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Summary 

Animal experiments are still the gold standard to assess inhalation toxicology of 

nanomaterials (NMs). Due to financial and ethical reasons, it is of interest to create 

alternative methods based on human pulmonary in vitro models. There are accepted 

regulatory methods to investigate for example genotoxicity or sensitization like the 

Ames test, the micronucleus test, the Comet assay or the local lymph node assay. 

However, the toxicity of NMs also depends on the type of exposure. 

In contrast to standard submerse cell culture; air liquid interface (ALI) systems closer 

represent the in vivo situation as they allow the exposure of an aerosol containing the 

substance of interest, which is considered a promising possibility as alternative 

method. Therefore, ALI exposure should be considered when assessing nanomaterial 

toxicity. Until today, there is no in vitro method based on ALI systems which is 

regulatory accepted. This is mainly due to the fact, that there are currently no 

standardized protocols for testing and evaluating nanomaterials in ALI application. 

This thesis deals with the characterization of an ALI system to enhance data quality 

and reproducibility to further standardize ALI systems. Using a cause-and-effect 

(C&E) approach, several parameters like relative humidity, aerosol air temperature, 

flow rate and CO2 concentration in the aerosol were identified to be critical for the 

viability of the used cells. 

In addition to the type of exposure, the applied dose is also important for assessing 

toxicity. Since there is hardly any data on the concentration of CeO2 NPs 

(nanoparticles) in air, previous investigations are do not include realistic 

concentrations as they occur in the environment. 
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For the first time, an intracellular delivery of CeO2 NPs similar to in vivo conditions 

has been verified by using the characterized and optimized ALI system. The 

production of equal intracellular concentrations is a necessary starting point to 

compare in vitro and in vivo data, representing an important step in the development 

of an alternative testing method. It was demonstrated that the application of 

environmentally relevant and realistic CeO2 NP concentrations can influence the 

composition of the cell membrane of the alveolar epithelium on a molecular level as 

a decrease in both phosphatidylcholines and lysophosphatidylcholines was detected. 

Since cell membrane lipids play an important role in the signaling cascade of 

proliferation and apoptosis, harmful effects like cancer development as a consequence 

of NP exposure cannot be excluded completely, even at such low NP concentrations. 

However, this needs further investigation. It is therefore important to conduct studies 

with very low doses in the future and include molecular level assessments. 

Furthermore, the newly developed hAELVi and huAEC cell lines as well as the 3D 

alveolar cell model EpiAlveolar were investigated in detail. All cell systems showed a 

clear cell-cell contact formation and a barrier function comparable to in vivo. 

Additionally, both cell lines showed similar biological responses to CeO2 NPs, 

comparable to the established but intact barrier function lacking cell model A549. 

In conclusion, the goal of this submitted doctoral thesis of creating a reliable in vitro 

platform to assess and characterize the toxicity of CeO2 NPs under realistic conditions 

with a commercially available ALI system was successful. 
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Zusammenfassung 

Tierversuche sind bis heute der Goldstandard in der Inhalationstoxikologie von 

Nanomaterialien. Aus finanziellen und ethischen Gründen ist es jedoch von großem 

Interesse hierfür Alternativmethoden zu schaffen. 

Zur Beurteilung von Endpunkten wie z.B. Genotoxizität oder Sensibilisierung 

existieren regulatorisch akzeptierte Alternativmethoden wie der Ames Test, der 

Mikrokerntest, der Comet Assay oder der Local lymph node assay. 

Die Toxizität von Nanomaterialien hängt z.T. von der Art der Exposition ab. Air-liquid 

interface (ALI) Systeme bilden im Gegensatz zu klassischen submersen 

Expositionsmodellen die in vivo Situation besser ab. Daher sollte die Expositionsart 

ebenfalls bei der Beurteilung der Toxizität von Nanomaterialien Berücksichtigung 

finden. Gegenwärtig hat jedoch noch kein ALI basiertes in vitro Verfahren die 

regulatorische Akzeptanz erreicht. Grund dafür ist vor allem eine fehlende 

Standardisierung der Evaluationsmethoden zur Testung und Beurteilung der Toxizität 

von Nanomaterialien, obwohl ALI Methoden bereits lange als potenzielle 

Alternativmethode diskutiert wird. 

Ein Ziel der vorgelegten Arbeit ist daher, die Datenqualität und Reproduzierbarkeit 

eines ALI Systems zu charakterisieren und zu optimieren. Hierzu wurde die 

Entwicklung eines neuen Ansatzes zur Datenauswertung mittels eines Bayesian 

Modells angewandt. Zudem wurde mit Hilfe einer cause–and-effect (C&E) Analyse 

verschiedene Parameter wie relative Feuchtigkeit, Lufttemperatur des Aerosols, 

Flussgeschwindigkeit und CO2 Konzentration identifiziert, welche für die Viabilität der 

verwendeten Zellen essenziell sind. 
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Die Herstellung gleicher intrazellulärer Konzentrationen zwischen in vivo und in vitro 

ist ein notwendiger Ansatz, um in vitro und in vivo Daten miteinander vergleichen zu 

können und stellt daher einen wichtigen Schritt in der Entwicklung einer potenziellen 

Alternativmethode dar. Erstmals konnte gezeigt werden, dass die Applikation von 

CeO2 Nanopartikeln mit dem beschrieben ALI System in der Lage ist, intrazelluläre 

CeO2 Nanopartikelkonzentrationen zu generieren und somit einen Ansatz zur 

Vergleichbarkeit von in vitro und in vivo Daten schafft. 

Zur Beurteilung der Toxizität ist neben der Expositionsart auch die applizierte Dosis 

relevant. Da es nur sehr wenige Daten zur Konzentration von CeO2 Nanopartikeln in 

der Luft gibt, orientieren sich bisherige Bewertungen nicht an realistischen 

Konzentrationen wie sie in der Umwelt vorkommen. Die Exposition 

umgebungsrelevanter CeO2 Nanopartikelkonzentrationen zeigte eine Verringerung 

der Phosphatidylcholine und Lysophosphatidylcholine in humanen 

Lungenepithelzellen. Dies zeigt deutlich, dass bereits sehr geringe 

Nanopartikelkonzentrationen einen signifikanten Einfluss auf die Zusammensetzung 

der Lipide der Zellmembran des alveolaren Epithels auf molekularer Ebene haben. 

Aufgrund der Beteiligung der Zellmembranlipide in den Signalkaskaden von 

Proliferation und Apoptose, ist es nicht auszuschließen, dass auch geringe 

Nanopartikelkonzentrationen schädliche Effekte wie z.B. die Entstehung von Krebs 

begünstigen könnten. Daher ist es wichtig künftig auch Untersuchungen mit sehr 

niedrigen Dosen durchzuführen und die molekulare Ebene mit in die Bewertungen 

einzubeziehen, um eventuelle Langzeitfolgen toxikologisch bewerten zu können. 

In der vorliegenden Arbeit wurden die neu entwickelten Zelllinien hAELVi und huAEC 

sowie das 3D alveolare Zellmodell EpiAlveolar im Hinblick auf ihre Barrierefunktion 

detailliert untersucht. Beide Zelllinien zeigten ausgeprägte Zell-Zell-Kontakte sowie 
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vergleichbare biologische Antworten auf CeO2 Nanopartikel, verglichen mit dem 

etablierten Zellmodell A549, welches jedoch keine intakte Barrierefunktion aufweist, 

was für die realistische Abbildung der Pharmakodynamik von Nanopartikeln nach 

Inhalationsexposition unter in vivo Bedingungen jedoch unerlässlich ist. Somit stellen 

die neu untersuchten Zellmodelle eine weitere Annäherung an die in vivo Situation 

dar, wodurch eine verbesserte Vergleichbarkeit zwischen in vitro und in vivo möglich 

wird. 

Mit der erfolgreichen Charakterisierung des ALI Systems und der Verwendung 

neuartiger Zellsysteme wurde eine Plattform geschaffen, um die Toxizität von CeO2 

Nanopartikeln unter realistischen Bedingungen zu beurteilen. 

 



  Abbreviations 

  14 

Abbreviations 

Ag   Silver 

ALI   Air-liquid interface 

Au   Gold 

BaSO4   Barium sulfate 

C&E   Cause-and-effect 

Ce   Cerium 

CeO2   Cerium dioxide 

CO2   Carbon dioxide 

CPI   Consumer Products Inventory 

DLS   Dynamic light scattering 

DMEM   Dulbecco's Modified Eagle Medium 

DNA   Desoxyribonucleic acid 

EDTA   Ethylenediaminetetraacetic acid 

EU   European Union 

GBP Granular biopersistent particle without known significant specific 

toxicity 

h   Hour 

hAELVi  Human Alveolar Epithelial Lentivirus immortalized 

huAEC  Human Airway Epithelial Cells 

ICP-MS  Inductively coupled plasma mass spectrometry 

LDH   Lactatdehydrogenase 

NM   Nanomaterial 

NOAEL  No observed adverse effect level 
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NP   Nanoparticle 

NTA   Nanoparticle tracking analysis 

OECD   Organisation for Economic Co-operation and Development 

OEL   Occupational exposure limit 

PBS   Phosphate buffered saline 

PCLS   Precision-cut lung slices 

ppb   Parts per billion 

PSLT   Poorly soluble low toxicity 

REACH Registration, Evaluation, Authorisation and Restriction of 

Chemicals 

ROS   Reactive oxygen species 

SMPS   Scanning mobility particle sizer 

TEER   Transepithelial electrical resistance 

TiO2   Titanium dioxide 

ToF-SIMS  Time of flight secondary ion mass spectrometry 

WST   Water-soluble tetrazolium salt 

ZnO   Zinc oxide 

ZO-1   Zonula Occludens-1 
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1. Introduction 

1.1 Nanomaterials: definition and general regulations 

Nanotechnology is an emerging field and considered as a key innovation platform of 

the 21th century. The bases of this technology are materials with a size of 10-9 meter 

or 1 nanometer, so-called nanomaterials (NMs). In 2021, more than 1800 consumer 

products containing NMs were available on the European Union (EU) market based on 

the Consumer Products Inventory (CPI) [1]. 

