC) homology (ECH)-associated protein 

(KEAP)-1 mediated repression, glutathione (GSH)- and thioredoxin (TXN)-

dependent antioxidant systems regulation, among other mechanisms 

(Mizumura et al., 2020). 

Considerable differences in the anatomy and physiology of the respiratory 

system between rodents and humans exist (Table 1), that must be considered 

when designing and interpreting inhalation toxicity studies. Indeed, their 

distinct respiratory tract architecture affects the airflow pattern and ventilation 

rates, which in turn influence the deposition, clearance, and retention of the 

inhaled particles (Bakand et al., 2012; Clippinger et al., 2018). Differences in the 

type and number of cells lining the airways, as well as in the mucociliary 

clearance also exist. For instance, the number of mucus-producing cells found 

in the major airways differs between species. While rodents possess nonciliated 

secretory cells that are important players in host defense and a low number of 

mucin-secreting goblet cells in the proximal airways, humans have submucosal 

glands and a high number of epithelial goblet cells that produce a layer of airway 

surface liquid that moisturizes the inhaled air and encloses potentially harmful 

airborne particles (Meyerholz et al., 2018). Altogether, these aspects will 

strongly influence (nano)particle biological fate and hazard potential. 

Rodents are the most frequently used animal model in inhalation toxicity 

studies (Movia et al., 2020). Regarding NP in vivo testing, several studies have 

been already conducted in rodents that have been useful to identify important 

toxic properties of NP, to assess the safety and efficacy of nanomedicines, and 

to estimate risks to human and environmental health (He, 2016). However, there 

is also the flip side as many of these studies seem to be inconclusive, making 

data extrapolation to humans difficult (Landsiedel et al., 2014b; Movia et al., 

2020).  
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Table 1. Main anatomical and physiological differences between humans and rodents respiratory 

system [Adapted from Harkema et al. (2012); Meyerholz et al. (2018); Rackley et al. (2012)]. 

Features Humans Rodents 

Nose and 

sinus 

Relatively simple nasal turbinate 

structure; total surface area: 150-

200 cm
2

. 

Complex nasal turbinate structure; total 

surface area: 2.9 cm
2

 [relative surface 

area (surface area/volume) 5x greater 

than humans]. 

Accessory olfactory organs are 

not well developed or functional. 

Presence of accessory olfactory organs. 

Olfactory epithelium ~3% of the 

nasal cavity.  

Olfactory epithelium ~50% of the nasal 

cavity (well-developed sense of smell). 

Pharynx and 

larynx 

Widely disseminated and well-

defined pharyngeal tonsils. 

Lack of distinct pharyngeal tonsils; widely 

dispersed lymphoid aggregates. 

No U-shaped laryngeal cartilage 

and ventral pouch. 

Presence of U-shaped laryngeal cartilage 

and ventral pouch (larger/more 

prominent in rats than mice). 

Absence of taste buds in this 

region.  

Taste buds are located within the 

epiglottis, larynx, and pharynx. 

Trachea Trachea internal diameter of ~12 

mm. 

Trachea internal diameter of ~1.5 mm 

(mouse). 

Trachea lined by ciliated cells. The trachea is mostly lined by non-

ciliated epithelial cells. 

The submucosa contains 

numerous tightly packed 

seromucinous glands. 

Submucosal glands are restricted to the 

proximal (closest to the larynx) trachea. 

Tracheal cartilaginous rings 

extend for several bronchial 

generations into the lung. 

Tracheal cartilaginous rings are only 

present in the extrapulmonary airways. 

Lungs The right lung of humans is 

divided into three lobes, whereas 

the left lung has two lobes. 

The right lung is divided into four lobes, 

whereas the left lung has one lobe. 

Dichotomous airway branching. Monopodial airway branching. 

The respiratory zone includes 

respiratory bronchioles, alveolar 

ducts, and alveoli. 

Respiratory zone includes diminutive 

respiratory bronchioles (if present), 

alveolar ducts, and alveoli. 

Bronchi to 

terminal 

bronchioles 

Lung parenchyma includes both 

bronchi and bronchioles. 

Lack of well-developed respiratory 

bronchioles (defined by lack of cartilage 

and submucosal glands). 

Relatively abundant mucin-

secreting goblet cells. 

Less than 1 % mucous goblet cells in the 

epithelium of extrapulmonary bronchi 

(particularly in adults mice maintained 

under lab conditions). 

Branching 

pattern 

Symmetric (airflow pattern more 

susceptible to deposition at its 

bifurcation points). 

Asymmetric or monopodial (relatively 

unimpeded flow). 

Breathing 

mode 

Oronasal breathers (both nasal 

and oral breathing). 

Obligate nose breathers (all inhaled air 

passes through the nasopharynx on its 

path into the lungs). 
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Features Humans Rodents 

Lung 

organogenesis 

~week 3 during human 

development as the primitive 

lungs bud from the foregut 

endoderm. 

~embryonic day 9 in the mouse. 

Undergo many additional rounds 

of branching before beginning 

alveolarization. 

Mouse lungs develop quickly and do not 

begin forming alveoli until after birth. 

In this regard, Mowat et al. (2017) reviewed 26 pairs of studies on the 

inhalation toxicity of 22 vehicles or pharmaceuticals belonging to various classes 

such as antibiotics, biologic drugs, muscarinic and adrenergic agents, where the 

same test material was tested in parallel in a rodent (rat or mouse) and 

nonrodent (dog or monkey) species. This analysis revealed that the rodent 

larynx, and to a lesser extent the tracheal bifurcation, are more sensitive to the 

inhaled xenobiotics than those of nonrodents. The anatomy and histology of the 

dog or monkey larynx more closely resemble those of the human, thus more 

importance should be conferred to these models (Mowat et al., 2017).  

3. Inhalation exposure and the effects of to (nano)particles on human 

respiratory tract 

Inhalation is a primary route of exposure to ambient and workplace 

particulate matter (PM) (Oberdörster et al., 2018; Oberdörster et al., 2007). 

Several studies have already demonstrated an association between adverse 

human health effects following exposure to airborne PM, where ultrafine 

particles (UFP) seem to play an important role (Delfino et al., 2005; Johnson et 

al., 2021; Li et al., 2016). Despite their distinct origin, UFP and NP share many 

similarities in terms of their physicochemical properties and modes of action 

(Stone et al., 2017). 

In the following sections, inhaled (nano)particles’ path and fate, the 

defense mechanisms of the respiratory system, and their potential adverse 

health effects will be addressed (Figure 2).  
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Figure 2. Inhaled particles: (1) deposition, (2) main defense mechanisms of the human respiratory 

system, and (3) adverse human health effects. This illustration was created including images 

obtained from SlidesCarnival (https://www.slidescarnival.com) CC BY 4.0. 
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3.1. Factors influencing the deposition of inhaled particles 

As depicted in Figure 2, once a particle is inhaled, it enters the 

extrathoracic region where it meets the trachea, being conducted to the bronchi 

and alveolar region. Although aerosol particles are often described as spherical 

and monodisperse, particle collisions often originate from non-spherical 

aggregates and/or agglomerates (Kleinstreuer et al., 2010). Indeed, deposition 

of inhaled particles is dependent on aerosol’s physicochemical properties 

(Morawska et al., 2021) and anatomical (diameter, length, and branching angle 

of airway segments) and physiological (airflow and breathing pattern) factors 

(Andujar et al., 2011; Clippinger et al., 2018). Physicochemical parameters 

governing particle deposition include particle size/and or size distribution, 

density, shape, hygroscopicity/hydrophobicity, and chemical reactions of the 

particle (Morawska et al., 2021). In addition, lung lining fluid composition, 

viscosity and surface tension strongly influence particle trajectories, deposition, 

and biological fate. Lung morphology has a considerable influence on the 

deposition of (nano)particles in humans. This should be considered for the lung 

burden estimation from exposure to these airborne particles, particularly when 

comparing healthy vs vulnerable individuals with lung disease (Jakobsson et al., 

2018).  

Overall, the main mechanisms for particle deposition include: 

interception (particle-surface contact), inertial impaction (particle sudden 

change in the direction of the flow), gravitational sedimentation (settling of 

particles under the action of gravity), diffusion (random motions of the particles, 

e.g. Brownian motion, where randomized particle motion is caused by their 

collision with gas molecules), and electrostatic precipitation (particle charge may 

potentially affect their deposition in the airways) (Bui et al., 2020; Darquenne, 

2020; Tsuda et al., 2013). As depicted in Figure 2, larger particles (5–30 μm) 

are deposited in the nasopharyngeal region by inertial impaction, while smaller 

particles (1–5 μm) are deposited in the tracheobronchial area by gravitational 

sedimentation where they may or may not be removed by mucociliary clearance. 

On the other hand, nano-sized particles (0.1–1 μm) can penetrate deeper into 

the alveolar region, such as the alveoli where the airflow is very low, deposited 

by Brownian diffusion or electrostatic attraction (Bakand et al., 2012; Hagens et 

al., 2007). Once in the lung, nano-sized particles are able to translocate to the 
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systemic circulation, where they can reach other organs and tissues, though the 

exact mechanism is still poorly understood (Domb et al., 2021). 

Particle deposition in the respiratory system can be modeled using 

computational models. Two advanced and widely used models are the Multiple 

Path Particle Dosimetry (MPPD) (Anjilvel et al., 1995) and the human respiratory 

tract model developed by the International Commission on Radiological 

Protection (ICRP) (Smith et al., 2014). The MPPD is a one-dimensional (1D) whole-

lung deposition model that can be used to predict regional and site-specific 

particle deposition, as well as particle clearance based on actual airways 

measurements and asymmetries. Herein, the deposited particle concentration is 

calculated as a function of time for the proximal and distal ends of the airway. 

By knowing the particle concentration at the airway proximal end, the particle 

concentration at the distal end can be calculated for different deposition 

mechanisms (Bui et al., 2020; Kuempel et al., 2015). This model is freely 

available as a dosimetry software for both rat and human respiratory tracts. The 

human model option includes several deposition and clearance models 

(Kuempel et al., 2015). The ICRP, on the other hand, is a semi-empirical model, 

where the human respiratory tract is represented as a sequence of anatomical 

compartments through which aerosols pass during the inhalation and exhalation 

processes. This model divides the lungs into three compartments: the 

extrathoracic region, the tracheobronchial region, and the alveolar region. The 

deposition pattern is calculated for each compartment, along with the amount 

of clearance through different regions of the lungs post-deposition. These 

measurements are based on semi-empirical equations obtained from fitting of 

experimental data as a function of particle size and flow rate (Bui et al., 2020; 

Guha et al., 2014). 

3.2. Defense mechanisms of the human respiratory system against 

inhaled airborne (nano)particles 

The human respiratory tract possesses several defense mechanisms for 

inhaled airborne (nano)particles (Figure 2). Accordingly, (nano)particle 

deposition and retention in the lung is strongly influenced by the lung clearance 

capacity (Braakhuis et al., 2015). Overall, inhaled particles in the human airways 

can be removed via physical (e.g., translocation through the epithelium, 

mucociliary escalator, and phagocytosis of insoluble particles) and chemical 

(e.g., particle dissolution, lixiviation, and protein binding) processes. While 
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physical clearance mechanisms differ depending on the region of the respiratory 

system, the chemical defenses are identical along the respiratory tract (Andujar 

et al., 2011).  

The respiratory tract is lined with epithelial cells that act as a physical 

barrier to external aggressors. Adhesion and paracellular transport between 

epithelial cells are achieved by the concerted action of intercellular tight 

junctions and adherent junctions that prevent inhaled airborne (nano)particles 

from injuring the airways and simultaneously serve as platforms for the signaling 

pathways involved in the regulation of gene expression, cell proliferation, and 

differentiation (Ganesan et al., 2013). The pulmonary surfactant and cilia 

movements are also important components in the defense against 

(nano)particles. As we descend deeper in the airways, the clearance becomes 

slower due to the increased pathway length and decreased mucous velocity 

(Geiser, 2010). The surfactant film favors particle motion over the epithelial 

surfaces, where they can either be trapped in the mucus or recognized by 

phagocytic cells (macrophages, dendritic cells) located under the epithelial 

barrier (Hewitt et al., 2021). To help these cells, a building block of structural 

barriers (e.g., lung epithelium, basement membrane, capillary endothelium) 

prevents a deeper translocation of the particles into the tissue (Rothen-

Rutishauser et al., 2008). Nevertheless, some particles might be able to 

translocate the mucus layer and interact with the epithelial cells, potentially 

causing cell injury (Frieke Kuper et al., 2015; Landsiedel et al., 2014a). Once in 

the alveoli, where no ciliated cells and mucociliary escalator exist (Bustamante-

Marin et al., 2017), (nano)particles may be removed by solubilization or 

phagocytosed by the alveolar macrophages (Wiemann et al., 2016). Particles or 

large agglomerates > 100 nm are easily recognized and phagocytosed, while 

individual (nano)particles might escape phagocyte recognition (Mühlfeld et al., 

2008). Individual (nano)particles might be too small to be efficiently recognized 

and phagocytosed by the alveolar macrophages. Therefore, by avoiding the 

normal phagocytic defenses in the respiratory system, (nano)particles may gain 

access to the systemic circulation and reach different extrapulmonary sites 

(Nemmar et al., 2013).  

Physicochemical properties of aerosol particles strongly influence their 

deposition but also their clearance from the human airways (Bierkandt et al., 

2018; Braakhuis et al., 2014). For instance, charged (nano)particles seem to be 

more retained in the human respiratory airways due to their ability to attract 
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different proteins (Docter et al., 2015). On the other hand, soluble particles are 

more easily eliminated compared to insoluble particle components (Braakhuis et 

al., 2016). Another important aspect to take into consideration is how 

physiological fluids might change the physicochemical properties and behavior 

of (nano)particles (Urban et al., 2016). Upon contact with the biological milieu 

of the lungs, (nano)particles will become surrounded by biomolecules such as 

albumin and proteins in the surfactant, which will greatly contribute to the 

formation of a corona around them and change their particle size and kinetics 

in the airways (Monopoli et al., 2012). In the alveolar region, for instance, 

(nano)particles interact with the lipids present in the surfactant film located at 

the air-liquid interface (ALI) in the epithelial lining fluid covering the internal 

surface of the lung (Raesch et al., 2015). The surfactant helps to stabilize the 

alveoli and promotes the clearance of inhaled particles to maintain the alveoli in 

a sterile- and inflammation-free environment (Kendall et al., 2012). That is why 

the characterization of these nano-sized materials in relevant pulmonary 

biological fluids is so important (Wohlleben et al., 2016). 

3.3. Human adverse effects of (nano)particles 

At the cellular level, the high surface reactivity of nano-sized particles 

promotes the generation of reactive oxygen species (ROS), oxidative stress, and 

inflammation with the release of pro-inflammatory mediators [e.g., interleukin 

(IL)-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor 

necrosis factor (TNF)𝛼] (Leikauf et al., 2020) (Figure 2). In fact, inflammation is 

considered a key mechanism for the occurrence of adverse health effects from 

exposure to inhaled particles (Donaldson et al., 2001; Donaldson et al., 2002), 

and it is usually involved in the development and/or exacerbation of several 

diseases such as asthma, chronic obstructive pulmonary disease (COPD), 

pulmonary fibrosis, respiratory infections and lung cancer (Øvrevik et al., 2015; 

Stone et al., 2017). Besides, epidemiological studies have demonstrated that 

individuals with pre-existing lung disease are more vulnerable to the adverse 

effects of fine and nano-sized particles (Geiser et al., 2017). Indeed, 

(nano)particles have a high deposition efficiency in the lung of healthy 

individuals, but even higher in individuals with lung chronic disease (e.g., 

asthma, COPD), possibly due to lung decreased clearance ability. In fact, the 

biopersistence of inhaled particles is a crucial aspect to consider under 

inflammation and tissue injury (Laux et al., 2017). 
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Despite the close link between air pollution and human lung disease (Jiang 

et al., 2016; Kurt et al., 2016), little is known about the potential adverse health 

effects from inhalation of manufactured and incidental (nano)particles, with the 

few available reports focusing on occupational exposures. In this regard, a 

recent longitudinal follow-up study involving 206 nanomaterial (NM)-handling 

workers recruited from 14 Taiwan nanotechnology plants assessed 

cardiopulmonary dysfunction, inflammation, oxidative damage, and 

genotoxicity biomarkers, as well as antioxidant enzyme activity (Wu et al., 2019). 

This study described no evidence of adverse health effects under the existing 

NP exposure levels in the workplace among these workers, except for the 

increase of antioxidant enzymes [e.g., superoxide dismutase (SOD) and 

glutathione peroxidase (GPx)] (Wu et al., 2019). Nevertheless, some studies 

indicate adverse health effects from exposure to NP. In this regard, Phillips and 

colleagues reported a fatal case after incidental inhalation of nickel (Ni) NP while 

spraying bushes for turbine bearings using a metal arc process (Phillips et al., 

2010). The subject, a 38-year-old healthy male, died 13 days after the accident 

from adult respiratory distress syndrome (ARDS). Analysis of the pulmonary 

tissue revealed the presence of Ni NP < 25 nm in lung macrophages, and high 

levels of Ni were detected in urine and renal tissue (Phillips et al., 2010). Journeay 

et al. (2014) have also reported a case of Ni sensitization characterized by throat 

irritation, nasal congestion, and skin reactions from handling of powdered Ni NP 

without any kind of protective measures in a 26‐year‐old female chemist. Several 

case reports have also suggested respiratory health risks associated with 

inhalation of carbon NP from toner dust. Theegarten et al. (2010) reported a 

case of a 33-year-old female open office worker without any evident respiratory 

symptoms but who developed persistent abdominal pain, weight loss, and 

diarrhea from prolonged exposure to particle emissions from toner dust derived 

from laser printers (Theegarten et al., 2010). These findings showed that 

following NP inhalation, the clearance mechanisms and lung barriers were 

overcome, and the particles were able to enter the systemic circulation and reach 

different extrapulmonary sites. In addition, Khatri et al. (2013) also described 

early responses to inhalation of NP emitted from photocopiers in nine healthy 

individuals following a six-hour period on 2-3 days in a photocopy center. These 

individuals were exposed to particle number levels at least 5 times higher than 

background levels, with a peak size distribution of 30-40 nm, and exhibited 

elevated urinary levels of 8-oxo-7,8-dihydroguanine (8-oxo-G), and pro-



38 

 

inflammatory cytokines in nasal lavage compared to pre-exposure levels that 

remained elevated for up to 36 h post-exposure (Khatri et al., 2013). 