To ensure the safety of these products, regulation is of great importance. Therefore, 

NMs were included into the REACH (Registration, Evaluation, Authorisation and 

Restriction of Chemicals) regulation [2,3]. Whereas a definition of the term NM was 

missing in this REACH regulation, the EU commission reported a recommendation in 

2011, which is now used as a general definition [4]: „Nanomaterial means a natural, 

incidental or manufactured material containing particles, in an unbound state or as 

an aggregate or as an agglomerate and where, for 50 % or more of the particles in 

the number size distribution, one or more external dimensions is in the size range 

1 nm - 100 nm. In specific cases and where warranted by concerns for the 

environment, health, safety or competitiveness the number size distribution threshold 

of 50 % may be replaced by a threshold between 1 and 50 %.” [4]. 

An additional definition is adopted in the same recommendation that involves the 

surface area instead of size: “A material should be considered as falling under the 

definition in point 2 where the specific surface area by volume of the material is 

greater than 60 m2/cm3. However, a material which, based on its number size 
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distribution, is a nanomaterial should be considered as complying with the definition 

in point 2 even if the material has a specific surface area lower than 60 m2/cm3” [4]. 

Based on this definition NMs can be divided into three main groups: nanoparticles 

(NPs), nanofibers, and nanoplatelets where three dimensions, two dimensions or one 

dimension are in the range of 1-100 nm, respectively. 

Besides REACH, specific EU regulations exist for NMs with specific provisions, using 

either the EU definition from 2011 or modified definitions. These specific provisions 

cover biocidal products [5], cosmetic products [6], food regulations and food contact 

materials [7-11], and medical devices [12,13]. 

1.2 History view of nanoparticles 

Although nanotechnology is a relatively young term, nanotechnological applications 

have a long history. Certainly, the best known ”nano” effect is the lotus effect of 

plants where fluids are repelled from the surface of the leaves. This effect is mainly 

achieved by the microstructure plant surface in combination with wax, which 

minimizes the contact area between the leaf and the fluid avoid wetting of the surface 

[14]. 

Another well-known nanotechnological example can be found in the animal kingdom. 

Geckos run along different smooth and slippery walls like glass and they can even 

hang from ceilings. This extraordinary ability is caused by their feet which are covered 

with nano-sized hairs interacting with the surface via van-der-Waals forces to hold 

the gecko on the surface [15]. 

Without knowing it, people have already employed NMs for thousands of years. 

More than 6500 years ago, people used asbestos nanofibers to reinforce ceramics 

[16]. Pigments and colors on NM basis have also been used centuries ago. For 
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example, the pigment Egyptian blue was the first nano based synthetic pigment 

containing cuprorivaite (CaCuSi4O10) nanosheets and nanoplates used by Egyptian 

people 3000 before Christ [17]. The pigment Maya blue, which consists of clay and 

metallic NPs, has been used to color artifacts and ceramics [18]. Already 2000 years 

ago, lead- sulfur nanocrystals were utilized as hair coloring agent in the Greco-Roman 

period [19]. One long tradition in nanotechnology is the use of metallic nanoparticles 

in coloring glass and ceramics. One example is the glassware from Satsuma. Its 

typical red color originates from incorporated copper NPs [20]. Other glassware shows 

yellow stain that originates from silver (Ag) NPs inside the glass [21]. One further 

famous example is the Lycurgus Cup from the 4th century, which is exposed in the 

British Museum in London. Depending on the location of illumination, the cup appears 

either green when it is illuminated from outside or red when it is illuminated from 

inside. This dichroism relies on the embedding of gold (Au) and silver NPs in a ratio 

of 3/7 inside the glass [22-24]. 

From an historical perspective, gold is one of the oldest known metals. For centuries 

gold NPs provides the red color of church windows [25]. In Europe, colloidal gold was 

applied by alchemists in the Middle Ages to treat various diseases [26]. Nowadays 

nano sized gold is an important part of many different biomedical applications such 

as contrast agent for CT examinations [27], conjugated to antibodies for specific 

targeting in cancer therapy [28] or as drug delivery systems [29]. 
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1.3 Exposure and uptake routes of engineered nanomaterials 

There is a wide range of NM applications covering biomedical fields like cancer 

therapy, [30-32] immunology [33] as well as a lot of different manufacturing areas, 

like the production of titanium dioxide (TiO2) based solar cells [34,35]. In addition, 

nowadays, a lot of consumer products like textiles, [36] paints [37] or cosmetic 

products [38] contain NMs. So, for consumers an enhanced direct exposure risk might 

occur. Therefore, risk assessment is of major concern to ensure the safety of such 

products by identifying possible adverse short- and long-term health effects of users. 

For NMs, different exposure scenarios, like inhalation, dermal exposure, ingestion and 

intravenous injection have to be considered concerning suitable risk assessment 

processes. 

Insoluble NPs like TiO2 and zinc oxide (ZnO), which are part of sunscreens, have 

shown minor to no dermis penetration, suggesting the dermal exposure pathway is 

of rather minor concern [38-43]. 

Similarly, the ingestion of NMs is currently also considered to be of less importance 

[44-48]. 

In contrast, inhalation is considered as the main part of particle entrance into the 

human body [44,49-52]. 
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1.4 Inhalation of engineered nanomaterials 

1.4.1 Anatomy of the human lung 

The lung is a highly specialized organ that is designed to perform gas exchange 

between air and blood stream to deliver oxygen to the body and remove carbon 

dioxide [53]. The human lung is divided into two lungs. The left lung consists of two 

lobes whereas the right lung possesses three lobes [54]. 

The human airway consists of two areas, the upper and the lower respiratory tract. 

After entering the upper respiratory tract, which consists of nose/mouth, paranasal 

sinuses, pharynx, and larynx, the air passes through the lower respiratory tract 

starting at the trachea (see figure 1). Distal from the trachea, the bronchial tree 

further divides dichotomy into the bronchioles and the terminal bronchioles. The 

terminal bronchioles then branch to form the respiratory bronchioles which passes 

into the alveolar ducts and finally into the alveoli (see figure 1) [55,56]. 

 

1.4.1.1 Anatomy of the alveolar region and the air-blood barrier 

The human lung contains about 500 million alveoli [57]. These alveoli mainly consist 

of three cell types: The alveolar wall lining Type I and Type II pneumocytes and 

alveolar macrophages. Type I pneumocytes are terminally differentiated epithelia 

cells that cover 93% of the alveolar surface whereas the much smaller Type II 

pneumocytes cover about 7 % and act as progenitor stem cell [58-60]. In addition to 

that, one further important function of Type II cells is the secretion of surfactant, a 

mixture of phospholipids and proteins responsible for the reduction of surface tension 

in the alveolus during breathing [61-64]. 
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Figure 1: Schematic presentation shows the anatomy of the human lung on the left-hand side. Different 

particle deposition and clearing mechanisms are summarized on the right hand side (with permission 

from [55]). 

 

The alveolar septa separate neighboring alveoli, thus creating the alveolar 

interstitium. Moreover, the alveolar septa provide the capillaries to the alveoli 

generating the air-blood barrier [65]. The whole air-blood barrier is about 2 µm thick 

and composed of the alveolar epithelium, the capillary endothelium and the alveolar 

interstitium [65,66]. In contrast, the air-blood diffusion barrier is formed by fusion of 

the basal membranes of endothelia and alveolar epithelia cells with a thickness of 

only 0.2 µm enables an improved gas exchange in the alveoli [65,66]. 
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Considering the large alveolar surface of about 140 m2 [65], the lung is exposed to 

many environmental factors and represents the main entrance for many pathogens 

and toxic substances like gases or particulate matter. For this, alveolar macrophages, 

the third type of alveolar cells, act as a defender of the alveolar environment 

maintaining the alveoli free of pathogens [67-69] and cleaning particulate matter and 

ultrafine particles from the lung [70-73]. 

 

1.4.2 Nanomaterials in the lung: pharmacodynamics and health risks 

While respiring air, particulate matter and NMs can enter the lung where they deposit 

in different regions depending on their size [74-77]. Particular matter in the 

micrometer size range primarily deposit by impaction in the upper respiratory tract. 

Whereas particles in the nano size range can reach the bronchial and alveolar region 

where they deposit via sedimentation, interception or diffusion [55,75] (see figure 1). 

Due to the small size, NMs and especially NPs, mainly deposit in the alveolar region 

[70,76,77]. Once a NM has deposited onto the alveolar surface, it gets either 

internalized by the alveolar epithelium [78-80] or engulfed by an alveolar macrophage 

[70,81]. After phagocytizing a NM, alveolar macrophages move proximal to the 

bronchial region using the mucociliar escalator. The mucociliar escalator describes a 

clearing mechanism of the lung removing materials from the lower respiratory tract 

by cilia beating epithelia cells covered by a mucus layer. Material trapped in this 

mucus is then transported proximal by the cilia beating epithelium where it 

subsequently can be expired or swallowed to exclude it from the body [82,83]. The 

NM loaded alveolar macrophages utilize this mechanism to remove the engulfed NM 

mainly by swallowing the alveolar macrophages resulting in the NM exclusion from 
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the body via the gastrointestinal tract and feces [70,84,85]. Moreover, the mucociliar 

cleaning protects the epithelium from NPs reaching the underlying epithelium, 

representing an early-stage cleaning mechanism for NPs [86]. 

After passaging biological barriers like the air-blood barrier, further NP clearance 

takes place via the lymphatic system and blood [87-90]. These clearing mechanisms 

may lead to a NM translocation to extrapulmonary organs and tissues as 

demonstrated in vivo for different NPs like CeO2 [70,91] or barium sulfate (BaSO4) 

[92]. Depending on the particle, NP dissolution properties needs to be considered as 

well regarding particle clearance and retention. As shown in different in vivo studies, 

soluble NPs have a significant shorter half-life compared to insoluble NPs which are 

often referred as GBP (granular biopersistent particle without known significant 

specific toxicity) [70,93] or PSLT (poorly soluble low toxicity) particles [94,95]. For 

example, Gosens et al. reported a complete clearance of copper oxide NPs from rat 

lungs after one day, suggesting this may have been driven primarily by phagocytosis 

of alveolar macrophages leading to NP dissolution in the lysosome [96]. Similar 

results have been shown by Takenaka and colleagues who exposed rats to 15 nm 

silver NPs via inhalation. They could show that more than 95 % of the silver was 

cleared from the lung within seven days [97]. For soluble ZnO NPs a half-life of 28 

days was observed in rats [98]. In contrast, for PSLT particles like CeO2 or BaSO4, 

much longer retention times were found with half-life times up of several months, 

depending on the initial lung burden [44,71,92]. However, human data suggests even 

longer retention times up to several decades. In a photoengraver that had not been 

exposed to rare earth elements for 17 years, cerium (Ce) particles could still be 

detected in the lung and the nails [99]. Another human case report revealed Ce in 

the respiratory tract of the patient after his latest occupational exposure 21 years ago 
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[100]. In a retrospective human study Ce retention times up to 29 years have been 

reported [101]. These prolonged retention times as well as the distribution to 

extrapulmonary organs and tissues might then cause adverse and pathophysiological 

such as lung fibrosis [102,103]. 

Soluble NMs like Ag and ZnO have been shown to induce cytotoxicity, oxidative stress 

and DNA damage due to their strong ion release [104-108]. For rather insoluble NMs, 

different results were found depending on the material. TiO2 and CeO2 NPs, for 

instance, are considered relatively low cytotoxic, but both are able to induce 

genotoxicity by DNA damage [109]. The production of oxidative stress in lung 

epithelium is also a quite common property for many NPs like Au [110], TiO2 [111], 

CeO2 [112,113] or ZnO [108]. Beside material properties, shape can also have an 

important impact on NM toxicity. It has been demonstrated that fibers like Ag 

nanowires showed a carcinogenic potential in vitro while Ag NPs did not [114]. Such 

carcinogenic potential is also well known for asbestos fibers. When asbestos fibers 

are longer than 10 µm, the alveolar macrophages cannot completely engulf the fiber 

leading to the process of frustrated phagocytosis where the fibers cannot be cleared 

and cause inflammation and even cancer [115,116]. 

As in vitro experiments are limited in assessing such systemically effects like cancer 

formation, in vivo testing is still the gold standard in pulmonary nanotoxicology [117-

119]. 

For TiO2 particles a 90 day exposure study displayed inflammation and lung fibrosis 

in rats [102]. Fibrotic effects were also reported for CeO2 NPs by Ma and colleagues 

in a rat installation model [103]. Schwotzer et al. exposed rats in a subchronic 

inhalation study to CeO2 and BaSO4 NPs. They could show lung inflammation in the 
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lower respiratory tract mediated by CeO2 NPs. However, BaSO4 did not induce lung 

fibrosis [71]. 

Morphological characteristics can also have a significant impact on NM toxicity as 

mentioned early. As shown by Kasai et al. the exposure of rats to fibrous NMs like 

multi-walled carbon nanotubes caused inflammation, fibrosis and granulomatosis, 

even at low concentrations of 0.2 µm/m3 [120]. Furthermore, fibrous NMs have also 

been associated with tumor formation and mesothelioma as published in a Japanese 

in vivo instillation study [121]. The group of Aalapati et al. reported inflammation, 

oxidative stress, fibrosis, necrosis and granuloma formation in mice after CeO2 NP 

inhalation as well as degenerative structural changes of the kidneys which were 

related to CeO2 NP translocation [122]. 

These toxicological evidence and the long retention time of some NMs clearly 

demonstrate the importance of an appropriate risk assessment to evaluate possible 

short and long-term health effects. Such toxicological and risk assessment 

evaluations require many laboratory animals. Based on the 3R principles from Russell 

and Burch in 1959 (the reduction of animals in experiments to a minimum, the 

replacement of in vivo test methods by in vitro methods, and the refinement which 

means the enhancement of animal welfare during the whole experiment the animal 

is used for) [123]. It is therefore highly desired to reduce the animal number to a 

minimum in inhalation nanotoxicology. With this goal in mind, different in vitro 

approaches have been developed during the last decades to better assess the 

toxicological effects of NMs and especially NPs. 
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1.5 In vitro exposure approaches in inhalation nanotoxicology 

Engineered NMs cover a wide range of applications. As their production and use 

increase, the risks of human NM exposure also increase, especially considering 

aerosolization of NPs. To assess possible adverse health effects of those NPs, different 

in vitro exposure systems have been developed in the last decades. 

On the one hand side there is the so-called ”submerse” approach where NPs are 

dispersed directly in culture medium and applied on top of the cellular test system. 

On the other hand, there are the so-called ”air-liquid-interface systems” (ALI 

systems). In ALI systems cells are cultured on a microporous membrane allowing the 

apical cell part to be in contact with air, while the basal side stays in contact with the 

culture medium to deliver nutrients to the cells (see figure 2). In ALI systems, the 

NPs are dispersed in a biological fluid and subsequently applied apically to the cellular 

test system as an aerosol [124]. Compared to submerse exposure, ALI exposure has 

several advantages like a closer resembling of the physiological environment by being 

exposed to air on the apical side, as it is also the case in vivo. Furthermore, cultivation 

of lunge epithelia cells on ALI closer mimics the transcriptional profile of pulmonary 

in vivo cells than submerse cultivation [125]. In addition, there are less variations of 

the physicochemical properties of the NPs due to a reduced interaction of the NPs 

with cell culture medium. Interaction with the medium that contains serum could 

otherwise lead to a protein corona that covers the surface of the NPs which might 

then influence particle properties [126] and uptake [127]. 

Therefore, ALI systems are considered as useful tool and possible an alternative 

method for animal experiments with the ultimate goal to replace them in the future. 
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Figure 2: Principle of submerse (left) and ALI (right) exposure. 

 

1.6 ALI systems 

ALI systems have a wide range from those designed and used by individual research 

groups [128-131] to fully commercial available systems like Cultex® [56,132] or 

Vitrocell® [133,134]. There are also many different devices available based on the 

deposition mechanism. In this context, the two main types of ALI systems are cloud 

chamber systems [134,135] and flow-through systems [51,136] where the deposition 

is driven by sedimentation and diffusion, respectively. 
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Figure 3: Exposure principle of flow-through (left) and cloud based (right) ALI devices. 

 

1.6.1. Cloud chamber ALI 

Cloud chamber systems are often used in inhalation nanotoxicity investigations as 

they represent an easy-to-use and fast application system [128,137,138]. Here, the 

NM is dispersed in a biological fluid or buffer and transferred into a nebulizer. The 

nebulizer subsequently atomizes the fluid to a cloud of droplets containing the NM, 

which then deposit onto the cells via sedimentation (see figure 3) [134,135]. This 

enables a fast and high exposure dose deposition in one application within minutes. 

Therefore, such devices are quite useful for investigating high doses, repeated 

exposures studies or worst-case scenarios. However, these systems do not allow an 

optimal representation of NP deposition in the alveolar lung as their deposition 

mechanism is primarily based on sedimentation instead of diffusion. To address this 

issue, flow-through systems can be used. 
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1.6.2 Flow-through ALI 

One commonly used flow-through system is the commercially available Vitrocell® 

device. It has been used to study the effects of e-vapor gases and cigarette smoke 

[139,140] as well as NPs [141]. It can be equipped with a quarts microbalance sensor 

to determine the deposit particle mass directly during exposure [51]. Furthermore, 

electrostatic fields can be applied to enhance NP deposition [141].  

The Vitrocell® device uses negative pressure to guide the aerosol that is produced in 

an aerosol generator (nebulizer or brush generator) into the exposure chamber where 

particle deposition takes place via diffusion/stagnation [142-144]. Compared to 

cloud-based ALI setups, flow-through ALI devices allow a close representation of the 

alveolar particle deposition in vivo making it an excellent tool to investigate 

toxicological effects of inhaled NMs and especially NPs. Therefore, such systems are 

considered preferable tools for developing alternative methods for animal testing. 