There are several in vitro and in vivo studies that already identified the 

major biological mechanisms involved in the pulmonary toxicity caused by 

(nano)particles, including: ineffective particle clearance, intracellular 

uptake/internalization, impairment of lung macrophage-mediated phagocytosis, 

loss of plasma membrane integrity, and mitochondrial dysfunction, oxidative 

stress (ROS generation, glutathione depletion, and lipid peroxidation), cytokine 

production and activation of inflammatory signaling cascades, DNA and 

chromosomal damage, altered DNA methylation and repair, and altered cell cycle 

regulation (Bakand et al., 2016; Paur et al., 2011; Pietroiusti et al., 2018; Stone 

et al., 2017). However, several aspects make the relevance of those data 

questionable. Most in vitro studies conducted so far have used rather simple 

models, whereas animal studies using rodents, as aforementioned, are not the 

most suitable model to truthfully predict human adverse effects from 

(nano)particles inhalation exposure. Additionally, another important issue 

concerning (nano)particles inhalation studies, either in vitro or in vivo, is the 

choice of relevant dose metrics (e.g., mass, number of particles, surface area), 

which should be closely associated with the mechanism determining the adverse 

response in the target tissue/cell, and the measurement of the delivered dose 

(Schmid et al., 2017). Not only the dose is important, but also the duration of 

the exposure, with most of the available studies focusing on the effects from 

acute exposure, while little is known about the long-term effects of chronic 

exposure to (nano)particles. Moreover, the clearance mechanisms play a crucial 

role and should be always considered in human toxicity studies. Many modeling 

studies are addressing this matter and a suitable estimation of these values is 

of major importance for a correct toxicity study planning, data interpretation, 

and extrapolation to real-life scenarios (Kolanjiyil et al., 2013). 

4. In vitro models for (nano)particle human respiratory toxicity 

assessment 

For many years, in vitro culture systems failed to represent the complexity 

of multicellular organisms. Recently, more complex and physiologically relevant 

human in vitro models emerged and gained widespread acceptance (Bassi et al., 

2021; Sakolish et al., 2016). The study of the biological effects of inhaled 

(nano)particles is particularly challenging and in vitro respiratory models have 
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been used as an important tool for assessing their molecular and cellular 

responses. At the same time, cell culture and exposure conditions should be as 

close as possible to the ones found in vivo. Several human in vitro models exist 

to represent specific areas of the respiratory tract (e.g., nasal, tracheal, 

bronchial, and alveolar regions) (Fröhlich et al., 2014; Steimer et al., 2005). An 

ideal in vitro testing system for accurately predict the effects of inhaled 

(nano)particles would include the following features: (1) a suitable model 

mimicking the morphology and metabolic function of a particular healthy or 

vulnerable tissue/organ; (2) an exposure chamber for culture exposure to 

aerosolized (nano)particles; (3) a set of relevant biomarkers that would allow 

high-throughput evaluation of key toxicity events.  

4.1. Pulmonary cell lines: mono- and co-cultures 

Primary human lung epithelial cells are in theory the ideal choice for 

(nano)particles’ testing, due to their resemblance in morphology, organization, 

stratification, and physiological function to the human airway epithelium (Dvorak 

et al., 2011; Pezzulo et al., 2011). However, these primary cells are difficult to 

establish and maintain in culture, are poorly reproducible, require complex and 

expensive cell culture media, and have a limited life span. This is why continuous 

cell lines have been widely used for in vitro nanotoxicology studies (Katt et al., 

2016). There are numerous in vitro lung cell lines that can be used to study the 

cellular interplay and cellular responses following (nano)particle exposure. 

Notwithstanding, since epithelial cells play a central role in the respiratory tract, 

providing a physical barrier to inhaled (nano)particles, these are commonly in 

vitro models for assessing (nano)toxicity. In accordance, Table 2 presents the 

most widely used epithelial cell lines for in vitro toxicological assessment of 

inhaled particles (Bierkandt et al., 2018; Fröhlich, 2018; Hiemstra et al., 2018; 

Jia et al., 2017; Rothen-Rutishauser et al., 2008). Despite all advantages, some 

tumors or immortalized epithelial cell lines such as bronchial 16HBE14o, BEAS-

2B, and Calu-3 cells, lack human in vivo characteristics such as mucociliary 

differentiation, the formation of an effective barrier, and have reduced metabolic 

capacity (Faber et al., 2018). However, when grown under certain conditions, 

some of these cell lines may exhibit the presence of tight junctions, mucus 

production, cilia formation, and effective barrier function, which are important 

features when assessing (nano)particle toxicity.  
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Table 2. Human epithelial cell lines are commonly used in in vitro (nano)particle pulmonary 

toxicity studies. 

Lung region 

Human cell line 

Identification Origin Features 

B
r
o
n
c
h
i
a
l
 

16HBE14o 

Normal bronchial 

epithelium; 

Virus transformed 

(adenovirus 12-

simian virus 40 

hybrid virus). 

- Ability to form tight junctions; 

- Express cilia when grown at the air-

liquid interface (ALI); 

- Retain important properties and 

functions of differentiated airway 

epithelial cells (e.g. mucus-

secreting capacity, apical microvilli, 

etc.). 

BEAS-2B 

Normal bronchial 

epithelium; 

Virus transformed 

(adenovirus 12-

simian virus 40 

hybrid virus). 

- Do not form tight junctions; 

- Resemble airway basal epithelial 

cells, however, do not differentiate; 

- Poor barrier function. 

Calu-3 

Lung 

adenocarcinoma 

from submucosal 

gland serous cells. 

- Ability to form tight junctions;  

- Express mucins and some cilia 

when grown at ALI; 

- Reasonable barrier function. 

A
l
v
e
o
l
i
 

A549 
Lung 

adenocarcinoma. 

- Display some characteristics of 

alveolar epithelial type II (AEC2) 

cells; 

- Express metabolizing phase I 

(cytochrome P450 isoenzymes) and 

phase II enzymes (transferases); 

- Do not form tight junctions; 

- Ability to produce surfactant when 

grown at ALI; 

- Poor barrier function. 

NCI-H441 
Lung papillary 

adenocarcinoma. 

- Resemble characteristics of both 

type II pneumocytes and club cells; 

- Poor barrier function. 

hAELVi 
Lentivirus 

immortalized. 

- Morphologically resemblance with 

alveolar type I (AEC1) cells;  

- Express high levels of metabolizing 

enzymes and transporters; 

- Ability to form tight junctions; 

- Ability to produce surfactant. 

In this regard, George et al. (2015) compared different in vitro models of 

human lung epithelial (two bronchial cell lines, NCI-H292 and Calu-3, and one 

alveolar cell line, A549 cells) monocultures grown onto Transwell
®

 inserts, and 

evaluated which of those models were most suitable to address the translocation 

of 50 nm fluorescently labeled silica (SiO2) NP. These authors found that 

bronchial Calu-3 cells would be the most relevant model for assessing NP uptake 
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since, amongst all cells, these were able to form tight junctions, which are 

essential components for an effective barrier function as occurs in vivo (George 

et al., 2015). Inflammation or immune responses are also very difficult to mimic 

in such simplistic models since these processes involve a highly coordinated 

network of many cell types (Joris et al., 2013; Savolainen et al., 2010). Some of 

these limitations might be overcome by using coculture models that have higher 

predictive power than monocultures, and more closely mimic human in vivo 

environments (Edmondson et al., 2014). Besides, cocultured cells often display 

tight and adherent junctions (Kasper et al., 2011). Therefore, these are preferred 

models to understand (nano)particle mechanistic behavior in more complex 

biological systems (Costa et al., 2013). To improve the resemblance of complex 

human airways, coculture models have been developed using airway epithelial 

cells together with fibroblasts, endothelial cells, airway smooth muscle cells, as 

well as immune cells such as macrophages, dendritic, and mast cells. These 

contributed to a better understanding of toxicology and translocation 

mechanisms of (nano)particles (Bierkandt et al., 2018; Braakhuis et al., 2015).  

In Table 3 some examples of cocultures, representative of different 

regions of the human lung barrier, used for the evaluation of the toxic effects 

after (nano)particle exposure are summarized. One of the main regions that 

researchers try to mimic is the bronchial epithelium since it plays a critical role 

in biological stress responses after (nano)particle inhalation (Jia et al., 2017). For 

a closer resemblance to the human lung–blood barrier, bronchial epithelial (e.g., 

16HBE14o, Calu-3), macrophage-like cells (e.g., THP-1), and endothelial cells 

(e.g., HUVEC, EA.hy 926) are commonly combined (Table 3). Notwithstanding, 

nano-sized particle deposition in the respiratory tract primarily occurs in the 

alveolar region (Londahl et al., 2014). Therefore, alveolar epithelial cells are 

relevant models for the toxicity of inhalable (nano)particles, particularly in the 

assessment of particle retention and translocation through these cells (Leibrock 

et al., 2019). For this purpose, in vitro models representative of the alveolar-

capillary and/or air-blood barrier are also explored in (nano)toxicity 

assessments. The air-blood barrier is mainly composed of alveolar epithelial cells 

and macrophages, that work as a structural and immunological barrier, to 

external aggressors such as fine and nano-sized particles (Kletting et al., 2018).  
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Table 3. Pulmonary (nano)particle toxicity studies using coculture models mimicking relevant 

human lung barriers. 

Human lung 

barrier 

Coculture model 

(cell lines used) 

(Nano)particles 

tested 
Main findings References 

Alveolar-

capillary 

barrier 

NCl-H441 and 

ISO-HAS-1. 

SiO2 NP 

(0.6 - 6000 μg/mL; 

submerged 

conditions; 4 h 

exposure + 20 h 

recovery period). 

Release of IL-6 and 

IL-8 (early 

inflammatory 

events); 

upregulation of 

apoptosis markers. 

Kasper et 

al. (2011) 

Air-blood 

barrier 

NCI-H441 and 

HPMECST1.6R. 

CuO and TiO2 NP 

(25 μg/mL) and PM 

10 (22.5 μg/mL)  

(submerged 

conditions; 24 h 

exposure). 

Significant 

modulation of pro-

inflammatory (e.g., 

IL-6 and IL-8) 

proteins. 

Bengalli et 

al. (2013) 

Alveolar 

epithelial 

barrier 

A549, THP-1 and 

HMC-1. 

SiO2-Rhodamine NP 

(10 mg/L; ALI 

conditions; 24 h 

exposure). 

Lower levels of ROS 

and IL-8. 

Klein et al. 

(2013) 

Alveolar 

epithelial 

barrier 

A549, MDDC and 

MDM. 

MWCNT 

(1.15 μg/cm
2

; ALI 

conditions; repeated 

exposure: 3 days). 

No cytotoxicity, 

alterations in cell 

morphology, or  

increase in pro-

inflammatory 

markers.  

Chortarea 

et al. 

(2015) 

Lung–blood 

barrier 

Biculture of 

16HBE14o and 

THP-1; triculture 

of 16HBE14o, 

THP-1, and 

HLMVEC. 

TiO2, Ag and SiO2 NP 

(1-243 μg/mL; 

submerged 

conditions; 24 h 

exposure). 

Biculture: TiO2 and 

Ag NP but not 

pristine SiO2 NP 

induced cytotoxic 

effects at relative 

high doses (83-243 

μg/mL); 

Triculture: no 

considerable 

changes were 

observed. 

Smulders 

et al. 

(2015) 

Alveolar 

epithelial 

barrier 

A549 and THP-1. 

CeO2 and TiO2 NP 

(1-20 μg/cm
2

; 

submerged and ALI 

conditions; 24 h 

exposure). 

Inflammation, 

decreased cell 

viability, and 

oxidative stress 

were observed at 

ALI; more 

predictive of in 

vivo effects.  

Loret et al. 

(2016); 

Loret et al. 

(2018) 

Air epithelial 

barrier 
hAELVi and THP-1. 

Ag (7.25 μg) and 

starch (41.25 μg) NP 

Cocultures form 

functional diffusion 

Kletting et 

al. (2018) 
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Human lung 

barrier 

Coculture model 

(cell lines used) 

(Nano)particles 

tested 
Main findings References 

(ALI conditions; 24 h 

exposure). 

barriers under ALI 

conditions. 

Air–blood 

barrier 

Biculture of A549 

and EA.hy926; 

triple coculture of 

A549, THP-1, and 

EA.hy926. 

Ambient PM 2.5 

collected from 

Shanghai city (China) 

(20-180 μg/mL; ALI 

conditions; 24 h 

exposure). 

Stronger 

inflammatory 

responses and 

ICAM-1 and 

caveolin-1 mRNA 

expression in 

triculture than in 

biculture system. 

Wang et al. 

(2019) 

Lung 

epithelial 

barrier 

hAELVi and 

huAEC. 

CeO2 NP 

(0.1-200 μg/mL; ALI 

conditions; 24 h 

exposure). 

CeO2 NP induced 

no toxicity, while 

ZnO NP were toxic 

at concentrations 

between 10–50 

μg/mL. 

Leibrock et 

al. (2019) 

Air–blood 

barrier 

A549, THP-1, 

HMC-1 and 

EA.hy926. 

Ag NM (spherical 

particles, PVP coated 

nanowires) 

(0.05-5 μg/cm
2

; ALI 

conditions; 6 and 24 

h exposure). 

Increased 

cytotoxicity; 

increased mRNA 

levels of the pro-

apoptotic gene 

CASP7, anti-

oxidant enzyme 

HMOX-1, and pro-

inflammatory 

mediators; 

induction of the 

NF-kB nuclear 

translocation. 

Fizesan et 

al. (2019) 

Lung–blood 

barrier 

Calu-3, THP-1, 

and EA.hy926. 

Ag NP (coated with 

tannic acid) 

(3-30 μg/cm
2

; 

submerged 

conditions; 24 h 

exposure). 

NP cellular uptake 

and translocation 

of Ag NP through 

the modeled 

barrier; mild 

cytotoxicity and 

reduced secretion 

of IL-6, IL-8, and 

TNF-α. 

Zhang et 

al. (2019) 

Air-blood 

barrier 

A549, EA.hy 926 

and THP-1. 

Citrate-capped Au 

(50 mg/mL), Ag-SiO2 

(0.50 mg/mL), and 

CuO (1.5 mg/mL) NP 

(ALI conditions; 4 h 

exposure).  

Induced more 

oxidative stress 

and higher IL-8 

levels. 

Wang et al. 

(2020) 

For the alveolar region, A549 is the most frequently used cell line for the 

assessment of (nano)particle toxicity. These cells are often used either as 
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monocultures or in cocultures with other cell lines, for instance, immune cells 

such as macrophages (Fröhlich, 2018). Alveolar macrophages, in turn, are 

important regulators of the inflammatory processes in the lung and can ingest 

nano-sized particles as a clearance defense mechanism (Geiser, 2010). THP-1 

cells are a commonly used cell line for investigating in vitro the function and 

regulation of monocytes and macrophages.  

Increasing evidence supports the higher relevance of cocultures 

compared to monocultures (Table 3). Kasper et al. investigated the cytotoxic 

and inflammatory responses of monodisperse 30 nm amorphous SiO2 NP in 

conventional monocultures vs coculture models representative of the alveolar-

capillary barrier. Although lower cytotoxic effects in terms of cell viability, 

membrane integrity, and Trans-Epithelial Electrical Resistance (TEER) were 

observed in cocultures compared to monocultures, significantly increased levels 

of inflammatory (e.g., IL-6 and IL-8) and apoptotic markers (e.g., phosphorylation 

of the p53-protein at Ser15, Ser46 and Ser392) were found. These authors clearly 

defended that these cocultures were more suitable compared to conventional 

monocultures to represent alveolar regions of the human lung since they mimic 

the early inflammatory events that take place in the pulmonary alveoli (Kasper 

et al., 2011). In addition, Wang et al. (2020) assessed the toxicity of aerosolized 

citrate-capped gold (Au), 15 % silver on silica (Ag-SiO2) and copper oxide (CuO) 

NP on triple-cocultures of human alveolar epithelial A549, endothelial EA.hy 926 

cells, and THP-1 differentiated macrophages cultured under ALI conditions (4 h; 

3.5 mg/m
3

). These authors compared these results with monocultures of A549, 

EA.hy 926, and THP-1 cells and observed that NP induced more oxidative stress 

(15 % Ag-SiO2) and higher IL-8 levels (15 % Ag-SiO2, CuO) in coculture than in 

A549 monocultures, whereas a similar response in terms of ROS and IL-8 

responses after CuO NP exposure was observed between triple cocultures vs 

EA.hy 926 endothelial cells (Wang et al., 2020). Moreover, Loret et al. (2016) 

also compared the effect of poorly soluble cerium oxide (CeO2) and titanium 

oxide (TiO2) NP in monocultures vs cocultures of A549 and THP-1 cells and found 

that cocultures were not only more sensitive than monocultures (Loret et al., 

2016) but also more predictive of the in vivo pulmonary toxicity of CeO2 and TiO2 

NP in the rat (Loret et al., 2018). These authors stated that for each dose metric 

used (mass/alveolar surface or mass/macrophage), the A549 and THP-1 

cocultures at ALI conditions were more predictive of in vivo effects regarding 

biological activation levels (Loret et al., 2018). As the number of different cell 
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lines in the coculture increases, it comes closer to human in vivo conditions. For 

instance, Wang et al. (2019) assessed the toxicity mechanisms of urban ambient 

PM < 2.5 µm (PM 2.5) exposure in three in vitro model approaches of increasing 

complexity: (1) monocultures of A549 alveolar epithelial cells, THP-1 

differentiated macrophages, and EA.hy926 endothelial human cells, all seeded 

in the apical chamber of Transwell
®

 inserts; (2) bicultures of A549 cells and 

EA.hy926 endothelial cells cultured in the apical chamber and basolateral 

chamber, respectively; (3) triple cocultures of A549 and THP-1 cells cultured in 

the apical side, and EA.hy926 endothelial cells seeded in the basolateral 

chamber. These authors not only observed that PM 2.5 were able to cross 

through the epithelial barrier and deposited in the endothelium, but also 

concluded that triple cocultures were a more sensitive and realistic model than 

the biculture system to assess the impact of these ambient particles on the 

cardiopulmonary system. Thus, triple cocultures have a greater cellular 

interaction when compared to the simpler cultures, which better resemble 

tissues in vivo (Wang et al., 2019). Besides, Fizesan et al. (2019) used a 

tetraculture model of the alveolar barrier consisting of A549, THP-1, HMC mast 

(in the apical compartment), and EA.hy926 endothelial (in the basolateral side) 

cells for the exposure to aerosolized Ag NM (two spherical shape particles and 

one PVP-coated Ag nanowire) using a VitroCell
®

 Cloud exposure system. These 

authors highlighted the capacity of this tetraculture model to secrete both anti- 

and pro-inflammatory cytokines (IL-12p70, IL-13, IL-1β, IL-2, IL-4, and IL-8) after 

exposure to Ag NM, reflecting complex biological responses that naturally occur 

in the native respiratory epithelia (Fizesan et al., 2019). More recently, human 

alveolar epithelial lentivirus immortalized (hAELVi) cells combined with THP-1 

alveolar macrophages (Kletting et al., 2018) or human airway epithelial cells 

(huAEC) (Leibrock et al., 2019) have been found to form a functional diffusion 

barrier under ALI conditions, constituting promising models to study the effect 

of inhalable NP (Table 3).  