 

1.6.3 ALI as possible in vivo alternative method 

Different standardized guidelines exists on how to perform in vivo inhalation studies 

like the OECD test guidelines TG 412 [145], TG 413 or TG 453 [71] covering different 

scenarios like short term and long term exposure. These guidelines have already 

included animal welfare section, e.g., in terms of animal number used in the studies. 

Regarding genotoxicity of NMs, several alternatives are already accepted from the 

regulatory authority in inhalation toxicology, like the Ames test, the micronucleus test 

or the Comet test [146]. The type of exposure can also affect the toxicity of NMs. 

Hence, besides endpoint measurements, the type of exposure should also be 

considered when NMs toxicity testing is conducted. Nevertheless, an in vitro 
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alternative test method to assess inhalation toxicity considering the exposure method 

itself would be a further step to animal free test systems and reliable results. 

ALI systems are considered to be promising tools to close this gap as they resemble 

the in vivo situation much closer than standard submerse exposure scenarios [147-

149]. Until today, there is no ALI based alternative exposure method for inhalation 

toxicity accepted by the regulatory authority even ALI systems have been used in 

research for years. This is for several reasons: One aspect is that there are many 

different ALI systems and protocols, but no standardized guidelines are available on 

how in vitro inhalation toxicological tests should be carried out in general. This makes 

it difficult to compare the obtained in vitro data. In addition, comparisons between in 

vitro and in vivo studies are rather rare so far because of missing in vivo data (like 

intracellular or organ concentrations are not routinely measured), different endpoints 

that have been addressed or different concentrations that are used [150,151]. 

The literature describes the assessment of NP toxicity by comparing ALI and submerse 

exposure as well as submerse exposure to in vivo. For example, Loret and colleagues 

showed that ALI exposure of TiO2 and CeO2 NPs resulted in a higher toxicity than 

submerse exposure using equal dosages [51]. Teeguarden et al investigated the 

effect of iron oxide NPs in vivo on mice, as well as on alveolar macrophages and 

epithelia cells under submerse exposure conditions. Regarding inflammation, they 

found good in vivo – in vitro comparability for macrophages but not for epithelia cells. 

In addition, the authors mentioned that similar concentrations are needed in in vivo 

and in vitro experiments to make them more comparable [152]. A more realistic in 

vitro to in vivo comparison have been recently conducted by Jing and coworkers based 

on ALI experiments using similar doses of copper oxide NPs. They found good 
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agreement between mice and A549 cells exposed at ALI for low-density lipoprotein 

and interleukin release [153]. 

When mice and ALI cultured A549 cells were exposed to diesel using similar doses it 

was shown that the oxidative stress protein HO-1 increased in both systems to an 

equal extent indicating good accordance between in vitro (ALI) and in vivo models 

[132]. 

These results demonstrate that ALI systems can be a useful tool to compare in vitro 

and in vivo exposure when similar doses are used. However, from a regulatory or risk 

assessment point of view, realistic environmental NP concentrations should be 

considered in such studies. Unfortunately, data about realistic concentration of NPs 

are rare and exist only for a few NMs like carbon nanotubes, Ag, or TiO2 mainly based 

on occupational concentrations [154,155]. Studies quantitatively describing realistic 

environmental concentrations for example for CeO2, which is a NP that is frequently 

used as catalyst in diesel additive and released in the atmosphere via combustion 

engine exhausts [156], are quite rare. Park et al. monitored Ce air content in the UK 

and reported a concentration up to 0.6 µg/m3 [157]. In addition, the authors 

calculated the Ce air concentration to be 5-25 mg/m3 on the highway and 20-

80 ng/m3 in a street canyon [157]. Similar results were predicted by Erdakos and 

colleagues with a Ce air concentration range of 0.5-20 ng/m3 for the US [158]. A 

modeled CeO2 ambient air concentration more than 12 ng/m3 was mentioned by Giese 

and coworkers [159]. Recently, the group of Liu et al. predicted a CeO2 ambient air 

concentration of about 0.05 ng/m3 [160]. In 2014, Gantt et al. measured a Ce air 

concentration of 0.3 ng/m3 [161]. Thus, quantitative measured data on realistic 

environmental concentrations are rare and often missing for a lot NMs which makes 
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it difficult to investigate NM-related effects under realistic in vivo and in vitro 

conditions. 

Besides data availability, little standardization and missing guidelines for ALI studies 

makes it tough to reliably reproduce the complex microenvironment of the alveoli 

with in vitro models. 

 

1.7 In vitro models in inhalation nanotoxicity 

Optimizing the predictive power of in vitro models in inhalation nanotoxicology, 

mimicking the in vivo environment more closely, has been addressed extensively in 

recent years ranging from simple 2D cell systems to sophisticated multi cultured cell 

models. Typical 2D mono-cultured cell systems for NP toxicity testing are the alveolar 

type II cell line A549 [109] and the bronchial cell line Calu-3 [162]. Co-culture models 

based on lung epithelia cells and immune cells have recently been used to investigate 

inflammatory effects of CeO2 NPs under submerse and ALI conditions suggesting 

higher sensitivity for co-culture systems compared to mono-cultured cells [51]. 

Rothen-Rutishauser et al. generated a triple co-culture model to investigate micro- 

and nanoparticle cell interactions based on A549 cells, macrophages and dendritic 

cells [137,163]. Mimicking the blood air barrier, a co-culture of four different cell 

types (A549 lung epithelia cells, EA.hy 926 endothelia cells, HMC-1 mast cells, and 

THP-1 macrophages) has been developed to assess the uptake of silicon dioxide NPs 

[164]. In addition to the self-generated models, there are also commercial cell 

systems available like MucilAirTM, EpiAirwayTM [133,165] or EpiAlveolarTM [166] that 

are produced from different donors, which can subsequently be used to test NP 

toxicity. With the advantage of a primary phenotype, they represent the in vivo 
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situation closer than cell lines. Additionally, these models are also applied to study NP 

effects under specific pathological conditions like asthma [128]. 

Furthermore, highly sophisticated organ-on-a-chip systems have opened the research 

field of particle translocation under more physiological conditions as they allow 

dynamic culture by stretching the epithelial cell layer mimicking inhalation and 

exhalation [167,168]. Ex vivo models like precision-cut lung slices (PCLS) represent 

an interesting tool to study NP toxicity as they mimic the anatomical in vivo structure 

of the lung as close as possible [169,170]. Nevertheless, animals have to be sacrificed 

to generate PCLS. Therefore, their use as possible alternative method is questionable. 

Neither PCLS nor lung-on-the-chip systems have made it into mainstream testing yet, 

as they represent complex and costly approaches. Therefore, most nanotoxicological 

studies are still conducted with 2D cell cultures. In these experiments, either bronchial 

cells are usually used to represent functional barrier models [112,162] or A549 cells 

to represent the alveolar compartment [171]. As nanoparticles mainly deposit in the 

alveolar region, alveolar cells should be considered as most relevant target region in 

inhalation nanotoxicology [70,76,77]. A549 cells are type II alveolar epithelia cells 

[171] incapable to express functional tight junctions [162,172,173]. Thus, they do 

not reflect a proper in vitro model for inhalation toxicity studies, especially when more 

sophisticated questions like particle translocation are addressed. Nevertheless, A549 

cells were used for a long period of time in inhalation toxicology because there was 

no alternative cell model with functional tight junctions available; except primary cells 

[172]. This changed in 2016 when Kuehn et al (2016) introduced a new alveolar type 

I cell model called hAELVi (human Alveolar Epithelial Lentivirus immortalized) which 

were able to build a dense tight junction network [174]. As type I cells cover more 

than 90 % of the alveolar surface, they are the main cell type that comes in contact 
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with inhaled particles in the alveolar region [174,175]. Therefore, hAELVi cells 

represent a promising tool to further improve in vitro systems and help generating 

data mimicking the in vivo situation closer. However, since little is known about this 

cell system to date, its value for inhalation nanotoxicology needs to be further 

validated, especially with respect to other well established cell models. 
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2. Objective 

During the last decades, the use of NMs has drastically increased in consumer 

products and technological applications [1]. Accompanied by that, a higher exposure 

of the consumer to NMs is likely. This raises questions regarding adverse health 

effects and possible regulations. Toxicity testing of chemicals including their 

nanoforms is still mainly conducted in vivo. Reducing animal studies to a minimum is 

therefore of big relevance. To reach this goal, ALI systems are considered useful tools 

as they allow NP exposure mechanisms under in vivo like terms. Even though 

intensive in vitro investigations have been conducted, no ALI based alternative 

method has reached the level of a validated or regulatory accepted procedure so far 

allowing the evaluation of inhalation toxicity of NPs in vitro [176]. However, as 

different in vivo studies have extensively shown, NP translocate from the lung to 

secondary organs and tissues after inhalation, a proper risk assessment is required. 

The reason for that gap is a missing standardization of ALI exposure studies as well 

as the used cellular in vitro models which reflects the in vivo situation only to a limited 

extent avoiding complex investigations, which are however addressed in vivo. 

Moreover, studies comparing in vitro to in vivo are quite rare. In addition, different 

doses are used when comparing in vitro to in vivo which makes it very difficult to 

compare the data and responses. 

Therefore, the first objective of this work was to establish and characterize an ALI 

interface system in order to provide a first step of standardization. Afterwards, the 

obtained in vitro data were compared to in vivo results to prove that this ALI system 

is able to deliver intracellular CeO2 NPs concentrations similar to in vivo exposure. 

The second objective covers the developed of two new cell lines concerning their 
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ability to express tight junctions under ALI NP exposure to further enhance the 

comparability between in vitro to in vivo.  

With this, a standardized ALI procedure was established allowing optimal in vitro test 

conditions similar to in vivo. 

The results obtained during this thesis will help in the standardization of ALI exposure 

systems using in vivo relevant cell culture models for NP inhalation toxicity with the 

long-term goal of establishing an alternative method for in vivo inhalation studies. 

 

In the following section, the results of my work are presented. 
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3. Results: 

Publications are displayed in a non-chronological order to ease understanding. 
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Abstract: Air–liquid interface (ALI) systems have been widely used in recent years to investigate

the inhalation toxicity of many gaseous compounds, chemicals, and nanomaterials and represent

an emerging and promising in vitro method to supplement in vivo studies. ALI exposure reflects

the physiological conditions of the deep lung more closely to subacute in vivo inhalation scenarios

compared to submerged exposure. The comparability of the toxicological results obtained from

in vivo and in vitro inhalation data is still challenging. The robustness of ALI exposure scenarios is

not yet well understood, but critical for the potential standardization of these methods. We report

a cause-and-effect (C&E) analysis of a flow through ALI exposure system. The influence of five

different instrumental and physiological parameters affecting cell viability and exposure parameters of

a human lung cell line in vitro (exposure duration, relative humidity, temperature, CO2 concentration

and flow rate) was investigated. After exposing lung epithelia cells to a CeO2 nanoparticle (NP)

aerosol, intracellular CeO2 concentrations reached values similar to those found in a recent subacute

rat inhalation study in vivo. This is the first study showing that the NP concentration reached in vitro

using a flow through ALI system were the same as those in an in vivo study.

Keywords: air–liquid interface system; inhalation toxicology; nanoparticles; CeO2; standardization;

cause-and-effect analysis

1. Introduction

During the last two decades, engineered nanomaterials (ENMs) have received widespread

attention due to their broad range of applications including industry, [1–7] medicine [8–10] and

consumer products [11–13]. During the manufacturing process and consumer usage of these products,

there is the potential for an increased risk of inhalation exposure [14–17].

Currently, evaluation of the potential health hazards from inhalation exposure is predominantly

conducted using animal models [18–24]. For governmental and regulatory purposes as well as

Nanomaterials 2020, 10, 2369; doi:10.3390/nano10122369 www.mdpi.com/journal/nanomaterials
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based on the 3R principle (“replace, reduce, refine”), the development of alternative non-animal test

methods represents a pressing issue [25]. Typically, in vitro nanotoxicological studies are performed

under “submerged” conditions where the cells are exposed to particles dispersed in the overlying

cell culture medium containing a mixture of proteins and other biological compounds [23,25,26].

However, dispersing nanoparticles (NPs) in cell culture media might alter their physical and chemical

properties such as their agglomeration status and the adsorption of serum proteins onto the particles,

which subsequently might impact the resulting toxicological data [27,28]. In contrast, for aerosol

exposure using air–liquid interface (ALI) systems the NPs can be dispersed in water. Only after

aerosolization and deposition on cells will the NPs come in contact with the cell microenvironment

such as mucus or epithelia lining fluid [29].

Overall, ALI approaches can mimic in vivo inhalation experiments of airborne nanomaterials more

closely than in vitro studies using submerged conditions [29]. In recent years, different ALI systems have

been developed for nanomaterial testing in vitro [30–34]. The Vitrocell exposure system is one of the

most commonly used commercially available ALI exposure systems for inhalation toxicity testing [29].

It has been successfully used to examine the effects of cigarette smoke [35–37], NPs [38–41], and diesel

exhaust [30,42,43]. However, despite the increasing use of ALI systems, there is no standard operation

procedure (SOP) on how NP exposure should be performed to ensure robust and reproducible results

among different laboratories [29,30,39,40,42,44]. Furthermore, there are few comprehensive studies on

the technical challenges of such systems (e.g., deposition efficiency, exposure time), and how to identify

or overcome them. In the current literature, generally only a minimal description of the exact setup

(e.g., relative humidity, temperature of the aerosol flow, or the distance between air inlet and cells) is

given and a description of experimental challenges encountered is rarely provided [37,40–42,44,45].

This hampers the comparison among in vitro results achieved with such systems and with in vivo

data [46–48].

A primary aim of this study was to evaluate parameters expected to influence cell viability during

cell exposure using an ALI flow through system. Therefore, the human alveolar epithelia cell line

A549, which was derived from a human adenocarcinoma in 1973 [49], was exposed to clean filtered air,

and five parameters (relative humidity, flow rate, aerosol temperature, exposure duration, and CO2

supply) were varied to evaluate the impact of these parameters on the cell viability from the air

exposure itself. Although A549 cells are not a primary cell line, their use here is appropriate as the

main focus is to assess the robustness of the ALI system itself [41]. Using conditions that avoided

a decrease in cell viability, cells were then exposed to CeO2 NPs. The deposition and intracellular

particle uptake were characterized using inductively coupled plasma-mass spectrometry (ICP-MS)

and time of flight-secondary ion mass spectrometry (ToF-SIMS) and then compared with previously

obtained in vivo data.

2. Materials and Methods

2.1. Cell Culture

A549 cells (obtained from ATCC; catalog number: CCL-185) were cultured in Dulbecco’s Modified

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (PAN-Biotech GmbH,

Aidenbach, Germany), 1% penicillin/streptomycin (PAN-Biotech GmbH, Aidenbach, Germany) and

1% L-glutamine (PAN-Biotech GmbH, Aidenbach, Germany). Cells were passaged two times per

week. In vitro experiments were conducted with the passages 19–79. Mycoplasma contamination was

tested regularly and was always negative; details about this method are described in Supplementary

Materials Tables S1 and S2.

2.2. Cause-And-Effect Analysis

A cause-and-effect (C&E) analysis was performed on a cell viability assay for NP exposure using

the ALI flow through exposure system to reveal the expected key sources of variability in the protocol.
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C&E analysis is a conceptual process that can help guide robustness testing and determine process

control measurements that should be included in a protocol to support control charting of important

sources of variability. This approach has been recently used to support the development and evaluation

of several nanotoxicity assays: a cell viability assay using a submerged exposure system with A549

cells [50,51], a suite of four in vitro nanobioassays that measure endpoints that can be impacted in

cells through oxidative stress [52], and the use of an International Standardization Organization (ISO)

Caenorhabditis elegans assay with ENMs [53,54].

2.3. Characterization of the Vitrocell Exposure System (12/3 CF Module): Determination of Relative Humidity
and Temperature Inside the Exposure Chamber

To assess the relative humidity in the exposure gas (clean filtered air or aerosol) an ALMEMO

2590-2A system with a FHAD 46-C0 sensor (Ahlborn GmbH, Holzkirchen, Germany) was used.

The sensor was directly placed into the aerosol flow between the exposure chamber and the aerosol

delivery system above the chamber by cutting a small hole in the tubing and sealing the sensor inside

the tube. To understand the environmental conditions for the cells inside the exposure chamber,

a second sensor (type K thermocouple PeakTech® TF-56, PeakTech Prüf- und Messtechnik GmbH,

Ahrensburg, Germany) was used to assess the aerosol flow temperature inside the exposure chamber

using a multimeter (digital multimeter, DM01M, TACKLIFE). The sensor was placed into the tube as

described above for the relative humidity measurements and then moved further into the exposure

chamber. Due to its small size, the sensor could be placed slightly above the insert membrane inside

the exposure chamber. To avoid a bias in the measurements from contact with medium, the sensor was

not placed in direct contact with the transwell membrane which overlays the medium.

2.4. Parameter Optimization to Improve Cell Viability and Exposure Time

Five different parameters (exposure duration, relative humidity, temperature, CO2 concentration,

and flow rate) were identified by the C&E analysis as factors that may impact cell viability during

ALI exposure in the flow through system and experimentally evaluated. To isolate the impact on the

parameter adjusted, the cells were only exposed against clean filtered air (exposure system air negative

control). The following protocol settings were used unless otherwise stated: a water bath connected

to the exposure chamber and the chamber lid with a temperature of 38 ◦C, an exposure duration of

1 h, a total flow rate within the aerosol guiding system of 150 mL/min, and a flow rate of 5 mL/min

on each insert. The air flow was guided through a glass pipe featuring three outlets on the bottom

where the exposure chambers were connected (Figure 1). The flow rate was controlled by a mass flow

meter (Aalborg, Orangeburg, New York, NY, USA) at the end of the pipe. A vacuum pump was used

to generate the insert flow and the individual insert flow rates were adjusted using needle valves and

a mass flow meter (Aalborg, Orangeburg, New York, NY, USA). The distance between the cellular

monolayer and the air inlet was measured and set to 4 mm based on a spacer delivered by Vitrocell.