4.2. Advanced respiratory cell cultures 

For the assessment of (nano)particle toxicity in the respiratory tract, 

advanced three-dimensional (3D) in vitro tissue models have been emerging as 

appealing and promising systems over the traditional two-dimensional (2D) 

cultures and animal experiments. These models contain different cell types in 

various orientations and numbers that should be organized in a structure that 
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reflects the tissue of interest (e.g., nasal, bronchiolar, alveolar). Indeed, these 

models can either mimic organ-relevant normal or diseased state physiology 

(Jackson et al., 2016). Advanced multi-cellular 3D lung tissue models better 

reflect cellular interactions observed in vivo and, therefore, allow for the 

investigation of the cellular interplay between different cell types following 

(nano)particle inhalation exposure. Exposing lung 3D tissue models cultured at 

ALI to aerosolized particles allows for even more human-relevant and higher 

resemblance in vivo exposure scenarios to (nano)particles (Lacroix et al., 2018). 

As depicted in Table 4, the human respiratory tissue already available in the 

market, including: MucilAir™ and SmallAir™ from Epithelix Sàrl, EpiAirway™ and 

EpiAlveolar™ from MatTek Corporation, and Micro-Lung™ and Metabo-Lung™ 

from Cardiff University. Commercial tissue models provided by companies such 

as MatTek and Epithelix Sàrl, are established from biopsies of individuals either 

healthy or with respiratory diseases. These models are highly differentiated, 

mucus-producing and ciliated cultures, with well-developed tight junctions and 

good epithelial resistance that are able to maintain their characteristics over long 

periods of time (up to several months), which is a major advantage over other 

cellular models. Micro-Lung™ and Metabo-Lung™ from Cardiff University, on the 

other hand, are not commercially available (Clippinger et al., 2018). The Micro-

Lung
TM

 model uses normal human bronchial epithelial (NHBE) cells isolated from 

surgical patients and post-mortem donors (Prytherch et al., 2015), while the 

Metabo-Lung™ takes advantage of NHBE cells cocultured with human primary 

hepatocytes for assessing the role of metabolism (Prytherch et al., 2011). 

Although these models have a great potential for evaluating (nano)particle 

toxicity, to the best of our knowledge there are no studies in the literature yet. 

There are also in the market advanced 3D lung cancer models such as 

OncoCilAir™, which combines a functional reconstituted human airway 

epithelium, human lung fibroblasts, and lung adenocarcinoma cells (Benainous 

et al., 2018), that have been applied for the study of the controlled and targeted 

delivery of nanotherapeutics. Notwithstanding, despite all the efforts in the 

development of advanced and robust 3D in vitro cell cultures, as reliable 

alternatives tools to animal testing, these have not been approved nor validated 

for the in vitro testing of any (nano)particles or NM so far (Pfuhler et al., 2020). 
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Table 4. Advanced 3D in vitro models of human respiratory tissues. 

Model Features 

MucilAir™ 

(Epithelix 

Sàrs) 

nasal, tracheal, or 

bronchial epithelial 

model. 

- Isolated from human biopsies of the nasal cavity, 

trachea, and bronchi; 

- Constituted by basal, goblet, and ciliated cells; 

- Under ALI conditions display tight junctions, cilia 

beating and mucus production, cytokines, 

chemokines, and metalloproteinases secretion, and 

expression of specific respiratory epithelia 

cytochromes (e.g., P450); 

- Effective barrier model for the assessment of the 

permeability/absorption of several compounds 

across the human airway epithelium. 

SmallAir™ 

(Epithelix 

Sàrs) 

small airway model. 

- Isolated from the distal lung; 

- Constituted by epithelial cells, a large number of 

club cells, and fewer goblet and ciliated cells; 

- Presents a much thinner epithelium (compared to 

MucilAir™). 

EpiAirway™ 

(MatTek 

Corporation) 

tracheal/bronchial 

epithelium model. 

- Derived from normal tracheal and bronchial 

epithelial cells; 

- Constituted by mucus-producing goblet cells, 

ciliated cells with actively beating cilia, basal cells, 

and club cells (club).  

EpiAlveolar™ 

(MatTek 

Corporation) 

lower respiratory 

tract tissue model. 

- Constituted by alveolar epithelial cells and 

monocyte-derived macrophages (apical side) and 

pulmonary endothelial cells (basolateral side). 

Micro-Lung™ 

(Cardiff 

University) 

bronchial epithelium 

model. 

- Isolated from surgical patients and post-mortem 

donors; 

- Constituted by normal human bronchial epithelial 

(NHBE) cells, basal, serous, club, goblet, and 

ciliated cells. 

Metabo-

Lung™ 

(Cardiff 

University) 

lung-liver model. 

- Coculture of NHBE cells with primary human 

hepatocytes, which allows the biotransformation of 

inhaled toxicants in an in vivo-like manner. 

Table 5 presents an overview of existing in vitro studies on the 

pulmonary toxicity of (nano)particles using the advanced 3D lung in vitro models 

from Epithelix Sàrl and MatTek Corporation. In the literature, the majority of 

studies performed so far were done in MucilAir™ human bronchial epithelial 

culture models. In this regard, Firke Kuper et al. (2015) comparatively 

investigated the toxicity of aggregated CeO2 NP in MucilAir™ bronchial cultures 

and in BEAS-2B and A549 cell lines. In the MucilAir™ cultures, no signs of marked 

toxicity were observed most likely due to the presence of the mucociliary 

apparatus that prevented NP from reaching the respiratory epithelial cells. On 

the other hand, these authors found a clear dose-dependent genotoxicity on 

BEAS-2B and A549 cells after 24 h exposure to CeO2 NP (33-333 µg/cm
2

) (Frieke 
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Kuper et al., 2015). Di Cristo et al. also reported no signs of morphological 

alterations or cytotoxic effects after repeated exposure of MucilAir™ cultures for 

12 weeks, 5 days per week to SiO2 NP (0.90 to 55 µg/cm
2

), which they also 

attributed to the mucociliary clearance (Di Cristo et al., 2020).  

As previously mentioned, MucilAir™ cultures can be established from 

diseased tissues, which offers the possibility to investigate the effects of NP in 

primary cultures from individuals with respiratory diseases. In this context, 

Chortarea and colleagues evaluated the pulmonary toxicity of occupational 

relevant doses (10 μg/cm
2

 for 5 weeks/5 days per week) of multiwalled carbon 

nanotubes (MWCNT) in MucilAir™ bronchial cultures from healthy and asthmatic 

donors. Although no cytotoxicity or morphological changes were observed, 

chronic MWCNT exposure induced a pro-inflammatory and oxidative stress 

response in both types of cultures, accompanied by elevated cilia beating 

frequency and alteration of the mucociliary clearance. However, the magnitude 

and duration of the observed effects were higher in the asthmatic compared to 

healthy cells, indicating that individuals with asthma may be more susceptible 

to adverse effects from chronic MWCNT exposure (Chortarea et al., 2017). Donor 

variability is an important aspect that should be considered when designing and 

interpreting data of primary culture-based studies. In this regard, Kooter et al. 

(2017) examined the toxicity of aerosolized CuO NP bronchial airway MucilAir™ 

cultures from four donors. Despite no major cytotoxicity, an increase in IL-6 and 

Monocyte Chemoattractant Protein (MCP)-1 release after 24 h of exposure was 

observed, being the MCP-1 release levels different among donors (Kooter et al., 

2017). Dankers et al. (2018) investigated the pro-inflammatory potential of six 

metal oxide NP (CeO2, Mn2O3, CuO, ZnO, Co3O4, and WO3; 27–108 μg/mL) in 

MucilAir™ cultures and dendritic cells (DC). In MucilAir™ cultures, higher 

secretion of IL‐6, IL‐8, and MCP-1 pro-inflammatory cytokines was found after 24 

h of exposure to CuO NP droplets, while only exposure (48 h) to Mn2O3 NP 

upregulated all the evaluated DC maturation biomarkers (HLA‐DR, CD80, CD83, 

and CD86). Interestingly, these authors addressed the potential interaction 

between epithelial cells and DC by exposing the latter to the MucilAir™-exposed 

cultures media, and found that only Mn2O3 NP triggered DC maturation, 

suggesting the process is not dependent on epithelial cells stimulation (Dankers 

et al., 2018). 

Recently, these models have been explored to assess the toxicity of 

occupationally relevant NP. In this regard, George et al. evaluated the toxicity of 
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thermonuclear fusion released-like milled tungsten (W) NP, tungstate (WO4

2-

) and 

tungsten carbide cobalt particles alloy (WC-Co), in MucilAir™ cultures exposed 

for 24 h to the particles, whose effects were monitored up to 28 days after 

exposure. These occupational NP had a minor impact in MucilAir™ bronchial 

cultures since they did not induce significant alterations on their metabolic 

activity and viability; however, a decrease in the barrier integrity and a transient 

increase of IL-8 levels at 24 and 96 h after initial exposure were detected (George 

et al., 2019). Recently, Bessa et al. (2021) also assessed the toxicity of two 

engineered NP [ENP; antimony-tin oxide (ATO) and zirconium oxide (ZrO2) NP] 

used as input materials in advanced ceramics, and two fractions [fine <2.5 µm 

(PGFP) and nano-sized <0.2 µm (PGNP)] of particles released during thermal 

spraying of ceramic coatings onto metal surfaces, in MucilAir™ cells under ALI 

conditions. These cultures were exposed for three consecutive days to the 

aerosolized particles, and cyto-, genotoxicity, and pro-inflammatory responses 

were assessed. The obtained results showed that PGFP and PGNP exhibited 

higher toxicity than ENP in mass per area unit, although the presence of 

mucociliary apparatus in the advanced 3D in vitro bronchial cultures seemed to 

substantially attenuate the toxic effects (Bessa et al., 2021a).  

Fewer studies exist on the effects of NP in human small airway models. 

Based on previous in vivo findings that showed Ag NP deposition in the small 

airway epithelium following inhalation (Seiffert et al., 2016), Guo et al. (2018) 

investigated the effects of the same Ag NP in reconstituted 3D primary human 

small airway epithelial cell cultures (SmallAir™) under ALI conditions using the 

same in vivo doses. The data obtained showed DNA damage, cell cycle changes, 

and oxidative stress in response to the aerosolized Ag NP. They also found a 

good correlation between in vivo – in vitro transcriptional changes in immune-

related genes, that were of similar magnitude in response to Ag in the ionic (Ag
+

) 

or in the nanoform (Guo et al., 2018). More recently, Barasova et al. (2020) 

evaluated the effects of repeated exposure over 3 weeks to occupational doses 

(1–30 μg/cm
2

) of two MWCNT- Mitsui-7 and Nanocyl-, in EpiAlveolar™ cultures 

constituted by human alveolar epithelial cells, pulmonary endothelial cells, and 

fibroblasts. In parallel, EpiAlveolar™ were cocultured with human monocyte-

derived macrophages (MDM) to assess their potential role in the pro-

inflammatory and profibrotic response. These authors found that Nanocyl 

induced less pronounced toxicity than Mitsui-7 in EpiAlveolar™ cultures, whereas 
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EpiAlveolar™ + MDM cocultures showed pro-inflammatory responses at later 

time points compared to EpiAlveolar™ cultures (Barosova et al., 2020). 
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Table 5. Overview of the existing pulmonary (nano)particle toxicity studies using advanced 3D in vitro models. 

Pulmonary 3D 

model 

(Nano)particles 

tested 
Experimental design 

Biological endpoints 

assessed 
Main findings References 

MucilAir™ 

(Epithelix Sàrs) 
CeO2 NP 

ALI (droplet) exposure; 

responses assessed after 

3, 24, 48 h. 

Cytotoxicity (TEER, LDH release); 

Inflammation (IL-8, MCP-1, sICAM-1, 

IL-1𝛼, TNF𝛼); Genotoxicity (comet 

assay and HO-1 expression). 

No major toxic effects were 

observed. 

Frieke Kuper 

et al. (2015) 

 MWCNT 

Cultures from healthy 

and asthmatic donors; 

ALI exposure (ALICE 

system); cells exposed 5 

weeks/5 

days per week; 

responses assessed at 

weeks 1, 3, and 5. 

Cell morphology 

Cytotoxicity (LDH release); 

Inflammation (IL-8, IL-6, IP-10 and 

TGF-β); 

Oxidative Stress (HMOX-1 and SOD-

2 gene expression). 

Increased cilia 

beating frequency; alterations in the 

mucociliary clearance, no 

cytotoxicity or morphological 

changes, (pro)inflammatory and 

oxidative stress responses after 

chronic exposure. 

Chortarea et 

al. (2017) 

 CuO NP 

ALI exposure (Vitrocell
®

 

system); Cells exposed 

for 2 days (two periods 

of 1 h/day); 

responses assessed 24 h 

after exposure. 

Cytotoxicity (LDH release); 

Gene expression of inflammatory 

markers (MCP-1, IL-8, and IL-6). 

No major cytotoxicity;  

Increased expression of 

inflammation markers (MCP-1 and 

IL-6). 

Kooter et al. 

(2017) 

 

CeO2, Mn2O3, 

CuO, ZnO, Co3O4 

and WO3 NP 

ALI (droplet) exposure 

(MucilAir cultures: 24 h; 

DC cultures: 48 h); 

responses assessed after 

24 h (MucilAir) and 48 h 

(DC). 

Cytotoxicity (LDH release); 

Inflammation (MCP-1, IL-6, IL-8); 

DC maturation surface markers 

(HLA‐DR, CD80, CD83, and CD86) 

MucilAir™ cultures: inflammatory 

responses (increased levels of IL-6, 

IL-8, and MCP-1) after CuO NP 

exposure; 

DC cultures: Mn2O3 NP upregulated 

all the assessed maturation 

biomarkers. 

Dankers et 

al. (2018) 

 Milled W NP 
ALI exposure; single 24 

h exposure; responses 

Cell viability (Trypan blue); 

Metabolic activity (resazurin assay); 

Decrease in barrier integrity; no 

effect on 

George et al. 

(2019) 
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Pulmonary 3D 

model 

(Nano)particles 

tested 
Experimental design 

Biological endpoints 

assessed 
Main findings References 

assessed following 

exposure and up to 28 

days. 

Inflammation (IL-8). metabolic activity or cell viability; 

transient increase in IL-8 secretion 

at 24 and 96 h after initial 

exposure. 

 SiO2 NP 

ALI (droplet) exposure 

(Vitrocell® Cloud 

system); daily exposure 

for 5 times per week, up 

to 12 weeks. 

Cell viability (Alamar Blue); Barrier 

integrity (TEER). 

No changes in the barrier integrity; 

no cytotoxic effects. 

Di Cristo et 

al. (2020) 

 

ATO and ZrO2 

NP; 

PGFP (<2.5 µm) 

and PGNP (0.200 

µm) particle 

fractions derived 

from high 

velocity oxy-fuel 

spraying.  

ALI (droplet) exposure 

(Vitrocell
®

 Cloud system); 

responses assessed after 

24, 48, and 72 h. 

Cytotoxicity (LDH release and WST-1 

metabolic activity); 

Genotoxicity (Comet assay); 

Inflammation (IL-8 and MCP-1). 

Mild cytotoxicity at early time 

points (24 h), cellular recovery at 

late time points (72 h), and no 

major genotoxicity for ATO and 

ZrO2 NP; PGFP affected cell viability, 

while PGNP caused increased 

oxidative DNA damage. 

Bessa et al. 

(2021a) 

SmallAir™ 

(Epithelix Sàrs)  
Ag NP 

ALI exposure (Cultex
®

 

RFS system); 3 exposure 

times (7, 20, and 60 

min); responses 

assessed at 6 or 24 h.
 

Cytotoxicity (lactate and LDH 

release); 

Alterations in immune-related gene 

expression (real-time PCR analysis 

for mRNA gene expression).  

Minimal cytotoxicity and significant 

upregulation in the expression of 

inflammatory-related genes (e.g. 

IL1R2).  

Guo et al. 

(2018) 

EpiAlveolar™ 

(MatTek 

Corporation) 

MWCNT 

ALI (droplet) exposure 

(Vitrocell
®

 Cloud system); 

repeated exposure (3 

weeks). 

Cytotoxicity (LDH release); 

Inflammation (IL-1β, TNF-α and IL-8); 

Profibrotic response (TGF-β, 

fibronectin, and COL1 release). 

Barrier integrity and release of pro-

inflammatory and profibrotic 

markers. 

Barosova et 

al. (2020) 

ALI: Air-liquid interface; ALICE: Air-liquid interface cell exposure; ATO: Antimony-tin oxide; COL1: Collagen 1; DC: Dendritic cells; LDH: Lactate dehydrogenase; IL1R2: Interleukin 

1 Receptor Type 2; MWCNT: Multiwalled carbon nanotubes; PCR: Polymerase chain reaction; PGFP: Process-generated fine particles; PGNP: Process-generated nanoparticles; RFS: 

Radial flow system; TEER: Transepithelial electrical resistance  
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4.3. Lung Spheroids/Organoids 

Spheroids and organoids are 3D structures composed of multiple cells that 

cluster together into self-organized aggregates. Both terms are often used 

interchangeably in the literature, though some differences exist between the two. 

Spheroids are simple spherical and scaffold-free cellular models, which are typically 

obtained from mature single-cell suspensions (Zanoni et al., 2020). On the other 

hand, organoids are complex clusters derived from organ-specific cells that self-

assemble within a scaffold such as gels made of a complex mixture of different 

extracellular matrix (ECM) proteins, including laminin, fibronectin, collagen, and 

heparin sulphate (e.g., Matrigel), though not all organoids are formed within an 

ECM (Gkatzis et al., 2018). Organoids may be generated from adult or embryonic 

stem cells (Hofer et al., 2021). One curious aspect of these particular 3D structures 

is they can be maintained for prolonged periods of time without karyotype changes 

(Kar et al., 2021). In the respiratory field, organoids are valuable models to mimic 

the complex environment of the respiratory mucosa and the relationship among 

different cell types. Indeed, human lung organoids have been successfully 

established from epithelial progenitor cells derived from embryonic (Miller et al., 

2018) or adult lung (Tan et al., 2017; Zacharias et al., 2018), and from human 

pluripotent stem cells (hPSC) (Chen et al., 2017; Gotoh et al., 2014; Yamamoto et 

al., 2017). The establishment of alveolar organoids from cocultures of epithelial 

progenitor cells with mesenchymal or endothelial cells or cocultures of 

mesenchymal cells with fetal lung tissue or hPSC (Wilkinson et al., 2016) has been 

already reported.  

While lung spheroids/organoids are good models to investigate pulmonary 

injury and repair mechanisms, their 3D spherical nature and matrix components 

represent technical challenges for application under ALI conditions (Hiemstra et al., 

2018). Another limitation is that lung movements during the gas exchange are 

difficult to simulate in lung spheroid/organoid models (Li et al., 2020). 

Notwithstanding, human lung spheroids or organoids have been used in the fields 

of regenerative medicine, lung disease modeling, and drug efficacy testing (Archer 

et al., 2021; Cores et al., 2020; Tan et al., 2017). Organotypic lung cultures are 

also valuable models for toxicological studies, namely for nanotoxicity assessment 

(Prasad et al., 2021).  

So far, very few studies have been carried out for NP testing in human-

derived lung spheroids/organoids. In this regard, Sambale et al. (2015) 
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comparatively investigated the effects of ZnO and TiO2 NP in human alveolar 

epithelial A549 cells either in the traditional 2D monolayer cultures or in 3D 

spheroids. Interestingly, spheroids NP exposure was conducted after or during 

their formation. Overall, A549 cells displayed lower resistance to ZnO NP induced 

toxicity (up to 100 µg/mL) in the form of spheroids compared to 2D monolayers, 

while exposure to TiO2 NP (up to 150 µg/mL) was non-toxic to 2D cultures but 

caused a minor decrease in A549 spheroids viability and affected spheroid 

formation, with several smaller spheroids being formed instead of a single larger 

spheroid (Sambale et al., 2015). On the other hand, Kabadi et al. (2019) 

investigated the effects of different types of carbon-based materials (MWCNT, 

M120 carbon black NP, or crocidolite asbestos fibers; 0.5–10 μg/mL) in scaffold-

free 3D spheroids established from IMR-90 human lung fibroblasts, BEAS-2B lung 

bronchial epithelial and THP-1 monocytic cells. MWCNT were the most cytotoxic to 

the spheroid-like triple cocultures by day 7, causing more than 40 % decrease in 

cell viability at the highest tested concentration. Moreover, gene expression 

analysis carried out after 4 and 7 days of exposure to the tested materials revealed 

significant upregulation of ECM components (collagens and decorin), cytokines 

(e.g., IL-1β and IL-6), growth factors, and matrix metalloproteases (MMP) related 

genes (Kabadi et al., 2019). More recently, Liu et al. (2021) assessed the toxicity of 

nano-carbon black and nano-SiO2 in alveolar type 2 epithelial cell-like cells (ATL), 

either in 2D monolayers or 3D organoids assembled in Matrigel scaffolds, which 

were previously differentiated from hPSC cells. Herein, the toxicity of the nano-

carbon black was evaluated in ATL 2D monolayers, while the nano-SiO2 effects were 

assessed in ATL 3D organoids. Nano-carbon black (1-100 ng/mL) did not induce 

oxidative stress in ATL 2D cultures nor decreased cell viability after 6 h and 7 days 

of exposure, respectively. As for nano-SiO2 (1-100 ng/mL), a significant increase in 

ROS generation was observed in ATL 3D organoids at 6 h after exposure, although 

did not affect organoid viability neither the gene expression of the investigated 

markers at 14 days after exposure (Liu et al., 2021). 

4.4. Lung-on-a-chip 

Lately, mechanically active microdevices combining the capability of cell 

culture models with microfluidics have been developed to reconstitute tissue-tissue 

interfaces crucial to resemble organ function. These are named “organ-on-a-chip” 

and are gaining more and more power in drug screening and toxicology 

applications as low-cost alternatives to animal testing and clinical studies. The first 
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lung-on-a-chip was reported by Huh and colleagues, who developed a biomimetic 

microsystem that replicates key structural, functional, and mechanical properties 

of the human alveolar-capillary interface (Huh et al., 2010). This model consists of 

a microfluidic system with two microchannels separated by a thin, flexible and 

porous membrane coated with fibronectin or collagen to resemble the ECM, and 

human alveolar epithelial and pulmonary microvascular endothelial cells cultured 

on opposite sides of the membrane (Figure 3). To simulate the in vivo environment 

of the alveolar space and gas exchange conditions, epithelial cells were exposed at 

the ALI. Moreover, this biologically inspired human breathing lung-on-a-chip 

microdevice has been successfully used to evaluate SiO2 NP transport across this in 

vitro alveolar-capillary barrier, intracellular ROS production, and inflammatory 

responses (Huh et al., 2010). After exposure to SiO2 NP aerosols it was observed: 

(1) high levels of intercellular adhesion molecule (ICAM)-1 expression from the 

underlying endothelium cells; (2) increased endothelial capture of circulating 

neutrophils, promotion of their migration across the permeable membrane (tissue-

tissue interface), and accumulation onto epithelial surface; (3) breathing-induced 

physiological mechanical forces; (4) increased absorption of SiO2 NP from the 

airspace to the microvascular channel; (5) accentuated pro-inflammatory activities 

and development of acute lung inflammation; and (6) a steady increase in ROS 

production (Huh et al., 2010; Huh, 2015). 

 

Figure 3. Microfabricated human breathing-inspired lung-on-a-chip microfluidic device [Adapted from 

Huh et al. (2010)]. The device simulates physiological breathing movements by applying a vacuum 

into the side chambers causing a stretch of the membrane. This illustration was created including 

images obtained from Smart Servier Medical Art (www.smart.servier.com) CC BY 3.0. 

Meanwhile, many other lung-on-a-chip devices emerged, as reported by 

Punde et al. (2015), Stucki et al. (2015), Blume et al. (2015), Rahimi et al. (2016), 

Yang et al. (2018), among other research groups. However, nanotoxicity studies 

using lung-on-a-chip models are still scarce. Recently, Zhang et al. (2018) 
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assembled a lung-on-a-chip model, reproducing the alveolar-capillary barrier, using 

three parallel channels: (1) alveolar channel with human pulmonary alveolar 

epithelial cells (HPAEpiC) to embody the alveolar side of the alveolar-capillary 

barrier; (2) vessel channel with human endothelial cells (HUVEC) to represent the 

capillaries, and (3) ECM channel with Matrigel membrane sandwiching between the 

alveolar and vessel channels. In this study, epithelial cells were exposed for 24 h 

to TiO2 NP and zinc oxide (ZnO) NP that were injected into the alveolar channel. 

Both NP induced dose-dependent toxicity on the epithelial and endothelial cells, 

including ROS generation and apoptosis, however, ZnO NP were more toxic than 

TiO2 NP. According to these authors, this lung-on-a-chip model was demonstrated 

to be a versatile model for assessing the NP induced pulmonary injury (Zhang et 

al., 2018). Moreover, Meghani and colleagues designed an alveolus-epithelium-on-

a-chip device with in-built sensors that allow the monitorization of pH-responsive 

ZnO quantum dots (QD)-loaded human serum albumin (HSA) NP. This model 

comprised lung cancer cells and stromal cells such as fibroblasts along with a 

collagen ECM. Results showed a significant internalization of the NP under the 

coculture conditions within this newly developed lung-on-a-chip model (Meghani et 

al., 2020). 

4.4. Exposure conditions: submerged vs air-liquid interface 

Most in vitro studies done so far for assessing the pulmonary toxicity of 

(nano)particles were performed using thin (mono)layers of lung cells cultured 

under submerged conditions, where (nano)particles to be tested were added 

directly into the cell culture medium (Lacroix et al., 2018). NP dispersion in 

complex media such as cell culture medium is likely to change their original 

physicochemical properties (Kendall et al., 2015; Moore et al., 2015; Moore et al., 

2019), which may influence particle-cell and cell-cell interactions, thus strongly 

affecting lung cells’ responses. Indeed, the interaction of particles with cell culture 

media components often leads to the formation of a protein corona (Monopoli et 

al., 2011), which together with media salts and osmolarity may affect particle 

stability and make particles more prone to aggregation and/or agglomeration 

(Falahati et al., 2019; Teeguarden et al., 2007). Another major limitation of 

submerged cultures is that molecular and cellular features such as expression of 

key transporters and proteins, cilia formation, mucus, and surfactant secretion may 

be affected (Acosta et al., 2016). At the same time, dose deposition is hard to 

control as, depending on their density, particles might remain in suspension 
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and/or interact with the material (e.g., plastic) where cells were seeded, which will 

have an impact on the actual dose that cells are exposed to (Lenz et al., 2013). For 

all the aforementioned, it is widely accepted that in vitro cell exposure to 

(nano)particles under the classic submerged conditions does not properly and 

effectively mimic the cellular and physiological features observed in inhalation 

exposures in vivo, and consequently, the responses observed might also be 

different from the ones occurring in the in vivo situation (Blank et al., 2009; Lacroix 

et al., 2018). To overcome the major drawbacks associated with submerged 

cultures, innovative approaches have emerged over the past years to more 

accurately control dosimetry and deposition (Polk et al., 2016; Secondo et al., 

2017). 

The human airways are not fully covered with pulmonary fluid but rather 

under ALI conditions, to allow efficient gas exchange between cells and the 

environment. Cells from the human respiratory system (e.g., nasal or bronchial 

epithelial cells) cultured under ALI conditions become properly polarized and might 

secrete surfactant, improving the resemblance to the in vivo situation, which is not 

possible to achieve in fully immersed environments (Barosova et al., 2020). So, in 

vitro exposure systems able to deliver aerosolized (nano)particles to the surface of 

cells cultured under ALI conditions constitute a more reliable alternative for 

conducting pulmonary nanotoxicity studies. Table 6 depicts the existing aerosol 

exposure systems available for (nano)particle aerosol generation and cell exposure 

at ALI. The normal setup generally involves an aerosol generator from 

powders/dusts or liquid droplets, connections, and peripherals to an exposure 

chamber with controlled temperature and humidity conditions. Compared to 

submerged exposures, particle aerosolization and exposure at ALI, where the 

apical liquid in cultured cells is negligible, seem to have a lower impact on particle 

original properties (Fujitani et al., 2015; Polk et al., 2016). However, these 

exposure systems require more expertise to set up and operate, being considerably 

more expensive than the traditional submerged studies (Braakhuis et al., 2015). 

Some of the available systems are equipped with a quartz crystal microbalance 

(QCM) for monitoring dose deposition in the nanogram range, which is a great 

advantage for controlling deposition over time (Ding et al., 2020). 

Notwithstanding, some systems present some technical limitations. In systems 

where particle deposition is based on sedimentation and gravitation, such as the 

Vitrocell
®

 and CULTEX
®

 systems, the maximum deposited doses achieved remain 

generally lower than the levels found in the ambient (Bierkandt et al., 2018).  
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Table 6. Aerosol generation and exposure systems for cells cultured under air-liquid interface (ALI) 

conditions. 

Aerosol exposure 

system 

Developer/ 

Manufacturer 
Features 

Minucell Tippe et al. (2002) 

-  Uses direct flow allowing a greater 

particle deposition onto cells. 

Electrostatic Aerosol in 

vitro Exposure system 

(EAVES) 

de Bruijne et al. 

(2009) 

-  Uses electrostatic precipitation for 

particle deposition onto cells. 

Air-Liquid Interface Cell 

Exposure (ALICE) 
Lenz et al. (2009) 

-  Uses dense cloud of droplets generated 

and transported through an exposure 

chamber at a specific flow rate, allowing 

uniform and efficient depositions of 

particle aerosols; 

-  Considered an optimal system to screen 

NP’ toxicity, particularly in 

pharmaceutical industries where 

suspension-based aerosolized NP are 

used in the drug formulations (Duret et 

al., 2012). 

NAVETTA Frijns et al. (2017) 

- Applies an electrostatic field to improve 

particle deposition efficiency, allowing a 

much higher deposition rate when 

compared to other ALI setups. 

Nano Aerosol Chamber 

In vitro Toxicity 

(NACIVT) 

Jeannet et al. 

(2015) 

-  Uses direct flow in a continuous air 

stream, enabling a more efficient and 

uniform deposition of airborne 

(nano)particles onto cells; 

-  Computer-controlled temperature and 

humidity environment, which allows long 

term exposures and helps to prevent 

cellular stress during exposure; 

-  Compact and easy to transport; 

-  High throughput system; 

-  Commercially available. 

MicroSprayer
®

 

Aerosolizer 

Penn-Century
TM

 

(2021) 

-  Commercially available manual 

aerosolizer; 

-  Model IA-1C: requires a very small 

number of NP to reach the target dose; 

-  Leads to the formation of droplets, 

affecting the homogeneous deposition of 

particles onto cells; 

-  Requires high flow rates for effective 

particle deposition, which might damage 

cells by shear stress. 

CULTEX
®

 
Aufderheide et al. 

(1999) 

-  Uses electrostatic precipitation for NP 

deposition onto cells, ensuring close 

contact between the tested aerosol and 

cells without any interference of the 

culture medium; 

-  Available as Radial Flow System (RFS) and 

RFS Compact versions; 
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Aerosol exposure 

system 

Developer/ 

Manufacturer 
Features 

-  Popular system among the commercially 

available. 

Vitrocell
®

 
Aufderheide et al. 

(2004) 

-  Modified CULTEX
®

 system; 

-  Three available setups: Cloud
®

 system, 

powder chamber, and automated 

exposure station; 

- Offers exposure chambers for 6, 12, and 

24 well-plates; 

- Most used among the commercially 

available. 

XposeALI
®

 
Inhalation 

Sciences (2021) 

- Models adapted to aerosolize dry 

powders; 

- Commercially available. 

Particle-specific efficacy of deposition and deposition rate of these aerosol 

generator devices have considerable variations (e.g., XposeALI
®

). In addition, a large 

loading of particles and/or long-term exposure may also be problematic as particle 

physicochemical characteristics (e.g., ALICE system) might be affected and particle 

agglomeration and/or aggregation might occur (Upadhyay et al., 2018). Most of 

the available systems only allow short, single-exposure experiments through a 

nano aerosol deposition chamber for efficient and quantitative deposition of 

nanoparticles, whereas the nano aerosol chamber in vitro toxicity (NACIVT) system 

allows a continuous air-stream (Clippinger et al., 2016). 

Several studies have already addressed (nano)particles toxicity in human 

respiratory cells under submerged vs ALI conditions. The great majority of the 

studies support the view that ALI cultures seem to be more resistant than 

submerged cultures to the effects induced by (nano)particles in vitro exposure. In 

this regard, Lenz et al. (2013) compared the cellular responses to ZnO NP (0.7 and 

2.5 𝜇g/cm
2

; immediately and 2 h after exposure) in terms of oxidative stress [(heme 

oxygenase 1 (HMOX1), SOD-2 and glutamate-cysteine synthetase, catalytic subunit 

(GCS) transcription markers expression] and pro-inflammatory (IL-8, IL-6, and GM-

CSF levels) responses in human alveolar epithelial A549 cells cultured under ALI or 

submerged conditions. Overall, a similar response to ZnO NP was observed in A549 

cells exposed under both conditions. However, while no significant changes in 

oxidative stress were observed for most markers in both cultures, lower levels of 

pro-inflammatory responses were detected in A549 cells exposed at ALI (Lenz et 

al., 2013). Ghio and colleagues also compared the impact of ambient air pollution 

particles, collected in North Carolina outside the United States Environmental 
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Protection Agency (EPA) Human Studies Facility, under submerged and ALI 

conditions on normal human bronchial epithelial (NHBE) cells by assessing pro-

inflammatory (IL-8 and IL-6 levels) and oxidative stress (HOX1 and COX2 

expression) markers up to 21 days. These authors showed that in NHBE cells 

exposed at ALI, the tested particles induced reduced biological effects compared 

to submerged cultures, likely due to the higher oxygen availability in ALI cultures 

(Ghio et al., 2013).  

The comparison of the biological responses of A549 cells under ALI (using 

a Vitrocell
®

 system equipped with electrodes to enhance deposition by applying an 

electrostatic field, named ALIDA) or submerged conditions was assessed after 

exposure to two amorphous SiO2 NP produced by different synthesis methods 

(Aerosil200 produced by flame synthesis, and 50 nm SiO2 NP produced by the 

Stöber method). For ALI conditions, the attained deposited doses were 52 μg/cm
2

 

and 117 μg/cm
2

, for Aerosil200 and 50 nm SiO2 NP, respectively, whereas in 

submerged conditions both NP were tested as liquid suspensions of 15.6 μg/cm
2

. 

The amorphous SiO2 NP aerosols were generated by two different methods: 

electrospray and atomizer. The electrospray method was only applicable for 50 nm 

SiO
2
 NP since it allowed the generation of an aerosol containing monodisperse NP. 

However, the deposited mass and surface dose of the particles was too low to 

induce cellular responses. On the other hand, the atomizer was applicable for both 

types of amorphous SiO2 particles; nevertheless, deposition of particle aggregates 

was observed, and therefore higher mass and surface doses were attained, which 

led to the induction of significant biological effects on lung cells. Overall, both 

types of amorphous SiO2 NP induced similar cellular responses in both culture 

systems, although submerged exposure to 50 nm SiO2 NP triggered stronger 

responses at much lower doses (Panas et al., 2014). 