To maintain a stable pH in the absence of 5% CO2, the cell culture medium (using the same composition

as described before for cell culture) was supplemented with 2% (v/v) Hepes (PAN- Biotech GmbH,

Aidenbach, Germany). Cell viability was compared to the incubator control for which the cells were

added to the inserts at the same time and with the same cell concentration as those exposed in the

ALI system.

The relative humidity was monitored and ranged from below 10% up to ≥90% depending on the

setup. The relative humidity was adjusted by guiding the air through a humidifier (Gasmet Technologies

GmbH, Karlsruhe, Germany) before introducing it into the glass pipe and the exposure chamber.

The lid temperature was set to room temperature.

When the effect of the temperature of the exposure chamber lid was analyzed, the temperatures

tested were room temperature (21 ◦C), 38 ◦C and 45 ◦C, while the relative humidity was set to <10%.

To control the lid temperature, a second water bath was connected to the lid and set at different

temperatures. As the exposure chamber is not include in a headed box, room temperature on the outer
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side of the chamber and tubes resulted in a condense moisture in the tubes guiding the air from the

chamber exit to the exhaust. As the chamber is not transparent, condensation conditions inside the

chamber (at the air inlet exit) cannot be evaluated.

 

≈

Figure 1. Schematic diagram of the different components of the air-liquid interface setup,

aerosol mixtures, and temperature flow units.

To assess the impact of the flow rate on cell viability, different flow rates (1 mL/min, 5 mL/min,

or 10 mL/min) were investigated. For these experiments, the relative humidity was set to >90% and

the lid temperature was set to 38 ◦C.

The impact of the CO2 concentration was tested by supplementing the clean air with 5% CO2.

Adding CO2 to the clean air flow was conducted in front of the humidifier and was monitored by

a mass flow meter (Aalborg, Orangeburg, New York, NY, USA) (7.5 mL/min CO2 and ≈140 mL/min

air). To ensure a 5% CO2 supply, the final flow rate was monitored at the exhaust of the glass pipe with

a second mass flow meter (Aalborg, Orangeburg, New York, NY, USA). Needle valves were used to

adjust the flow rates for each gas. For investigating the impact of adding CO2, the relative humidity

was set to >90%, the lid temperature was set to 38 ◦C, and a flow rate of 5 mL/min was used.

After optimizing the aforementioned parameters, the exposure time was varied between 1 h, 2 h,

4 h and 8 h to determine the maximal exposure time during which no significant loss in cell viability

was induced by clean air exposure. ALI setup conditions were set to relative humidity >90%, 5 mL/min

flow rate, 38 ◦C lid temperature and 5% CO2. Overall, as described in more detail in the discussion

section, an exposure of A549 cells with a flow rate of 5 mL/min, a lid temperature of 38 ◦C, a relative

humidity of >90% and 5% CO2 supply were found to represent the optimal exposure conditions among

those tested in this study.
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In addition to the negative controls (incubator control, clean air control), a positive control was

tested to confirm the dynamic range of the WST-1 (water soluble tetrazolium-1) assay. The basal

compartment was filled with the culture medium spiked with Triton -X 100. Afterwards the cells

were placed inside the exposure chamber and exposed to a water-based aerosol (without NPs,

relative humidity >90%, 5 mL/min flow rate, 38 ◦C lid temperature and 5 % CO2).

2.5. Cell Viability

To evaluate the viability of the A549 cells using the exposure conditions described in the

preceding section, a WST-1 assay was conducted to assess the metabolic activity of the cells.

The principle of this assay is based on the stable tetrazolium salt WST-1 which is cleaved into

a soluble formazan dye by cellular mechanisms including NAD(P)H-dependent oxidoreductases

and dehydrogenases. Thus, the amount of formazan dye formed, directly correlates with the

number of metabolically active cells in the culture [55]. A549 cell number per 12 well insert

(cat. number 353180, Corning B.V., Amsterdam, Netherland; 0.4 µm pore size, 1.12 cm2 diameter)

was 50 000. After ALI exposure of cells to air or an ENM aerosol, cells were rinsed once with

500 µL phosphate buffered saline solution (PBS) (PAN-Biotech GmbH, Aidenbach, Germany),

and 300 µL fresh cell culture medium (without phenol red) containing 10 % (v/v) WST-1 reagent

(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Roche Diagnostics

GmbH, Mannheim, Germany) was added. After 30 min incubation at 37 ◦C, three technical replicates

(each 50 µL) of the supernatant per insert were transferred into individual wells in a new 96 well plate

and the absorbance was measured with a Tecan (GENios) plate reader (Tecan Deutschland GmbH,

Crailsheim, Germany) at a wavelength of 450 nm. The absorption was also measured at a second

wavelength of 562 nm, a wavelength outside the spectrum of the WST-1 probe, to evaluate for potential

interferences such as bubbles. Cell viability was compared to the incubator negative control using the

following equation:

Percentage viability =
(test parameter − medium blank control)

(negative control − medium blank control)
× 100% (1)

where test parameter is the absorbance value of the parameter tested. Medium blank control represents

the absorbance value of the test media (reagents but without cells), and the negative control represents

the absorbance value for the cells in the incubator and not exposed to the ALI system.

2.6. Nanoparticle Dispersion and Characterization

NM-212 NPs were purchased from Joint Research Center (JRC) (JRC, Ispra, Italy). The Ce content

in this material is about 81.6% [56] and the oxidative state of the CeO ion is 93.1% and 6.9% for

CeO4+ and CeO3+, respectively [56]. Further details about the composition of NM-212 can be found

in the JRC report [56]. The particle dispersion was prepared in accordance with the protocol of the

NANOGENOTOX SOP with slight modification [57]. In summary, the following protocol was used.

NM-212 were weighed and the particles were prewetted in 50µL of 99% ethanol before being dispersed in

MilliQ water to a final stock concentration of 2.5 mg/mL (10 mL final volume). Subsequently, the particle

dispersion was sonicated for 5 min and 9 s (Sonoplus HD 220/UW 2200, Bandelin, Germany) to avoid

particle aggregation as described in the NANOGENOTOX dispersion protocol [57]. This sonication

duration allowed for a specified amount of power to be applied NM containing dispersion. For all

experiments, particle dispersions were freshly prepared. Particle characterization (transmission

electron microscopy, nanoparticle tracking analysis, dynamic light scattering, zeta potential and

selected area electron diffraction (SAED)) of particle dispersions prepared with this method were

conducted. The analytical methodology was described in detail previously [58,59]. SAED data were

obtained by a JEM-2100HR transmission electron microscopy (JEOL, Tokio, Japan).
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2.7. Particle Exposure to A549 Cells

A customized VITROCELL 12/3 CF module (Vitrocell GmbH, Waldkirch, Germany) was used to

expose A549 cells to CeO2 NPs (NM-212) (Figure 1). A Palas VAGF 2.0 aerosol generator (Palas GmbH,

Karlsruhe, Germany) operated at 1 bar inlet pressure was used to produce the particle aerosol.

Cells were exposed for 1 h, 2 h or 4 h. Exposure was performed under the following conditions: a flow

rate of 5 mL/min. Basal and apical compartments of the exposure chamber were heated to 38 ◦C.

The relative humidity was >90%. The inlet distance to the cells was 4 mm. The nominal particle

concentration of the aerosolized samples was 250 µg/mL. The medium volume under the insert was

3.175 mL.

2.8. Aerosol Characterization

A scanning mobility particle sizer (SMPS, TSI Model 3083, CPC Model No. 3775, TSI Incorporated,

Shoreview, MN, USA) was used to analyze the particle size distribution and the particle mass

concentration in the aerosol. Due to their electrical mobility, particles are divided in different fractions

which then can be counted. Based on this information (particle number and size fraction), the particle

size distribution is determined. The particle mass can be calculated based on the particle size

distribution and particle number concentration.

The instrument was running with an aerosol flow to sheath flow ratio of 1/10. Operating mode

was set to “low” which uses an aerosol flow of 0.3 L/min. CeO2 NP density was assumed to be

7.3 g/cm3 [18]. The inlet pressure of the aerosol generator in terms of the CeO2 aerosol particle size

distribution was examined by adjusting the inlet pressure directly on the generator (Figure 1).

2.9. Determination of Intracellular Uptake of NM-212

For the determination of the particle deposition as well as the intracellular particle uptake,

inductively coupled plasma mass spectrometry (ICP-MS) was used. 50 000 A549 cells were seeded

per 12 well insert (cat. number 353180, Corning B.V., Amsterdam, Netherland; 0.4 µm pore size,

1.12 cm2 diameter). After 48 h, the basolateral medium was changed, cells were washed once with

PBS, transferred onto ALI conditions, and cultured for 24 h. Subsequently, cells were used for the ALI

exposure experiments.

A549 cells were exposed to a CeO2 NP aerosol for 1 h, 2 h or 4 h, and placed back in the incubator

for 24 h (post exposure time). Subsequently, cells were washed two times with PBS (each 0.5 mL).

The wash solution as well as the basolateral medium was collected and subsequently microwave

digested as described in the following section.

2.10. Microwave Digestion and ICP-MS Analysis

Microwave digestion was conducted as described previously [60]. In brief, the membranes

from the cells exposed to CeO2 NPs and the incubator negative control were separated from insert

using a scalpel and transferred into a digestion tube. 2 mL MilliQ water, 2.5 mL HNO3 (69% v/v)

(VWR, Darmstadt, Germany) and 1 mL H2O2 (30% v/v) (Merk, Darmstadt, Germany) were added to

this tube. For the washing solution and the basal medium, 1 mL MilliQ water was added to 1 mL wash

solution or 1 mL basal medium, respectively, before adding HNO3 and H2O2. The collected samples

were digested in a microwave (MLS ultraCLAVE 2; MLS GmbH, Leutkirch, Germany).

To analyze the Ce amount using ICP-MS, we used an in house validated method based on a Ce

reference material (BCR 667) [60]. 140Ce was quantified using a respective Ce calibration based on

an ionic Ce standard solution (VWR International LTD, Leicestershire, England). 103Rh was used as

internal standard. The recovery of this method was within the range of 86% to 120% [61]. The limit

of detection (LOD) and limit of quantification (LOQ) were calculated as 3 and 10 times the standard

deviation of the blank samples, respectively. Background levels of Ce were determined by blank



Nanomaterials 2020, 10, 2369 7 of 25

measurements (see Table S3 for details). All cerium samples were blank-corrected by subtracting the

average value of six blank samples from the measured sample concentration.

ICP-MS measurements were conducted with an iCaP-Q (ThermoFisher GmbH, Dreieich,

Germany) or a Thermo Scientific XSERIES II, (Thermo Fisher Scientific, Waltham, MA, USA).

For ICP-MS calibrations, LOQ’s and LOD’s are shown in Figure S6 and Table S3, respectively.

Particle deposition rates were calculated by adding the ICP-MS concentration measured intracellularly

and the concentrations in the washing solution and the basal medium.

2.11. Calculation of Deposition Efficiency

The deposition efficiency was calculated from the SMPS data and ICP-MS results.

Here, the obtained particle aerosol concentration was converted to mass per surface area and the

maximum deposition was determined by using Equation (2).

Maximum Deposition =
aerosol concentration × f low rate × exposure time

insert sur f ace area
(2)

The measured deposition was determined using the following Equation:

Measured Deposition =
Deposited CeO2 concentration

insert sur f ace area
(3)

The deposition efficiency was calculated by Equation (4).

Deposition e f f iciency =
Measured Deposition

Maximum Deposition
× 100% (4)

2.12. Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS)

To confirm the intracellular uptake of CeO2 NPs into A549 cells, ToF-SIMS measurements were

carried out. Cells were exposed to the CeO2 NPs containing aerosol for 1 h or 4 h under optimized

exposure conditions as described in the section above. After exposure, the cells were placed back in the

incubator for 24 h. Subsequently the cells were rinsed twice with 0.5 mL PBS and fast frozen in liquid

propane using a cryoplunger device (EMS-002, Electron Microscopy Sciences, Hatfield, PA, USA).

ToF-SIMS depth profiles were acquired using a ToF-SIMS V instrument (ION-TOF GmbH,

Münster, Germany) with a 30 keV nano-bismuth primary cluster ion beam source (Bi)x
(y+)- with a BiMn

emitter [62]. The ion currents were 0.5 pA at 5 kHz using a Faraday cup. A pulse of 0.7 ns from the

bunching system resulted in a mass resolution that usually exceeded 9000 (full width at half-maximum)

at m/z < 500 in positive ion mode. The primary ion dose was controlled below 1012 ions × cm−2 to

ensure static SIMS conditions. Charge compensation on the sample was obtained by a pulsed electron

flood gun with 20 eV. The primary ion gun scanned a field of view of 200 µm by 200 µm applying

a 512 pixel by 512 pixel measurement raster. Once the primary ion gun was aligned, a ToF-SIMS mass

spectrum was generated by summing the detected secondary ion intensities and plotting them against

the mass channels. The analytical methodology was described in detail elsewhere [63–67]. All depth

profiles were performed in dual beam mode on the ToF-SIMS V instrument of the reflectron-type,

equipped with a 30 keV bismuth liquid metal ion gun (LMIG) as primary ion source, a 20 keV argon

gas cluster ion source both mounted at 45◦ with respect to the sample surface and an electron flood

gun. Bi3+ was selected as primary ion by appropriate mass filter settings. Primary and sputter ion

currents were directly determined at 200 µs cycle time (i.e., a repetition rate of 5.0 kHz) using a Faraday

cup located on a grounded sample holder. The scanning area for analysis was 200 µm by 200 µm with

512 by 512 pixels. The sputter area for each measurement was 1000 µm by 1000 µm. Surface charging

was compensated by flooding with low energy electrons. ToF-SIMS depth profiles were acquired

in positive ion mode. The mass scale was internally calibrated using a number of well-defined and
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easily assignable secondary ions (C2H5
+, C3H7

+ and C4H9
+) keeping the error in calibration for all

spectra below 5 µg/mL. The data were evaluated using the Surface Lab software (ION-TOF GmbH,

Münster, Germany).

2.13. Statistical Analysis

Statistical calculations were performed using a Markov Chain Monte Carlo Bayesian analysis

to evaluate if the percentage viability was less than 100% and if the different treatment conditions

were statistically equal (the null hypotheses). A Bayesian model [68,69] was applied using Markov

Chain Monte Carlo programmed in OpenBUGS [70]. All measurements were assumed to be Gaussian.

We used the usual Gaussian prior distributions for all the means, and Half Cauchy distributions for all

the unknown variances [69]. We calculated the percentage viability with 95% uncertainty bounds for

each treatment condition and plate and for the consensus values among the three plates; an example of

the R code used is provided in the Supporting Information. Data was not available for the solvent

system for one of the three plates for two conditions. Given the relatively small variability among

the plates for the solvent system values compared to that for negative control and test condition

values, the solvent system data for another plate for the same tested conditions was used for the

statistical analyses for these two plates. If the MCMC of some of the posterior distributions did not

converge when evaluating the consensus values, as occurred for one condition, the NIST consensus

builder program (https://consensus.nist.gov/app/nicob) was used instead using the mean and standard

uncertainty values calculated for each plate.

Statistical analysis of the ToF-SIMS data was performed as described in detail elsewhere [63–67].

In brief, the acquired data were binned to 1 mass unit (u). Data processing was carried out with the

statistical package SPSS + (version 21) (IBM Deutschland GmbH, Ehningen, Germany) using the mass

range between 200 mass units and 1200 mass units to detect significant differences between treated and

untreated cells. Ions lower than 200 mass units were excluded from the study to avoid contaminating

ions from salts, system contaminants, and other medium components; ions from the CeO2 particles

are much larger than this range and would not be expected to impact these results. Each acquired

spectrum was then normalized, setting the peak sum to 100%. A Principal Component Analysis (PCA)

was performed using all ions. To show that data sets could be separated with a supervised model

from each other, a Fisher’s discriminant analysis was performed (n = 6) (Figure S5). The performance

of the discriminant model was verified by applying the cross-validation procedure based on the

“leave-one-out” cross-validation formalism. * = p > 0.05 was considered as significant.

3. Results

3.1. Cause-And-Effect Analysis

The C&E analysis revealed six main branches (Figure 2): cell maintenance and seeding,

instrument performance, plate reader, positive control, WST-1 assay, and engineered nanomaterial

dispersion and handling. These sources of variability were similar for branch 1 (cell maintenance

and seeding), branch 3 (plate reader), branch 4 (positive control), branch 5 (WST-1 assay) and

branch 6 (engineered nanomaterial dispersion and handling) to previous C&E diagrams prepared

for the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) nanocytotoxicity assay with A549 cells [50–52]. Important sources of variability in branch 1

(cell maintenance and seeding) revealed during analysis of the MTS nanocytotoxicity assay were the

cell number and the cell identity as some of the culture were composed of cells missing an allele and

had a different toxicity to the positive chemical control [50]. Branch 3 relates to the performance of the

plate reader, and therefore factors that determine the plate reader performance such as its calibration

and evaluating the homogeneity across the test plate to avoid systematic biases are critical. The positive

chemical control (branch 4) can serve multiple functions such as evaluating the assay sensitivity and its

dynamic range. Thus, it is important to choose a positive chemical control that fulfills the measurement
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assurance functions for the positive chemical control for each particular assay. The important factors

for branch 5 (WST-1) relate to the performance of the WST-1 assay reagents similar to those for the

MTS assay. These sources of variability can be evaluated using two in-process control measurements:

the blank control (medium +WST-1 assay reagents only) and the absorbance data for the incubator

negative control, and can be plotted using control charts to monitor their performance across time.

One key source of variability in branch 6 (engineered nanomaterial dispersion and characterization) is

the dispersion procedure and NP characterization. It is known that reproducible sample dispersion

methods are critical as is thorough characterization using orthogonal methods of the dispersion to

confirm that the dispersion has the expected characteristics [51]. The sole branch for the WST-1 assay

using exposure with the ALI system that is substantially different from those for the MTS assay

was branch 2 (exposure system). Compared to the simpler exposure approach, namely pipetting,

in the MTS assay which tested nanomaterial toxicity using submerged culture conditions, branch 2

is substantially more complex for the flow through ALI exposure system. A different set of process

control measurements and robustness evaluation are needed for this system. This difference is the

main reason why the robustness testing performed in this manuscript focused predominately on the

sources of variability in branch 2. An overview of the different in-process control measurements used

and evaluated in this assay is provided in Table 1.

Figure 2. Cause-and-effect (C&E) diagram for WST-1 assay.

Table 1. Different in-process control measurements for the WST-1 ALI exposure assay.