ALI exposure seems to be a particularly suitable approach when evaluating 

the toxicity of poorly soluble NP. In this regard, Loret et al. (2016) evaluated the 

biological effects of four poorly soluble NP - one CeO2 NP and three TiO2 NP -, in 

A549 alveolar cell monocultures or in coculture with alveolar macrophages (THP-1) 

using different exposure methods, i.e. the cultures were exposed for 24 h to the 

aerosolized NP in inserts or to the NP liquid suspensions either in inserts or plates. 

They found that the final deposited doses were reached within 3 h in the inserts, 

either under ALI or submerged conditions, and within 24 h in the plates. While 

cocultures were more sensitive than monocultures, decreased cell viability, 

oxidative stress and inflammatory responses were observed at lower doses in 
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cultures exposed under ALI compared to the conventional submerged conditions 

(Loret et al., 2016).  

Recently, Medina-Reyes et al. (2020) compared the cytototoxicity, 

genotoxicity and oxidative stress in A549 cells exposed to TiO2 nanofibers and NP 

under ALI (using a Vitrocell
®

 Cloud system; 2 and 10 μg/cm
2

 for 1 or 4 h and 

maintained in culture for 24, 48 and 72 h) and submerged conditions (1-50 μg/cm
2

 

for 24, 48 and 72 h). Overall, these authors found that cytotoxicity of TiO2 

nanofibers and NP was similar in ALI and submerged cultures, although uptake was 

higher in submerged than in ALI cultures. However, TiO2 nanofibers induced higher 

DNA double-strand breaks (DSB) in A549 cultured under ALI than in submerged 

conditions, while TiO2 NP induced similar levels of DSB in both culture conditions 

(Medina-Reyes et al., 2020). Diabaté et al. (2021) evaluated the in vitro toxicity of 

CeO2 and TiO2 NP in A549 monocultures cultured under ALI conditions vs 

cocultures of A549 with THP-1 macrophages under submerged conditions. These 

authors observed that cells under ALI conditions were more sensitive to NP-induced 

toxicity when compared to those cultured under submerged conditions, i.e., lower 

doses of deposited NP (0.2 and 1 µg/cm
2

) were sufficient to induce adverse 

outcomes at ALI, as also documented in rodent experiments (Diabaté et al., 2021). 

Similar results were observed in a study by Bessa et al. (2021), where more 

pronounced cytotoxicity in A549 cells exposed to aerosolized ATO, CeO2, and ZrO2 

NP using a VitroCell
®

 workstation system was observed up to 4 h exposure when 

compared to A549 submerged cells exposed 24 h to the same NP as a liquid 

suspension. Overall, A549 cells under ALI conditions were more vulnerable to NP 

aerosols exposure. For instance, although an increased primary DNA damage 

regardless of the exposure mode was observed, A549 cells seemed to be more 

sensitive to the genotoxic effects of ZrO2 NP aerosols than to the same NP in a 

liquid medium (Bessa et al., 2021b).  

5. Conclusions and future perspectives 

Over the years, inhalation toxicology studies in rodents have been useful to 

assess (nano)particle hazard and identify important toxic properties. However, 

many of these studies lead to inconclusive results making extrapolations to 

humans questionable and dubious. Beyond that, these studies are moderate to 

severely distressful to animals, raising ethical and welfare concerns. In vitro 

models, on the other hand, offer highly controlled cellular environments that can 

be easily scaled and replicated and allow the evaluation of the (nano)particle 
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biological hazards in real-time. This is where the in vitro respiratory models stand 

out as a promising alternative to animal testing, in particular those that 

successfully recapitulate the complexity and physiology of the human respiratory 

system. An ideal strategy should rely on conventional in vitro systems as initial 

screening tools and moving on to advanced in vitro models, using accurate 

exposure systems and dosimetry strategies closer to real (nano)particle inhalation 

scenarios. Exploring the intricacies behind the complexity and sensitivity of the in 

vitro cell models, as well as the exposure system, is essential to perceive the 

magnitude of the toxicity response to (nano)particle exposure. Therefore, more 

efforts are urgently needed to validate and approve these in vitro methods.  
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B. Thesis Main Goals 

Workers dealing with advanced ceramic technologies may be at (increased) 

risk of exposure to a broad variety of airborne (nano)particles. Indeed, not only 

nanoscale powders are being used for ceramics production, but also in the high-

temperature processing of ceramic materials, there is a high potential for particle 

release into the workplace environment. Nevertheless, the inhalation hazard of 

these airborne particles remains poorly understood. 

The main goal of the present work was to investigate the in vitro toxicity of 

occupationally relevant doses of airborne (nano)particles relevant to the ceramic 

industry: i) process-generated fine particles (PGFP; <2.5 µm MMAD) and NP (PGNP; 

<0.2 µm MMAD) collected at an industrial-scale metallurgy workshop during two 

widely employed thermal spraying processes for ceramic coating of metallic 

surfaces - atmospheric plasma spraying (APS) and high velocity oxy-fuel spraying 

(HVOF)-, and ii) ENP used as input materials for ceramics manufacture, in particular 

metal oxide NP that are amongst the most used [tin oxide (SnO2), antimony-tin 

oxide (ATO; Sb2O3●SnO2), cerium oxide (CeO2) and zirconium oxide (ZrO2)] (Figure 

2).  

 

Figure 2. Schematic representation of the (nano)particles studied in the present work. 

In this thesis, two human respiratory in vitro models of different complexity 

were selected for airborne particle toxicity testing: i) alveolar epithelial A549 cells, 

a widely used lung model for toxicity testing, and ii) reconstituted epithelia from 

upper airways 3D cultures (MucilAir
TM

). The exposure conditions can considerably 
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affect the (nano)particles’ toxicological potential. Accordingly, cells were exposed 

to liquid suspensions of the airborne particles under the traditional submerged 

conditions or to the aerosolised particles at the air-liquid interface (ALI), a more 

realistic approach for assessing the toxicity of airborne particles in vitro. 

To achieve the proposed main goal, specific objectives were established as 

follows: 

1. To characterise the physicochemical properties of the airborne 

particles emitted during APS and HVOF spraying of ceramic coatings onto metallic 

surfaces and of the selected ENP; 

2. To optimise the harvesting and freezing procedures of human cells 

for DNA damage analysis using the comet assay;  

3. To investigate the toxicity of APS- and HVOF-derived particles (PGFP 

and PGNP fractions) in human alveolar epithelial-like cultures exposed under 

submerged conditions; 

4. To investigate and compare the toxicity of ENP in human alveolar 

epithelial-like cultures exposed under submerged vs ALI conditions; 

5. To assess and compare the toxicity of process-generated particles 

(PGFP and PGNP fractions) and ENP in advanced 3D cultures of human upper airway 

epithelium (MucilAir
TM

) under ALI conditions; 

6. To compare the hazard of APS- and HVOF-derived particles (PGFP and 

PGNP fractions) with ENP. 
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A. Process-Generated (Nano)Particles: Collection, Sampling 

and Characterisation 

Herein is presented an original research paper on the collection, sampling 

and characterisation of airborne particles incidentally released during high-energy 

industrial processes of thermal spraying of ceramic coatings at an industrial-scale 

metallurgy workshop (Chapter II, section A.1.). Two high-energy thermal spraying 

processes were appraised: i) APS, which is characterised by high temperatures and 

lower projection velocities, in this particular case of two feedstock materials 

containing a titanium oxide (TiO2) – aluminium oxide (Al2O3) blend and a chromium 

(Cr) – nickel (Ni) blend; and ii) HVOF, which is characterised by lower temperatures 

but higher velocities, and where a feedstock material containing tungsten carbide 

(WC) – chromium carbon (CrC) – Ni – cobalt (Co) blend was used. The collected PGFP 

and PGNP fractions were tested for toxicity using conventional human alveolar 

epithelial-like cultures and advanced human 3D upper airway epithelium 

(MucilAir
TM

) cultures (Chapter II, Section B.). 
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B. In Vitro Toxicity Assessment of the Airborne Process-

Generated and Engineered (Nano)Particles  

Prior to the in vitro toxicity assessment of the (nano)particles under study, 

protocol optimisation for establishing the most suitable proceedings for cell 

collection and freezing for comet assay analysis was performed. This preliminary 

study has been done since the in vitro ALI exposures were carried out at the RIVM 

(Bilthoven, The Netherlands), and the cells were frozen and shipped to our 

laboratory at INSA (Porto, Portugal) for subsequent analysis of the DNA damage 

caused by exposure to the tested particles. As a result of this study, an original 

research paper was published respecting the optimisation of the harvesting and 

freezing protocol procedures using two human cell lines for the assessment of DNA 

damage by the alkaline comet assay (Section B.1.). 

Afterwards, human respiratory in vitro models of different complexity, a 

traditional lung cell line and more advanced 3D cell cultures of upper airway 

epithelium, were exposed to (nano)particles derived from ceramic technologies: 

PGFP and PGNP incidentally emitted and collected from real scenarios of thermal 

spraying of ceramic coatings (APS and HVOF), as well as to four commercially 

available ENP (SnO2, ATO, CeO2, and ZrO2) used as raw materials for ceramics 

manufacture. 

To understand the toxicity impact and the nature of the mechanisms 

involved, major toxicity endpoints including plasma membrane integrity, metabolic 

activity, oxidative stress, inflammatory response, and genotoxicity were assessed.  

The following studies were performed:  

• Toxicity testing of APS- and HVOF-derived PGFP and PGNP in human 

alveolar epithelial A549 cells under the traditional submerged conditions 

(Section B.2.); 

• Comparative toxicity of four ENP (SnO2, ATO, CeO2, and ZrO2 NP) in the 

human alveolar epithelial A549 cell line under submerged vs ALI 

conditions (Section B.3.); 

• Comparative toxicity of two ENP (ATO and ZrO2 NP) and HVOF- 

incidentally released PGFP and PGNP, in a human 3D model of upper 

airway epithelium (MucilAir
TM

) cultured under ALI conditions (Section 

B.4.). 
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Abstract: High-energy industrial processes have been associated with 

particle release into workplace air that can adversely affect workers’ health. The 

present study assessed the toxicity of incidental fine (PGFP) and nanoparticles 

(PGNP), emitted from atmospheric plasma (APS) and high velocity oxy-fuel (HVOF) 

thermal spraying. Lactate dehydrogenase (LDH) release, 2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate (WST-1) metabolisation, intracellular reactive 

oxygen species (ROS) levels, cell cycle changes, histone H2AX phosphorylation (γ-

H2AX) and DNA damage were evaluated in human alveolar epithelial cells at 24 h 

after exposure. Overall, HVOF-particles were the most cytotoxic to human alveolar 

cells with cell viability half-maximal inhibitory concentration (IC50) values of 20.18 

µg/cm
2

 and 1.79 µg/cm
2

 for PGFP and PGNP, respectively. Only the highest tested 

concentration of APS-PGFP caused a slight decrease in cell viability. Particle uptake, 

cell cycle arrest at S+G2/M and γ-H2AX augmentation was observed after exposure 

to all tested particles. However, higher levels of γ-H2AX were found in cells exposed 

to APS-derived particles (~16%), while cells exposed to HVOF particles exhibited 

increased levels of oxidative damage (~17% tail intensity) and ROS (~184%). 

Accordingly, APS and HVOF particles seem to exert their genotoxic effects by 
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different mechanisms, highlighting that the health risks of these process-generated 

particles at industrial settings should not be underestimated. 

Keywords: A549 cells; cell cycle; cytotoxicity; DNA damage; in vitro toxicity; 

incidental nanoparticles; H2AX phosphorylation; occupational exposure; process-

generated nanoparticles 

1. Introduction 

The ceramic industry has been benefitting from nanotechnology innovation 

processes and advanced materials (Bessa et al., 2020). Workers from these 

industries are at risk of exposure to airborne fine (< 2.5 µm mass median 

aerodynamic diameter [MMAD]) and nano-sized (< 0.2 µm MMAD) particles that 

may be released either during the handling or manufacturing of ceramics using 

engineered nanoparticles (ENP, 1-100 nm) as raw materials or to incidentally 

emitted particles during mechanical and combustion/heating processes. Indeed, 

high-energy processes such as laser ablation, laser sintering, physical vapour 

deposition, inkjet printing, thermal spraying processes [e.g., atmospheric plasma 

spraying (APS) and high velocity oxy-fuel spraying (HVOF)] and glazing represent a 

high potential of fine and ultrafine particle formation and release to the workplace 

air (Fonseca et al., 2015a; Fonseca et al., 2015b; Fonseca et al., 2016; Ribalta et 

al., 2019; Salmatonidis et al., 2018a; Salmatonidis et al., 2020; Salmatonidis et al., 

2018b; Viana et al., 2017; Viana et al., 2021). 

Inhalation is the predominant route of exposure to micro- and nano-sized 

particles at occupational settings. Respiratory tract deposition and clearance is 

governed by the aerosol physics and by the anatomy and physiology of the 

respiratory tract (Stuart, 1984). The deeper the particles reach, the harder is their 

removal from the respiratory system favouring particle-cell interactions that might 

result in adverse health effects (Geiser et al., 2010; Xing et al., 2016). Many 

epidemiological studies already described an association between exposure to 

particulate matter (PM) and the occurrence of adverse health effects (Karanasiou et 

al., 2014; Schraufnagel, 2020). Exposure to airborne particles has been associated 

with cardiovascular, pulmonary and neurological diseases, which leads to increased 

risk of mortality (Anderson et al., 2012; Hamanaka et al., 2018; Stone et al., 2017). 

In the case of the ceramic industry, worker’ exposure to ceramic dusts has been 

strongly linked to respiratory symptoms such as wheezing, breathlessness and dry 

cough as well as with reduced lung function, chronic bronchitis and chronic 
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obstructive pulmonary disease (COPD) (Jaakkola et al., 2011; Kargar et al., 2013; 

Trethowan et al., 1995). 

Most of the knowledge on nano(particle) toxicity comes from in vitro 

mechanistic studies. While there are many available studies on the in vitro toxicity 

of engineered nanoparticles (ENP), little is known about the in vitro hazard of 

process-generated (nano)particles. In this regard, our group has recently 

conducted a comparative assessment on the in vitro toxicity of ENP [tin oxide 

(Sb2O3) and zirconium oxide (ZrO2) ENP] used as input materials in the ceramic 

industry vs particles collected during HVOF spraying of ceramic coatings onto metal 

surfaces to produce thermal-resistant coatings (Bessa et al., 2021a). Overall, our 

data showed that human tri-dimensional (3D) bronchial cultures under air-liquid 

interface (ALI) conditions were rather resistant to the ENP that induced mild 

cytotoxicity at early timepoints (24 h), though cells rapidly recovered since no 

significant changes in cell viability compared to the control were observed at late 

timepoints (72 h). At the same time, while the fine fraction of the HVOF-derived 

particles significantly decreased cell viability, the ultrafine fraction significantly 

increased DNA oxidative damage, showing that HVOF particles exhibited higher 

toxicity potential compared to ENP (Bessa et al., 2021a). A recent study by Cediel-

Ulloa et al. also evaluated the in vitro toxicity of airborne particles emitted during 

gas–metal arc welding (GMAW) in a laboratory setting on primary human small 

airway epithelial cells (hSAEC) (Cediel-Ulloa et al., 2021). These authors observed 

that stainless steel welding particles were more cytotoxic compared to mild steel 

particles and induced oxidative stress in primary human small airway epithelial 

cells. In addition, Pavlovska et al. investigated the biological effects of airborne 

particulates collected in woodworking and metalworking industries both on 

EpiAirway 3D human small airway epithelial cells exposed for 4 h (half working 

day), 8 h (full working day) 72 h (3 working days) and on A549 lung epithelial cells 

continuously exposed for 96 h. Data obtained showed that exposure to these 

polluting particles exerted minor acute effects on the morphology and viability of 

both A549 cells and EpiAirway tissues. However, a marked reduction in EpiAirway 

tissue viability after 8 h exposure to woodworking particles, and a slight reduction 

in tissue viability after 72 h of exposure to metalworking particles was observed 

(Pavlovska et al., 2021).  

Therefore, the present study aims to further explore the in vitro toxicity of 

process-generated fine (PGFP; <2.5 µm MMAD) and nano-sized particles (PGNP; 

<0.2 µm MMAD) incidentally emitted during two industrial thermal spraying 
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processes (APS and HVOF) of ceramic coatings onto metal surfaces. We hypothesise 

that PGNP are more toxic to human alveolar epithelial cells than PGFP. Biological 

endpoints including particle internalisation, plasma membrane integrity, cell 

metabolic activity and viability, reactive oxygen-species (ROS) levels, cell cycle 

analysis, histone H2AX phosphorylation and DNA damage were evaluated in human 

alveolar epithelial A549 cells at 24 h after exposure. 

2. Results 

2.1. Process-generated fine and nano-sized particles characterisation 

Table 1 presents the physicochemical features of the aqueous suspensions 

of the tested process-generated particles, namely concentration (both in terms of 

mass and number of particles per mL), hydrodynamic size and oxidative potential. 

As shown, APS-derived aqueous suspensions were more diluted in terms of 

mass/mL than the HVOF ones, which somehow limited the maximum tested 

concentrations of the former type of particles, in particular of the PGNP fraction. 

For APS-derived particles, the mean hydrodynamic size value was 244 nm and 410 

nm for PGFP and PGNP, respectively. At the same time, HVOF- PGFP (247 nm) and 

PGNP (236 nm) exhibited a similar hydrodynamic size mean value. Regarding the 

oxidative potential, only APS-derived PGFP demonstrated a low oxidative potential, 

whereas HVOF-derived particles, particularly PGNP, exhibited a high ability to 

produce •OH in a cell-free environment. 

Table 1. Physicochemical characteristics of the tested PGFP and PGNP particles aqueous suspensions. 

 

Stock suspension 

concentration  

(mg/mL) 

Stock suspension 

concentration 

(number of particles/mL)  

Hydrodynamic 

size (nm) 

Oxidative 

potential 

(A.U.)* 

APS 

PGFP 0.068 8.49 x 10
8

 244 ± 120 3291 

PGNP 0.034 4.21 x 10
8

 410 ± 162 5319 

HVOF 

PGFP 1.069 9.72 x 10
8

 247 ± 116 9893 

PGNP 0.140 15.86 x 10
8

 236 ± 86 12833 

Data are presented as mean ± SD. Hydrodynamic size and concentration were measured by Nanoparticle Tracking 

Analysis. Oxidative potential was measured by Electronic Spin Resonance. A.U.: arbitrary units. *Negative control 

(ultrapure water) = 3191 A.U.; Positive control (DOFA) = 48041 A.U. 

2.2. Plasma membrane integrity and cell viability 

Under our experimental conditions, no differences in cell’s membrane 

integrity and viability were found after 24 h of exposure to both fractions of APS-

derived particles, comparing with the negative control (NC) (Figure 1A). On the 

other hand, the cytotoxic effects were more pronounced when cells were exposed 
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to particles derived from the HVOF spraying process. While a significant increase 

in the LDH release compared to control cells was observed after exposure to PGFP 

at either 10.00 µg/cm
2

 (30.70 %) or 20 µg/cm
2 

(26.15 %), a clear concentration-

dependent decrease in cell viability was detected (Figure 1B). Analysis of cell 

viability concentration-response curves of cells exposed to HVOF-derived PGFP and 

PGNP revealed a half-maximal inhibitory concentration (IC50) of 20.18 µg/cm
2

 (CI 

95 %: 11.66-34.95) and 1.79 µg/cm
2

 (CI 95 %: 1.48-2.16), respectively. 

 

Figure 1. Cytotoxicity of PGFP and PGNP released during APS (A) and HVOF (B) in human alveolar 

epithelial cells after 24 h of exposure. Data are expressed as mean ± standard deviation (n=3-4). LDH 

release values were normalised considering the positive control (total LDH release; cells lysed with 2 

% Triton X-100), while WST-1 reduction values were normalised considering the negative control (NC). 

Data was analysed by the one-way analysis of variance (ANOVA) test followed by the Dunnett’s post 

hoc test for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 vs NC. PC: Positive control 

(LDH: 2 % Triton X-100; WST-1: 70 % EtOH). 

2.3. Intracellular reactive oxygen species levels 

No major effects on ROS levels were found on human alveolar epithelial cells 

after 24 h of exposure to APS-derived PGFP and PGNP (Figure 2A). On the other 
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hand, in cells exposed to the HVOF-particles a significant increase in the 

intracellular ROS levels was found for the highest tested concentrations of PGFP 

(176.88 ± 32.35 %) and PGNP (183.67 ± 59.06 %), when compared to the NC (Figure 

2B). 

 

Figure 2. ROS intracellular levels in human alveolar epithelial cells after 24 h of exposure to PGFP and 

PGNP released during APS (A) and HVOF (B). Data are expressed as mean ± standard deviation (n=3-

4). Values were normalised considering the NC. Data was analysed by the one-way ANOVA test 

followed by the Dunnett’s post hoc test for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 

0.001 vs NC. PC: 25 µM AgNO3. 

2.4. Cellular uptake of the (nano)particles 

The cellular uptake of the process-generated particles under study by human 

alveolar epithelial cells was estimated based on changes in the percentage of the 

side scatter signal (% SSC), a measure of cellular complexity, analysed by flow 

cytometry. As depicted in Figure 3, a concentration-dependent increase in cell 

complexity was observed in A549 cells incubated with all tested particles 

regardless the process and the particle fraction. For APS- and HVOF-derived 

particles, a significant increase in particle uptake has been detected in cells 

exposed to the highest tested concentrations of either PGFP or PGNP. However, the 

fine HVOF-derived particles have been internalised by A549 cells in a higher degree 

than the nano-sized fraction. At the same time, HVOF-PGFP (5 µg/cm
2

; 4.16 ± 1.61 

%) were internalised to a greater extent than APS-PGFP (5 µg/cm
2

; 2.69 ± 0.75 %) in 

A549 cells. 
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Figure 3. Cellular uptake of PGFP and PGNP released during APS (A) and HVOF (B) by human alveolar 

epithelial A549 cells after 24 h of exposure, as estimated by variations of the side scatter signal (SSC). 

Data are expressed as mean ± standard deviation (n=3-4). Data was analysed by the one-way ANOVA 

test followed by the Dunnett’s post hoc test for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01 and ***P 

≤ 0.001 vs NC. 

2.5. Cell cycle analysis 

Figure 4 shows the effect of the tested process-generated particles on the 

human alveolar epithelial cell cycle dynamics, as assessed by flow cytometry. In the 

NC, most of the cells were at G0/G1 phase (78.04 ± 2.51 % cells), which was expected 

considering that cells were incubated for 24 h with FBS-free culture medium. 

Moreover, a concentration-dependent increase of cells in the S and G2/M phases 

was observed at 24 h after exposure to all particles under study, but still with the 

G0/G1 cells representing the largest subpopulation (Figures 4A and 4B). As shown 

in Figure 4C, under our experimental conditions, less than 10 % of the cells 

undergo apoptosis (sub-G1 population), though a concentration-dependent 

increase in the apoptotic cell number was observed for all tested particles, 

regardless the process and particle fraction.  
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Figure 4. Cell cycle analysis of human alveolar epithelial cells after 24 h of exposure to PGFP and 

PGNP released during APS (A) and HVOF (B). The percentage of cells in the sub-G1 phase (apoptotic 

cells) was also analysed (C). Data are expressed as mean ± standard deviation (n=3-4). Data was 

analysed by one-way ANOVA followed by Dunnett’s post-hoc test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 

0.001 vs NC. 

2.6. Histone gamma-H2AX phosphorylation 

Histone gamma-H2AX phosphorylation (γ-H2AX), a biomarker for DNA 

double-strand breaks was assessed by flow cytometry at 24 h after exposure to the 

process-generated particles. As shown in Figure 5, a significant increase in the 

total γ-H2AX levels in A549 cells has been detected after exposure to any type of 

process-generated particles, being this increase more marked in cells incubated 

with the APS-derived particles (Figure 5A) compared to the ones exposed to the 

HVOF-particles (Figure 5B). In fact, for the APS-derived particles, PGNP (2.5 µg/cm
2

: 

16.39 ± 3.65 %) were more effective in causing total γ-H2AX than PGFP (5 µg/cm
2

: 

11.10 ± 4.14 %). Moreover, increasing levels of γ-H2AX were found for each phase 

of the cell cycle after 24 h exposure to the highest tested concentration of PGFP 

and PGNP APS-derived particles. Regarding HVOF-derived particles increasing levels 
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of γ-H2AX in each phase of the cell cycle were found, but in a much lower degree 

than APS-particles. Camptothecin (3.5 µg/mL) served as positive control (PC) and 

as expected caused an evident increment of the total γ-H2AX levels in cells at the 

different cell cycle phases compared to the NC. 

Representative graphs of the cellular uptake of particles, cell cycle and γ-

H2AX analyses by flow cytometry are depicted in Figure A1. 

 

Figure 5. γ-H2AX in human alveolar epithelial cells after 24 h of exposure to PGFP and PGNP released 

during APS (A) and HVOF (B). Data are expressed as mean ± standard deviation (n=3-4). Data were 

analysed by one-way ANOVA followed by Dunnett’s post-hoc test. Global γ-H2AX analysis: 
$

P ≤ 0.05, 

$$

P ≤ 0.01 and 
$$$

P ≤ 0.001 vs NC. γ-H2AX in each phase of cell cycle: *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 

0.001 vs NC. 

2.7. Primary and oxidative DNA damage 

Figure 6 depicts the primary and oxidative DNA damage of A549 cells 

incubated with the APS- (Figure 6A) and HVOF-derived particles (Figure 6B). 

Although a slight increase in DNA strand breaks was observed for PGFP of both APS 

and HVOF spraying processes, as well as for HVOF-derived PGNP, those were not 

significant when compared to the NC. However, APS-derived PGFP significantly 

increased DNA FPG-sensitive sites of human alveolar epithelial cells at 

concentrations of 2.5 µg/cm
2

 (7.81 ± 4.40 % tail intensity) and 5 µg/cm
2

 (8.37 ± 

2.23 % tail intensity) compared to the NC (2.90 ± 1.80 % tail intensity) (Figure 6A), 

while the nano-sized fraction did not increase oxidative DNA damage in A549 cells 

(Figure 6A). HVOF particles seem to cause higher levels of DNA oxidative damage 

compared to the APS-particles. As shown in Figure 6B, both PGFP and PGNP HVOF-

derived fractions significantly increased DNA oxidation in a concentration-
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dependent manner. Representative comet images of the DNA damage of human 

alveolar epithelial cells exposed to the highest tested concentrations of PGFP and 

PGNP emitted during HVOF thermal spraying process are depicted in Figure B1. 

 

Figure 6. Primary (DNA strand breaks) and oxidative (FPG-sensitive) DNA damage in human alveolar 

epithelial cells after 24 h of exposure to PGFP and PGNP particles released during APS (A) and HVOF 

(B). Data are expressed as mean ± standard deviation (n=3-4). Data was analysed by one-way ANOVA 

followed by Dunnett’s post-hoc test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 vs NC. PC: 500 µM MMS 

and 2.5 mM KBrO3 for primary and oxidative DNA damage, respectively.  

3. Discussion 

Regardless the size fraction, HVOF-derived particles were more cytotoxic for 

A549 cultures than the APS-particles. Indeed, particles emitted during HVOF 

spraying induced a marked decrease in cell viability, with PGNP being more potent 

than PGFP as evidenced by its ~10x lower IC50 value, while only the fine fraction of 

APS-derived particles slightly decreased cell viability at the highest tested 

concentration (5 µg/cm
2

). In addition, only exposure to HVOF- but not to APS-

emitted particles significantly increased ROS intracellular levels of A549 cells. 

These results are in good agreement with the highest oxidative potential of HVOF 
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particles compared to the APS particles. ROS are important molecules involved in 

redox-associated signalling pathways. While important to regulate and maintain 

normal physiological functions, excessive levels of intracellular ROS can activate 

cell death and other signalling pathways including nuclear factor-κB (NF-κB), 

mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3-K) that 

are involved in the regulation of the expression of inflammatory response genes, 

cell cycle arrest, DNA strand breaks and formation of 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxo-dG) DNA adducts (Manke et al., 2013; Peixoto et al., 2017). 

Differences in their chemical composition might have an obvious 

toxicological impact and may explain the observed cellular effects in A549 cells. 

The chemical analysis of the airborne fine and nano-sized particles under study 

revealed a major enrichment in potentially health hazardous metals [chromium 

(Cr), nickel (Ni), tungsten (W)] sourcing directly from the feedstock in both 

scenarios, as well as in major elements [aluminium (Al), calcium (Ca), iron (Fe)] with 

different possible source origins, including re-suspension of indoor dusts. Size-

resolved particle chemical composition analysis by Inductively coupled plasma 

mass spectrometry (ICP-MS) and Inductively coupled plasma - optical emission 

spectrometry (ICP-OES) showed that APS-derived particles were mainly constituted 

by Al (68 % and 42% for PGFP and PGNP, respectively), Cr (11 and 16 % for PGFP and 

PGNP, respectively) and Ni (1 and 21% for PGFP and PGNP, respectively), while the 

HVOF generated ones were mainly constituted by Cr (61 and 67 % for PGFP and 

PGNP, respectively) and Ni (27 and 28 % for PGFP and PGNP, respectively), as 

previously reported (Viana et al., 2021). These differences in composition might 

have contributed to particle aggregation/agglomeration of the aqueous 

suspensions, in particular of APS-PGNP that presented a high hydrodynamic size 

value. 

Epidemiological and occupational studies have shown the hazard of 

inhalation exposure to Al, Cr, and Ni to human health. Workplace exposure to 

airborne particles containing these elements has been associated with several 

respiratory disorders such as pulmonary fibrosis, asthma, chronic obstructive lung 

disease, lung cancer, and cardiovascular disease (Björ et al., 2008; Halasova et al., 

2010; Jederlinic et al., 1990; Lippmann et al., 2009; Park et al., 2018; Phillips et 

al., 2010; Salnikow et al., 2008; Thomassen et al., 2006). Several in vivo and in 

vitro studies have also addressed the toxicity of nanoforms of these elements. Kim 

et al. investigated the toxicity of aluminium oxide (Al2O3) nanoparticles (NP) 

following 28 days of repeated exposure by inhalation in male rats and reported a 
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no-observed-adverse-effect level (NOAEL) of 1 mg/m
3

 (Kim et al., 2018). At the 

same time, the existing evidence on the Al2O3 NP effects on human pulmonary cell 

lines seem to point out for minimal toxic effects caused by these NP, that were 

considered less toxic when compared to cerium oxide (CeO2), titanium dioxide 

(TiO2), silicon dioxide (SiO2), and zinc oxide (ZnO) NP (Ivask et al., 2015; Kim et al., 

2010; Tsaousi et al., 2010; Zhang et al., 2011). These findings are in line with our 

results showing that Al-rich APS-derived particles did not induce a marked 

cytotoxicity or increment in ROS levels of A549 cells. 

Both tested thermal spraying derived particles, especially HVOF-emitted 

ones, are enriched in Cr and Ni. So far, the available in vitro and in vivo studies on 

Cr and Ni effects have shown pulmonary toxicity in response to exposure to these 

elements (Åkerlund et al., 2018; IARC, 1990; Morimoto et al., 2011; Roedel et al., 

2012; Wise et al., 2002; Zhang et al., 2003). In this regard, human lung cells 

incubated with Cr(VI) have been reported to exhibit significant levels of oxidative 

DNA damage (Reynolds et al., 2012), as well as increasing levels of H2AX-Ser139 

phosphorylation (DeLoughery et al., 2014). Evidence of cell cycle arrest at G2/M has 

been also found in alveolar A549 cells exposed for 24 h to Cr(VI) (Zhang et al., 

2001). On the other hand, Ding et al. have shown that exposure to Ni triggered 

G2/M cell cycle arrest and proliferation blockage in human bronchial epithelial cells 

(BEAS-2B) (Ding et al., 2009). In the nanoscale form, DNA damage accompanied by 

increased phosphorylation of DNA damage response associated proteins ATM 

serine/threonine protein kinase (Ser1981), p53 tumour protein (Ser15) and H2AX 

(ser139) has been reported by Mo et al. in BEAS-2B cells exposed to Ni NP for 24 h 

(Mo et al., 2021). 

In response to DNA damage, the cell undergoes through various checkpoint 

mechanisms essential to survival, but when these fail, that potentially result in a 

rapid cell death (Ma et al., 2018). DNA damage occurring throughout interphase 

will elicit a cell cycle arrest which allows time for repair mechanisms to occur prior 

progression to subsequent phases of the cell cycle (Barnum et al., 2014). For 

instance, depending on the cell cycle phase which a double strand break occurs, 

the repair mechanism used by the cell differs (Mjelle et al., 2015). One mechanism 

of double strand break repair is through the phosphorylation-dependent 

recruitment of DNA damage repair factors to sites of DNA damage, such as the 

phosphorylation of Ser139 on histone H2AX (γ-H2AX) (Podhorecka et al., 2010). In 

the current study, flow cytometry data showed that exposure to any type of thermal 

spraying-derived particles induced cell cycle arrest at S and G2/M phases in human 
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alveolar epithelial A549 cells, most likely triggered in response to DNA damage. 

Indeed, following DNA damage, the S-phase checkpoint delays DNA synthesis, 

while the G2 cell cycle checkpoint prevents cells from entering mitosis, inhibiting 

cell proliferation (Barnum et al., 2014). In addition, for every particle, a 

concentration-dependent increase in the number of apoptotic sub-G1 phase cells 

after 24 h of exposure was observed. Under our experimental conditions, an overall 

increase in γ-H2AX levels was found in A549 cells, especially in cells at S and G2/M 

phases. Interestingly, a more prominent effect on γ-H2AX levels was observed in 

cells incubated with fine or nano-sized APS-derived particles. Notwithstanding, for 

both APS- and HVOF- derived particles, the found γ-H2AX levels were more evident 

at lower concentrations of PGNP when compared to PGFP. On the other hand, 

although both fractions of HVOF-emitted particles increased the oxidative DNA 

damage, in cells exposed to PGNP that effect was visible at lower concentrations. 

For the APS-particles, for instance, oxidative damage was only observed after 24 h 

exposure to the fine fraction. Therefore, our data suggest that mechanisms 

involved in the genotoxicity of the tested thermal spraying-emitted particles might 

differ between them. While APS-particles prominently cause histone H2AX 

phosphorylation at serine-139 as an early cellular response to the induction of DNA 

double-strand breaks, HVOF-particles mainly induce 8-oxo-G oxidative DNA 

lesions, most likely caused by the increased intracellular ROS levels observed. 

We have recently reported the effect of both fractions of the HVOF-derived 

particles studied herein in human 3D bronchial epithelial cultures (MucilAir
TM

) under 

ALI conditions (Bessa et al., 2021a). We have found that PGFP aerosols affected cell 

viability at dose levels as low as 9 µg/cm
2

, which was not seen for the aerosolised 

PGNP. However, exposure to PGNP (4.5 mg/cm
2

) caused an increase in the oxidative 

DNA damage of MucilAir
TM

 cultures. In the present study, under submerged 

conditions, a stronger toxic response has been observed, as both fractions of HVOF 

particles induced a pronounced decrease in cell viability and higher levels of 

oxidative DNA damage at lower concentrations after 24 h exposure of A549 cells. 

Differences in the magnitude of the responses to the HVOF particles within the two 

studies may be explained by differences in the attained deposited doses, as well 

as in the sensitivity of the cell models used. While aerosolised particles directly 

deposit on cells surface, at submerged conditions particles in suspension may react 

with the culture medium, agglomerate/aggregate into larger particles (Lacroix et 

al., 2018; Loret et al., 2016). On the other hand, human primary cultures under ALI 

conditions have been described as more resistant than the traditional 2D 
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monoculture models since they exhibit a higher degree of complexity, with active 

ciliary beating and mucus production that mimic the mucociliary clearance defence 

system that occurs in vivo (Frieke Kuper et al., 2015; George et al., 2019), which 

might have considerably attenuated the uptake and cellular effects of the HVOF-

derived particles (Bessa et al., 2021a). Our simplified test system does not account 

for differences in pulmonary deposition of PGFP and PGNP, whereas it is well-

established that the smaller sizes may penetrate more deep into the lung and more 

efficiently reach the more vulnerable alveoli. Statements on the actual human 

health risk are therefore not possible, also in the absence of actual personal 

exposure levels.  

4. Conclusions 

HVOF-particles were more cytotoxic compared to APS-particles, , most likely 

due to differences in their elemental composition. As hypothesised, PGNP derived 

from HVOF were more cytotoxic to A549 cells than PGFP, while both fractions of 

APS-emitted particles did not induce significant cytotoxic effects in A549 cells. 

Notwithstanding, particles emitted from the two thermal spraying processes under 

study were genotoxic to human alveolar epithelial cells. While APS particles 

prominently lead to increased levels of H2AX phosphorylation, HVOF particles 

mainly caused 8-oxo-dG oxidative DNA lesions. Among the perceived genotoxicity, 

PGNP induced significant effects at lower concentrations for both high energy 

spraying processes, except regarding oxidative DNA were only PGFP emitted during 

APS cause measurable effects. 

Our data highlight that workers from industries employing high-energy 

processes may be at (increased) risk of adverse health effects depending on the 

actual inhaled dose, i.e. exposure levels and duration. Occupational 

epidemiological studies are urgently needed to establish this risk, whereas a better 

understanding of the cellular mechanisms involved in process-generated particles-

induced biological effects, ultimately contributing for controlling exposures to 

these particles in the workplace would facilitate reducing the health risks. The 

availability of information obtained from real-world exposure scenarios is deemed 

essential to establish realistic preventive and corrective measures adapted to the 

different work scenarios (manufacturing technologies and/or chemical 

composition of materials). 
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5. Materials and Methods 

4.1. Chemicals 

Dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH), sodium chloride 

(NaCl), potassium chloride (KCl) and potassium hydroxide (KOH) were purchased 

from Merck KGaA (Darmstadt, Germany). Triton X-100, bovine serum albumin 

(BSA), low melting point (LMP) agarose, Tris hydrochloride (Tris-HCl), silver nitrate 

(AgNO3), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), methyl 

methanesulfonate (MMS), propidium iodide (PI), Roche cytotoxicity detection kit 

(LDH) and cell proliferation reagent water-soluble tetrazolium (WST-1) were bought 

from Sigma-Aldrich (Madrid, Spain). Tris-base and disodium salt dihydrate 

(Na2EDTA) were supplied from Merck Millipore (Madrid, Spain). Normal melting 

point (NMP) agarose was purchased from Bioline (London, UK). Potassium bromate 

(KBrO3) and camptothecin were supplied from Alfa Aesar (Karlsruhe, Germany). 

Formamidopyrimidine-DNA glycosylase (FPG) was purchased from New England 

Biolabs (Ipswich, MA, USA). Guava ICF instrument cleaning fluid was supplied by 

Luminex Corporation (Austin, TX, USA). and PBS pH 7.4 flow cytometry grade from 

Gibco were purchased from Life Technologies Corp. (NY, USA). RNAse A from 

bovine pancreas (DNAse-free) from Applichem Panreac, eBioscience™ phospho-

histone H2A.X (Ser139) Alexa Fluor® 488 conjugated monoclonal antibody 

(CR55T33), Invitrogen™ SYBR® Gold dye and CM-H2DCFDA (General Oxidative 

Stress Indicator) were bought from Thermo Fisher Scientific (Madrid, Spain). All cell 

culture reagents were purchased from Gibco, Thermo Fisher Scientific (Madrid, 

Spain). All chemicals used were of high purity or analytical grade. 

4.2. Fine and nano-sized particles suspensions and characterisation 

Incidental process-generated fine (PGFP; <2.5 µm MMAD) and nano-sized 

particles (PGNP; <0.2 µm MMAD) emitted during APS and HVOF spraying were 

collected directly from the inside of the spraying booths at an industrial-scale 

mechanical workshop in the vicinity of Barcelona, as previously described (Viana et 

al., 2021). Regarding the APS spraying, the collection was performed during the 

injection of a Cr/Ni (50/50) and Al2O3 + TiO2 feedstock blend, while for HVOF it was 

performed during the injection of a tungsten carbide (WC) – chromium carbon (CrC) 

– Ni – cobalt (Co) feedstock blend, as described in (Viana et al., 2021). Both PGFP 

and PGNP fractions were sampled directly as stock suspensions for toxicity testing, 
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using an aerosol concentration enrichment system, as previously described (Kim et 

al., 2001). The collected samples were subjected to gamma-ray irradiation to 

ensure the required sterility prior to the cell incubations.  

Hydrodynamic size and concentration (number of particles/mL) of the 

aqueous particle suspensions under study were determined by Nanoparticle 

Tracking Analysis (NTA) using a NanoSight LM20 (NANOSIGHT Ltd, Salisbury, 

United Kingdom). The particle oxidative potential (acellular ROS production) was 

determined by Electron Spin Resonance (ESR) based on the trapping of nanoparticle 

NP-induced hydroxyl radicals (OH) generated in the presence of hydrogen peroxide 

(H2O2) using DMPO (5,5-dimethyl-1-pyrroline-N-oxide) as spin trap, as previously 

described (Bessa et al., 2021b). Briefly, particle suspensions were mixed with 0.5 

M H2O2 and 0.05 M DMPO, followed by incubation for 15 min at 37 °C in a heated 

shaking water bath prior to ESR analysis. The ESR quantification was conducted 

with the Analysis Software (2.0 Magnettech GmbH, Berlin) on first derivation of ESR 

signals of DMPOeOH quartet as the average of total amplitudes and expressed in 

arbitrary units (A.U.) per sampled volume (Bessa et al., 2021b). 

4.3. Cell culture 

Lung adenocarcinoma epithelial A549 cells from the American Type Culture 

Collection (ATCC®, CCL-185™) were cultured in RPMI 1640 medium with 

Glutamax™, 25 mM HEPES and supplemented with 10 % heat-inactivated foetal 

bovine serum (FBS), 50 U/mL penicillin and 50 µg/mL streptomycin. Cells were 

maintained in a humidified atmosphere with 5 % CO2 at 37 ºC. To carry out the 

submerged exposure experiments, cells were seeded in 96‐well (1.0 × 10
4

 

cells/well) or 24‐well plates (5.0 x 10
4

 cells/well) and allowed to adhere for 48 h at 

37 ºC, 5 % CO2. 

4.4. Exposure conditions 

All particle stock suspensions under study were dispersed by indirect probe 

sonication using a Branson sonifier (model 450) equipped with a disruptor cup horn 

according with the Standard Operation Procedure (SOP) for preparation of NP 

suspensions developed within the NanoToxClass project (NanoToxclass, 2017). 

The selected concentrations of each particle fraction depended on the stock’s 

concentrations and volume available. In addition, the tested concentrations were 

chosen based on daily alveolar mass dose of 0.13 µg/cm
2

 expected to achieve in a 
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worst-case occupational exposure scenario and with a maximum accumulated 

lifetime dose of 420 µg/cm
2

, according to Paur et al. (2011). Accordingly, serial 

dilutions of the stock suspensions were carried out in incubation media (FBS-free 

cell culture medium) and A549 cells were exposed for 24 h at 37 ºC, 5 % CO2. For 

APS, the tested particles concentration ranged 0.31-5.00 µg/cm
2

 and 0.16-2.50 

µg/cm
2

 for PGFP and PGNP, respectively. While for HVOF-particles, the 

concentration ranged between 2.50-40.00 µg/cm
2

 and 0.63-10.00 µg/cm
2

 for PGFP 

and PGNP, respectively. At least three independent experiments with three 

replicates each were performed. 

4.5. Cytotoxicity assessment 

To assess the impact of the tested particles in human alveolar epithelial 

cells, two endpoints were evaluated: LDH release and WST-1 reduction, indicators 

of plasma membrane integrity and cell metabolic activity, respectively.  

LDH release was determined using Roche Cytotoxicity Detection Kit (Roche, 

Mannheim, Germany), according to manufacturer’s instructions. After exposure 

and prior to analysis, samples were carefully transferred to a 96-well round bottom 

plates and then centrifuged at 2210 g for 5 min to remove the cell debris and 

residual (nano)particles. Cells lysed with 2 % Triton X-100 (30 min) were used as 

PC. Briefly, 100 µL of freshly prepared reaction mixture was added to 100 µL of 

each sample and incubated up to 30 min at room temperature and protected from 

light. Absorbance was measured at 490 nm and 630/690 nm (reference 

wavelength) in a microplate reader (SpectraMax® iD3 Molecular Devices, San Jose, 

CA, USA). LDH release values were normalized considering the PC mean value (total 

LDH release). 

Cell metabolic activity and viability was assessed using the WST-1 Cell 

Proliferation Reagent Kit (Roche, Mannheim, Germany), according to the 

manufacturer’s instructions. After exposure and prior to analysis, cells were 

washed with PBS pH 7.4. Afterwards, 100 µL/well of WST-1 reagent diluted 1:10 

was added for a 2 h incubation period at 37 ºC, 5 % CO2. Sample’s absorbance was 

measured at 450 nm and 630/690 nm (reference wavelength) in a microplate 

reader (SpectraMax® iD3 Molecular Devices, San Jose, CA, USA). WST-1 reduction 

values were normalized considering the NC mean value.  

To test for possible particle interferences with the assays, PC was 

determined in the absence and in the presence of the highest tested concentration 

of particle liquid suspensions. None of tested particles seemed to interfere in the 
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conducted cytotoxicity assays since no significant differences in the PC values in 

the absence vs. in the presence of the highest tested concentration of PGFP and 

PGNP were detected. 

4.6. Intracellular reactive oxygen species generation 

Generation of ROS was estimated using the Invitrogen
TM

 CM-H2DCFDA 

General Oxidative Stress Indicator probe (Thermo Fisher Scientific, Madrid, Spain), 

according to manufacturer’s instructions. Briefly, 1.0 x 10
4

 cells/well were seeded 

in 96-well black clear bottom plates and medium renewed after 24 h. At 48 h post-

seeding, cells were loaded with 5 µM CM-H2DCFDA probe for 1 h at 37 ºC, 5 % CO2. 

Then, the medium was aspirated, and cells exposed to the tested particles over a 

24 h period. Following exposure, fluorescence was measured at 492 nm/527 nm 

(excitation/emission) in a microplate reader (SpectraMax® iD3 Molecular Devices, 

San Jose, CA, USA). ROS production was normalised considering the mean 

fluorescence (arbitrary units) of the NC. 

4.7. Cellular uptake, cell cycle and histone gamma-H2AX phosphorylation 

analysis by flow cytometry 

Determination of cellular particle uptake, changes in the cell cycle by 

determining cellular distribution in the different phases (G0/G1, S, G2/M and Sub-G1) 

and DNA double-strand breaks assessed via phosphorylation of the Ser-139 residue 

of the histone variant H2AX (γ-H2AX) were carried out by flow cytometry using a 

Guava® easyCyte™ flow cytometer (Merck KGaA, Darmstadt, Germany). Briefly, 5.0 

x 10
4

 cells/well were seeded onto 24-well plates, with medium renewal after 24 h. 

At 48 h post-seeding, cells were exposed to three non-cytotoxic concentrations for 

each particle over a 24 h period, followed by medium removal and washing of the 

cells with PBS pH 7.4. Cells were detached using trypsin-EDTA 0.05 %, inactivated 

with incubation medium and centrifuged at 900 g for 5 min. The supernatant was 

gently removed, and the cells were permeabilized and fixed with ice-cold ethanol 

70 % and left overnight at -20 ºC. To remove the ethanol, samples were centrifuged, 

washed with PBS with 1 % BSA, and once again centrifuged at 900 g for 5 min. Then, 

cells were labelled with 5 µg/mL of Phospho-Histone H2A.X (Ser139) Alexa Fluor® 

488 conjugated monoclonal antibody for 15 min at room temperature and 

protected from light, followed by a washing step with PBS with 1 % BSA and 

centrifugation at 900 g for 5 min. Prior analysis, a final 15 min staining at room 
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temperature with a 50 µg/mL RNAse and 50 µg/mL PI solution was performed to 

ensure that only nuclear DNA was stained. Acquisitions were made with 

approximately 5000 events/per sample and recorded at a low flow rate (0.24 μL/s). 

For estimating the potential of particles to enter cells, the analysis was carried out 

by measuring the size (forward scatter, FSC) and complexity (side scatter, SSC) of 

the cells, following the protocol described by Suzuki et al. (2007). Debris and 

doublets were gated out by plotting SSC-Width vs SSC-Area. Cell cycle analysis was 

performed by evaluating the relative cellular DNA content from the PI signal 

detection, as previously described by Rosário et al. (2020), while the γ-H2AX from 

assessing the Alexa Fluor® 488 and PI channel intensities, as described by 

Valdiglesias et al. (2011). Camptothecin at 3.5 µg/mL was used as PC to help define 

where cells were positive for γ-H2AX. Data were analysed using the Guava® InCyte
TM

 

Software (Merck KGaA, Darmstadt, Germany). 

4.8. DNA damage assessment 

Primary and oxidative DNA damage were assessed by the standard alkaline 

and FPG-modified comet assay versions, respectively, as previously described 

(Bessa et al., 2021b). Minimum Information for Reporting Comet Assay procedures 

and results (MIRCA) recommendations were followed in this manuscript (Møller et 

al., 2020). Briefly, 5.0 x 10
4 

cells/well were seeded onto 24-well plates, with 

medium renewal after 24 h. At 48 h post-seeding, cells were exposed for 24 h to 

three non-cytotoxic concentrations of each tested particle. After exposure, cells 

were washed twice with PBS pH 7.4, scrapped and suspended in PBS pH 7.4. Cells 

exposed to 500 µM MMS and 2.5 mM of KBrO3 for 30 min were included as PC for 

primary and oxidative DNA damage assessment, respectively. Cells were counted 

in a Neubauer’s chamber and 6.0 x 10
3

 cells were transferred to a microcentrifuge 

tube, centrifuged at 700 g for 5 min and then embedded in 100 μL of 1 % LMP 

agarose. Five μL of each sample were placed on microscope slides precoated with 

1 % NMP using a high throughput system of 12-gel comet assay unit (Severn Biotech 

Ltd®, Kidderminster, UK) and placed for 5 min at 4 ºC. Duplicates of each sample 

were added per slide. Slides were performed in triplicate, one for alkaline version 

and the other two for enzymatic version of the comet assay (with or without FPG-

enzyme). Then slides were immersed in an ice-cold lysis solution (NaCl 2.5 M, 

Na2EDTA 100 mM, Tris-base 10 mM, NaOH 10 M, pH 10, Triton-X 100 1 %) for 2 h 

at 4 ºC. For the enzymatic version, slides were washed in freshly prepared ice-cold 
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buffer F solution (HEPES 400 mM, KCl 1 M, Na2EDTA 5 mM, BSA 2 mg/mL, pH 8.0) 

(3x 5 min) at 4 ºC. A 30 μL solution of buffer F or FPG-enzyme (2.7 U/mL) was 

added to each well and incubated for 30 min at 4 ºC. For this to happen, slides 

were previously placed on an ice-cold metal base of a 12-gel chamber apparatus 

(Severn Biotech Ltd®, Kidderminster, UK) covered by a silicon rubber 12-well mould 

followed by a top plate and clamped. Meanwhile, slides for the alkaline version 

remained in lysis solution. All slides were immersed in electrophoresis solution 

(Na2EDTA 1 mM, and NaOH 0.3 M, pH 13) in the electrophoresis platform for 40 

min, followed by electrophoresis for 30 min at constant 25 V (0.9 V/cm) and 400 

mA. For slides washing, these were firstly covered by cold PBS (pH 7.2) and then by 

deionized H2O for 10 min each. At the end of electrophoresis, slides were 

neutralised and fixed as described elsewhere (Bessa et al., 2019). For comet 

scoring, slides were initially hydrated in TE Buffer (Tris-HCl 10 mM and EDTA 1 mM, 

pH 7.5-8) and stained at room temperature with 1:10,000 dilution of SYBR® Gold 

in TE buffer for 40 min. Comets were visualized in a Motic BA410 ELITE Series 

microscope equipped with a Complete EPI-Fluorescence Kit and scored using the 

Comet Assay IV image analysis software (Perceptive Instruments, Staffordshire, 

UK). At least 100 cells/experimental group (50 in each replicate gel) were scored. 

The comet tail DNA percentage (% tail intensity) was used as a DNA damage 

descriptor. 

4.9. Statistical analysis 

Statistical analysis was performed using SPSS (version 26.0, Armonk, NY, 

USA) and GraphPad Prism (version 6.0, San Diego, CA, USA) statistical software. 

Experimental data were expressed as mean ± standard deviation (SD). Data were 

tested for normality and homogeneity of variances by Shapiro-Wilk and Levene’s 

tests, respectively. For each assessed timepoint, differences between tested 

concentrations and NC were estimated using a one-way ANOVA followed by post-

hoc Dunnett’s test for multiple comparisons. A p value < 0.05 was considered 

significant. 
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Appendix A 

 

Figure A1. Representative flow cytometry graphs obtained for particle uptake, cell cycle and γ-H2AX 

analysis in human alveolar epithelial cells incubated for 24 h with the highest tested concentration of 

process-generated fine (PGFP) and nano-sized (PGNP) particles released during High Velocity Oxy-Fuel 

Spraying (HVOF). 
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Appendix B 

 

Figure B1. Representative comet assay images (100× magnification) of human alveolar epithelial cells 

exposed to the highest tested concentration of process-generated fine (PGFP) and nano-sized (PGNP) 

particles released during High Velocity Oxy-Fuel Spraying (HVOF), and respective experimental 

controls. 
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A. Integrated Discussion 

Occupational exposure to inhalable particles is a cause of great concern for 

workers’ health. In this regard, the ceramic industry is an extremely relevant case 

of worker exposure to airborne fine and nano-sized particles that can be originated 

from the manipulation of powdered raw materials, but also from manufacturing 

processes where incidental generation and release of particles to the workplace air 

occurs (Bessa et al., 2020).  

In the present thesis, the toxicity of PGFP and PGNP, and industrial ENP 

commonly used as input materials for ceramics production were tested in in vitro 

models and exposure conditions of different complexity. PGFP and PGNP were 

collected in a real industrial scenario during two spraying processes of ceramic 

powders onto metal surfaces to produce thermal-resistant coatings, namely APS 

and HVOF. Relevant biological endpoints were assessed to address their potential 

hazard in conventional or advanced human pulmonary in vitro models, either in 

the liquid or aerosolised form. From a human exposure scenario point of view, the 

particle concentrations tested herein were occupationally relevant considering that 

the estimated lifetime deposited alveolar dose under realistic ambient conditions 

for a healthy male adult is 6.60 µg/cm
2

, while for a worst-case occupational 

exposure scenario a daily alveolar mass dose of 0.13 µg/cm
2

 and a maximum 

accumulated lifetime dose of 420 µg/cm
2

 are expected to be achieved (Paur et al., 

2011).  

Optimisation of the Cell Harvesting and Freezing Procedures for DNA Damage 

Analysis  

The collection, handling, and storage of cell samples may have a profound 

impact on DNA integrity and its suitability for use in downstream analysis (Shao et 

al., 2012). A preliminary study for the optimisation of the harvesting and freezing 

protocol of human cell line samples for DNA damage analysis by the alkaline comet 

assay was performed (Chapter II, Section B.1.). For comparative purposes, two 

human cell lines have been selected, the alveolar epithelial A549 cells (one of the 

chosen models for the in vitro toxicity testing studies) and glioma A172 cells. 

Overall, no significant differences between the two investigated cell harvesting 

methods - mechanical (by scraping) and chemical (by trypsinisation)-, were found 

in terms of DNA integrity. Moreover, both tested cryoprotective media [10 % 
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dimethyl sulfoxide (DMSO) in fetal bovine serum (FBS) and 10 % DMSO in cell culture 

media supplemented with 10 % FBS] were found suitable (Bessa et al., 2019). 

Importantly, no differences in DNA integrity were found between freshly collected 

and frozen cells up to eight weeks, irrespective of the harvesting method and 

freezing medium used. Accordingly, A549 cells and MucilAir
TM

 cultures from ALI 

exposure studies, collected at RIVM and shipped to INSA for DNA damage analysis, 

were frozen in 10 % DMSO + 90 % cell culture media supplemented with 10 % FBS, 

the most cost-effective cryoprotective medium tested. Considering the tightness of 

the MucilAir
TM

 monolayer, mechanical harvesting by scraping was the chosen 

harvesting method that was also adopted for human A549 cells detachment. 

In Vitro Toxicity Assessment of the Airborne Process-Generated 

(Nano)Particles 

An innovative aspect of this thesis was the testing of real scenario airborne 

particles collected at an industrial metallurgical plant using a versatile aerosol 

concentration enrichment system (VACES) system that allows collecting particles 

directly to liquid suspensions while preserving their biologically active 

components, which is a great advantage for toxicological assessment purposes 

(Kim et al., 2001). 

The collected airborne process-generated particles were initially tested 

using conventional cultures of A549 cells under submerged conditions (Chapter II, 

Section B.2.). As shown in Table 1, pronounced cytotoxicity together with increased 

reactive oxygen species (ROS) levels and oxidative DNA damage were found at 24 

h after exposure to both fractions of HVOF-derived particles, being these effects, 

particularly evident at low concentrations of PGNP. On the other hand, only the fine 

fraction of the APS-derived particles slightly decreased cell viability at the highest 

tested concentration (5 µg/cm
2

). Notwithstanding, both APS- and HVOF-derived 

fine, and nano-sized particles were able to induce cell cycle arrest at S and G2/M 

phases in human alveolar epithelial A549 cells, most likely triggered in response 

to DNA damage. Also, increased levels of histone H2AX phosphorylation (γ-H2AX) 

were found in A549 cells, especially in cells at S and G2/M phases for all tested 

process-generated particles, although much more prominent in cells exposed to 

the particles emitted during APS. Therefore, our data suggest that both APS- and 

HVOF-derived particles induce genotoxic effects on human alveolar epithelial-like 

cells through different mechanisms: while APS-particles caused phosphorylation of 

histone H2AX at serine-139 (γ-H2AX) as an early cellular response to the induction 
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of DNA double-strand breaks, HVOF-particles induced 8-oxo-G oxidative DNA 

lesions, most likely caused by the increased intracellular ROS levels observed.  

These differences in the cellular responses to both types of airborne 

process-generated particles are likely related to their physicochemical composition. 

As described in Chapter II, Section A.1., APS-derived particles were majorly enriched 

in aluminium (Al), Cr, and Ni, while Cr and Ni were the dominant elements found 

in both fractions of the HVOF-derived particles (Viana et al., 2021). These elements 

have been previously linked with increased risk of cardiovascular and respiratory 

disease in humans exposed via inhalation (Halasova et al., 2010; Lippmann et al., 

2009; Phillips et al., 2010; Salnikow et al., 2008). Moreover, our data are in 

accordance with previous in vitro studies in human lung cells incubated with Cr(VI) 

that reported increased levels of oxidative DNA damage (Reynolds et al., 2012) and 

H2AX-Ser139 phosphorylation (DeLoughery et al., 2015), as well as cell cycle arrest 

at G2/M (Zhang et al., 2001). In addition, in vitro exposure to Ni was related to G2/M 

cell cycle arrest (Ding et al., 2009), while in the nanoscale form (Ni NP) activation 

of DNA damage response mechanisms through the phosphorylation of ATM 

serine/threonine protein kinase (Ser1981), p53 tumour protein (Ser15) and H2AX 

(ser139) has been detected in human bronchial epithelial cells (Mo et al., 2021). 

A follow-up study in MucilAir
TM

 bronchial epithelial cultures from healthy 

donors cultured at ALI was carried out to investigate the effects of repeated 

exposure to HVOF-derived particles’ aerosols since those proven to be more toxic 

to A549 submerged cultures compared to the APS-emitted particles (Chapter II, 

Section B.4.). As shown in Table 1, while PGFP aerosols significantly affected cell 

viability and slightly reduced interleukin-8 (IL-8) and monocyte chemoattractant 

protein-1 (MCP-1) levels at dose levels up to ~9 µg/cm
2

, exposure to the aerosolised 

PGNP (4.5 µg/cm
2

) increased primary and oxidative DNA damage at 72 h after the 

first exposure (Bessa et al., 2021a). Notwithstanding, the magnitude of the 

responses to the HVOF particles in the advanced 3D cultures was far below 

compared to the observed responses in conventional human alveolar epithelial 

A549 submerged cultures. The complexity and sensitivity of the used cell model 

play a crucial role in the observed effects. While cultures of A549 cells are much 

more simplistic models representing only one cell type, MucilAir
TM

 cultures present 

a higher degree of complexity containing different cells of the human airway 

epithelium. These 3D cultures produce mucus that is propelled by the continuous 

beating of cilia, as it occurs in vivo (Hoffmann et al., 2018). Therefore, the presence 

of these mucociliary clearance mechanisms may have considerably attenuated and 
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mitigated the cellular effects of the tested particles, as previously reported in other 

studies using this model (Frieke Kuper et al., 2015; George et al., 2019). 

Table 1. In vitro toxicity testing main findings in human A549 alveolar epithelial cells and 3D 

bronchial epithelial MucilAir
TM

 cultures exposed to atmospheric plasma spraying (APS) and high 

velocity oxy-fuel spraying (HVOF)-derived fine (PGFP) and nanoparticles (PGNP). 

 

Overall, airborne process-generated HVOF particles caused greater 

cytotoxicity than those derived from the APS thermal spraying. Notwithstanding, 

both fractions of PGFP and PGNP emitted during the two thermal spraying 

processes under study were able to induce significant levels of γ-H2AX and/or 8-

oxo-G oxidative DNA damage in alveolar epithelial submerged cultures. HVOF 

nano-sized fraction seemed to induce greater cyto- and genotoxicity in A549 cells 

exposed under submerged conditions than in MucilAir™ cultures under ALI, 

through the decrease of cellular viability, increased DNA strand breaks and 

oxidative lesions, and the impairment of the plasma membrane. On the other hand, 

PGFP were more cytotoxic to MucilAir™ cultures than PGNP, although both did not 

induce significant primary or oxidative DNA damage. 
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In Vitro Toxicity Assessment of the Engineered Nanoparticles (ENP) 

In Section B.3. from Chapter II, a set of four ENP widely used as raw materials 

in the ceramic industrial sector were tested in A549 submerged cells as liquid 

suspensions, or as aerosols directly delivered onto the A549 cells cultured under 

ALI. However, due to the limitations regarding the available amount of test material, 

it was not possible to generate a stable aerosol of SnO2 NP, thus this ENP was not 

tested under ALI conditions. As depicted in Table 2, no significant cytotoxic effects 

were observed in human alveolar epithelial A549 cells exposed to the liquid 

suspensions of ENP, while pronounced cytotoxic effects, through decreased plasma 

membrane integrity and cellular viability, were observed after exposure to all 

aerosolised ENP compared to the controls. Based on the half-maximal effective 

concentration (EC50) values with respect to the lactate dehydrogenase (LDH) release 

in A549 cultures at ALI after 4 h exposure, aerosolised ENP can be ranked for their 

cytotoxicity hazard as follows: ZrO2 NP > CeO2 NP > ATO NP. On the other hand, all 

tested ENP caused similar DNA damage in alveolar epithelial cells under both 

exposure conditions, except ATO NP that did not significantly increase DNA strand 

breaks of A549 cells under ALI conditions. Amongst all tested ENP, ZrO2 NP aerosols 

seemed to induce more genotoxic effects in human alveolar epithelial-like cells 

than to the same ENP in liquid suspension. Taken together, our results support the 

view that ENP are more toxic to human alveolar epithelial cells when aerosolised 

rather than applied as a liquid suspension in submerged cell cultures (Bessa et al., 

2021b).  

At submerged conditions, (nano)particles in suspension may react with the 

culture medium and agglomerate/aggregate into larger particles, which impacts 

cell-particle interactions (Loret et al., 2016). In ALI systems, on the other hand, 

aerosolised particles directly deposit on cells’ surface as occurs in the human 

respiratory tract, which makes this system more reliable for in vitro testing of 

(nano)particle toxicity (Fröhlich, 2018; Lacroix et al., 2018). Therefore, the 

magnitude of the toxic responses observed might be related to differences in the 

deposited doses attained in cells under submerged and ALI conditions. 

Consequently, the reports found in the literature on the magnitude of the effects 

induced by exposure to NP in submerged vs ALI conditions are not consensual.  

Moving on to advanced 3D models of the human airway epithelium cultured 

at ALI, ATO, and ZrO2 ENP were selected based on the toxicity profiles obtained in 

cultures of A549 cells (Chapter II, Section B.4.). According to our findings, exposure 
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to the ENP aerosols for three consecutive days failed to significantly affect 

MucilAir
TM 

cultures in terms of barrier integrity, cell viability, metabolic activity, 

cytokine (IL-8 and MCP-1) release, and DNA integrity. Only mild cytotoxicity was 

found at the first 24 h after exposure to the aerosolised ATO or ZrO2 NP, but cells 

were able to quickly recover at later timepoints (Table 2) (Bessa et al., 2021a). 

Considering the toxicity data obtained for A549 cells at ALI, marked toxicity of the 

aerosolised ENP in 3D MucilAir
TM

 cultures was expected to be detected, which was 

possibly attenuated by mucociliary transport, as previously mentioned. Frieke 

Kuper et al. (2015) also found that CeO2 NP did not induce evident toxic effects in 

3D human bronchial epithelial model (MucilAir
TM

) at ALI, although significant 

toxicity was detected in BEAS-2B and A549 cell cultures under submerged 

conditions (Frieke Kuper et al., 2015). Another study also reported minor effects 

on human airway epithelium MucilAir™ cultures exposed to occupationally relevant 

doses of milled W-NP (10-50 µg/cm
2

), with no impact on metabolic activity and cell 

viability but with a transient increase in IL-8 secretion (George et al., 2019). These 

findings underline that cellular models’ features and the exposure mode are 

determinant factors for (nano)particle-cell interactions and mediated biological 

effects. 

As displayed in Table 2, although ENP induced DNA damage in A549 cells 

cultured at both submerged and ALI conditions, aerosolised ENP seemed to induce 

greater cytotoxicity than the same ENP as liquid suspensions. Moreover, 

aerosolised ENP induced more cyto- and genotoxic responses in A549 cells than in 

MucilAir
TM 

cultures. 
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Table 2. Summary table of the in vitro toxicity testing main findings in human A549 alveolar epithelial 

cultures under submerged or air-liquid interface (ALI) conditions, and in human 3D bronchial 

epithelial MucilAir
TM

 cultures exposed to the tested engineered nanoparticles (ENP). 

 

In Vitro Hazard of the Airborne Process-Generated vs Engineered 

(Nano)Particles  

Overall, both process-generated and engineered (nano)particles under study 

were able to induce adverse biological effects in the human pulmonary cell cultures 

evaluated. Upon contacting the cells, these particles were able to trigger a cascade 

of events responsible for the disturbance of the normal function and homeostasis 

of these lung cells. These included the imbalance of intracellular ROS levels, DNA 

strand breaks leading to the γ-H2AX, 8-oxo-G oxidative lesions, and ultimately the 

decrease in cell viability and plasma membrane disruption. However, the degree of 

these effects largely depended on the type and origin of the tested particles, as 

well as on the complexity and sensitivity of the in vitro cell model and/or exposure 

system.  

When comparing PGFP and PGNP derived from each thermal spraying 

process vs ENP, the latter induced lower toxicity on both conventional A549 and 

advanced MucilAir
TM

 cultures. In submerged human alveolar epithelial-like cells, 

though all particles induced increased levels of DNA damage, those effects were 
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more pronounced at lower concentrations for both APS and HVOF fine and nano-

sized particles. Besides, the HVOF-derived particles induced noticeable cytotoxic 

effects, contrary to what was observed after exposure to ENP. A similar trend was 

observed in MucilAir
TM

 cultures where the aerosolised PGFP and PGNP from HVOF 

spraying seemed to induce higher toxicity compared to ENP, with far below total 

deposited doses (up to ~9 µg/cm
2

). These differences in the toxicity patterns must 

rely on the chemical complexity of the process-generated particles compared to 

the selected ENP. As previously stated, process-generated particles are enriched 

with Cr and Ni metals that have been described as potentially hazardous for 

humans, which is supported by several in vitro and in vivo reports (Åkerlund et al., 

2018; International Agency for Research on Cancer, 1990; Mo et al., 2021; 

Morimoto et al., 2011; Wise et al., 2002; Zhang et al., 2003; Zhang et al., 2001). 

On the other hand, previous in vitro studies using similar ENP to the ones tested 

herein reported only mild to moderate toxic responses (De Marzi et al., 2013; 

Demokritou et al., 2013; Kim et al., 2010; Kroll et al., 2011; Lanone et al., 2009; 

Mittal et al., 2014; Park et al., 2008; Tabei et al., 2015; Titma et al., 2016).  

Notwithstanding, it is important to stand out that only acute exposures to 

the (nano)particles have been evaluated in the present study. However, in 

occupational settings, exposure occurs over prolonged periods (chronic 

exposures). In the case of advanced MucilAir
TM

 cultures, longer exposure periods 

would probably be necessary to reveal the negative effects of the tested 

(nano)particles. Regarding the tested process-generated particles, is important to 

mention that particle number concentrations of APS- and HVOF-derived particles in 

the workplace air largely exceeded the recommended NRV of 4x10
4

/cm
3

 for non-

biodegradable granular NM (1–100 nm; density < 6 g/cm
3

) (Salmatonidis et al., 

2018a). Taken together, these data suggest that worker’s health may be at risk. 
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B. Conclusions and Final Considerations 

The present work highlights the hazard that airborne (nano)particles related 

to advanced ceramic technologies might represent for workers’ health, as 

demonstrated by the obtained data of the toxicological assessment performed in 

conventional and/or cutting-edge in vitro models and exposure systems 

representative of human respiratory system. The cellular models and exposure 

conditions played a determinant role in the observed biological effects. This 

reinforces the importance of using physiologically relevant in vitro models in 

(nano)particle toxicity studies, for a better extrapolation to humans. All 

toxicological studies performed herein tested realistic occupational dose levels of 

the selected (nano)particles, and the obtained results alert for the risk these 

aerosolised fine and nano-sized particles might pose for the workers’ health. 

Based on these remarks, the main conclusions of the present PhD study are 

the following: 

• Among the two evaluated thermal spraying processes, HVOF-

particles seem to be more cytotoxic than APS-derived particles. 

Nevertheless, PGFP and PGNP derived from the two thermal spraying 

processes were able to induce measurable genotoxicity effects in 

submerged human alveolar epithelial cultures, either through H2AX 

phosphorylation (APS-particles) or oxidative DNA damage (HVOF-particles) 

mechanisms; 

• ENP aerosols, in particular ZrO2 NP, were more toxic to human 

alveolar epithelial A549 cells than in the liquid suspension form. 

Accordingly, while submerged cultures are useful models for an initial 

screening of NP toxicity, data originated from studies involving exposure to 

aerosolised NP under ALI conditions are more valuable and meaningful in 

terms of airborne NP hazard assessment;  

• Advanced MucilAir
TM

 cultures, which display in vivo defence 

mechanisms such as the mucociliary apparatus, exhibited attenuated 

response to either HVOF-derived particles or ENP aerosols, while the 

conventional A549 cultures were more sensitive to the studied 

(nano)particles.  
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• Most likely due to their increased chemical complexity, the 

tested process-generated particles caused greater toxicity than ENP 

commonly used as raw materials in the ceramic industry; 

• Considering that in the present study process-generated 

particles emission levels largely exceeded the recommended NRV values, 

workers from industries employing high-energy processes may be at 

(increased) risk of adverse health effects depending on the actual inhaled 

dose, i.e. exposure levels and duration.  

 

Therefore, the present study on the toxicity of industrially relevant airborne 

(nano)particle substantiated that the scientific community must not only focus on 

ENP but also investigate more thoroughly the toxicity of incidentally released 

particles that, due to their complexity, might present a greater hazard to the human 

health. The high level of uncertainty and lack of internationally recognised 

occupational standards and exposure limits, i.e., OEL, for NM must be surpassed. 

More studies on the identification of occupational exposure scenarios, as well as 

on the establishment of toxicological profiles of the potentially hazardous 

(nano)particles released from multiple industrial technologies and/or processes are 

urgently needed. This information will be vital for the establishment of more 

effective health and safety protocols to help preventing and/or mitigating workers’ 

adverse health outcomes and will be paramount for setting definitive nano-OEL. 

Until a complete and detailed knowledge on the hazard of airborne (nano)particles 

is established, preventive measures and precautionary engineering controls should 

be implemented in industries of elevated risk of (nano)particles’ workplace 

exposure. 
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