Control
Measurement

C&E Diagram
Branch(es)

Procedure Purpose

Medium blank
control

Branches 3, 5
Measure the signal in wells
without cells but with the

WST-1 reagents

Evaluate the plate reader
performance, & signals for

the WST-1 reagents

Cell dosage Branch 2

Quantify the test substance (in this
case, CeO2 NPs) associated with

the cells to evaluate the deposited
dose and the

intracellular concentration

Evaluate the amount of the
test substance that comes into
contact with the cells and is
internalized; evaluate the

homogeneity in the dosage
among inserts
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Table 1. Cont.

Control
Measurement

C&E Diagram
Branch(es)

Procedure Purpose

Positive control Branches 1, 4, 5

Expose cells to air flow only (no
aerosolized chemicals or particles)

in the ALI system after adding
a 0.2% v/v concentration of

Triton-X 100 to the basal medium

Evaluate the dynamic range
of the assay

Exposure system
negative control

Branches 1, 2

Expose cells in the exposure
system to air flow only (no

aerosolized chemicals or particles)
and then evaluated with the

WST-1 assay

Evaluate the potential for
a decrease in viability

compared to the air flow only

Incubator
negative control

Branches 1, 5
Evaluate the number of cells in
wells not exposed to chemicals

and kept in the incubator

Evaluate if a consistent
number of cells have been

added to the inserts, evaluate
the performance of the

WST-1 reagent

Relative
humidity

Branch 2
A humidity sensor was used to

monitor the gas prior to reaching
the cells

To evaluate the impact of
humidity on the exposure
system negative control

SMPS-CPC Branches 2, 6
Analyze the aerosol generated

using SMPS and CPC

Characterize the NP size
distribution, number

concentration and mass
concentration in the

produced aerosol

Temperature
sensor (air)

Branch 2
Use a thermocouple to measure

the air temperature prior to
reaching the cells

Evaluate the impact of air
temperature on cell viability

for the exposure system
negative control

Temperature
sensor (lid)

Branch 2
Use a thermocouple to measure

the temperature on the insert
where the cells are located

Evaluate the impact of the
temperature on the insert on

the cell viability for the
exposure system
negative control

Interference
control reading

Branch 3

Measure the signal in wells at
a second wavelength (562 nm)

which is outside of the absorption
spectrum of the WST-1 reagent

Evaluate each well for
potential interferences

(e.g., bubbles)

3.2. CeO2 NP Dispersion Characterization

Given the importance of characterization of the nanomaterial dispersion (branch 6),

the hydrodynamic diameter of the CeO2 dispersion was analyzed using two different methods,

nanoparticle tracking analysis and dynamic light scattering, which revealed a hydrodynamic diameter

of 180 nm ± 8.1 nm and 220 nm ± 16.6 nm after three measurements of the same suspension (values are

mean ± standard deviation), respectively. The dispersed CeO2 NPs had a positive surface charge of

13 mV ± 1.1 mV. Further details of the nanomaterial characterization such as TEM analysis can be

found in Figure S1 or here [58].

3.3. Evaluation of the Impact of Different Parameters in the ALI Exposure System on Cell Viability

To better understand the factors that influence the cell viability using this exposure system

(branch 2), five parameters were evaluated (Figure 3). Changing the relative humidity from <10%

to >90% resulted in a significant increase in cell viability from 35% up to 90% (Figure 3A); data for
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the relative humidity under various exposure conditions are shown in Figure S3A. Heating the lid

to 38 ◦C resulted in a cell viability of 75% compared to about 1% at room temperature (Figure 3B).

A further temperature increase in the lid temperature up to 45 ◦C showed no significant difference in

cell viability compared to 38 ◦C (corresponding air flow temperature data are shown in Figure S3B);

however, the data at 45 ◦C among the three different plates was more consistently close to 100% viability

than that for 38 ◦C (Figure S7B). An increase in the flow rate from 1 mL/min to 5 mL/min or 10 mL/min

led to a decrease in cell viability from 97% to 86% or 39%, respectively (Figure 3C). It was decided

to set the flow rate to 5 mL/min in the optimal exposure conditions, because a higher flow rate is

expected to yield a higher deposition concentration even though there was a statistically significant

decrease in the percentage viability compared to the incubator negative control. To emulate the in vivo

conditions even closer and mimic the gas conditions in the alveoli, 5% CO2 was added to the exposure

gas, which showed no decrease in the cell viability compared to the incubator negative control during

a 1 h exposure duration (Figure 3D). However, for longer exposure periods, it is expected that the

buffering effects of CO2 would have a greater impact.

Figure 3. Parametric optimization of the Vitrocell exposure 12/3 CF module. Parameters affecting cell

viability after 1 h clean air exposure: Relative humidity (A), lid temperature (B), flow rates (C) and 5%

CO2 supply (D). Percentage viability values are the consensus values calculated for all three plates

using the Bayesian modeling. The values are the means, and the error bars the standard deviations.

n.s. = not significant. * = p > 0.05. Red asterisks indicate that the consensus value is significantly less

than the incubator control with a 95% likelihood using the Bayesian modeling.
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An exposure of A549 cells with a flow rate of 5 mL/min, a lid temperature of 38 ◦C, a relative

humidity of >90% and 5% CO2 supply were found to represent the optimal exposure conditions among

those tested in this study. Using these optimized parameters, the impact of exposure time up to 8 h

on cell viability was investigated (Figure 4A). The results show stable cell viability over a period of

up to 4 h. For exposure for 8 h, there was no statistically significant drop in viability (76% viability)

among the treatment conditions for the consensus value, but two of the three plates did have values

significantly less than the incubator negative control. Exposing the A549 cells to aerosolized MilliQ

water for 4 h (ALI exposure system negative control) caused a significant decrease compared to the

incubator negative control for the exposure without CO2 but was not observed when CO2 gas was

added (Figure 4B). During these analyses, multiple experimental challenges were encountered that

required troubleshooting of the exposure system to resolve. These pitfalls and suggested solutions

are listed in the Table S4. In addition, results are provided for each of the three plates to show the

day-to-day variability when performing the assay (Figures S7 and S8).

 

Figure 4. (A) Time-dependent cell viability for MilliQ water aerosol exposure (without ENM) using

the optimized Vitrocell setup. (B) shows the effect of 5% CO2 supply to the air on the cell viability

after 4 h MilliQ water aerosol exposure using the optimized Vitrocell exposure setup. (C) exhibits

a time-dependent NM-212 exposure compared to MilliQ water aerosol (without NP) exposed cells.

Percentage viability values are the consensus values calculated for all three plates using the Bayesian

modeling. The values are the means and the error bars the standard deviations. n.s. = not significant.

Red asterisks indicate that the consensus value is significantly less than the incubator control with

a 95% likelihood using the Bayesian modeling.
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Afterwards, lung epithelia cells (A549) were exposed to CeO2 NPs (NM-212) using the optimal

exposure conditions identified in this study. No decrease in cell viability was detected after NM-212

exposure for 1, 2 or 4 h for the consensus values (Figure 4C), but a significant decrease was observed

for one of the plates for the 4 h exposure (Figure S8C).

Two incubator in-process control measurements were consistently measured to evaluate the

assay performance: the incubator negative control (branches 1, 3, and 5) and blank control (branch 5).

An exposure system positive chemical control was performed using 0.2% Triton X-100 to evaluate the

dynamic range of the assay. A decrease in cell viability down to about 6% after exposure for 1 h to

1% after 2 and 4 h exposure was observed. This data was not significantly different than the medium

blank indicating a complete loss of cell viability and that the full dynamic range of the assay could be

consistently achieved.

Control charts were made to investigate the consistency of the WST-1 assay performance for the

incubator negative control and the blank control (Figure 5). The mean absorbance value for the medium

blank control was approximately 3% of that of the incubator negative control. Plotting the coefficient

of variation (COV) values shows the range of variabilities among individual experiments. The mean

value for the COV for the incubator negative control cells was approximately 12% (Figure 5C), while the

mean value for the COV for the medium blank control was 7.5% (Figure 5D), suggesting that pipetting

cells is more variable than pipetting just the medium.

Figure 5. Control charting data for the WST-1 assay for the negative incubator control (A) and the

medium blank control (B). (C,D) represents the coefficient of variation for all experiments depending

on the date they were performed for the incubator control and the medium blank control, respectively.
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3.4. Characterization of the CeO2 NP Aerosol

One of the key factors for branch 2 (exposure system) is characterization of the aerosolized CeO2

dispersion with different instrument settings. For example, the effect of the inlet pressure of the

aerosol generator on the particle size distribution of a 250 µg/mL CeO2 NP solution was examined.

From 1.0 bar to 1.5 bar inlet pressure, an increase in particle number was observed. However, no further

increase in particle number was detected at a higher inlet of 1.8 bar (Figure S4). To avoid cell damage

by static pressure into the ALI chamber, 1 bar was used for all cell exposure experiments (pressure

was measured by a flow meter which is part of aerosol generator). Furthermore, the particle size

distribution of NM-212 at 1 bar showed a bimodal pattern with a first maximum at approximately

20 nm and a second maximum at about 90 nm (Figure 6A). Measuring only MilliQ water showed

a peak at about 25 nm that extended to up to approximately 50 nm. Additionally, a strong variability

of the MilliQ size distribution was observed when measuring MilliQ solutions on different days.

Therefore, a background subtraction was challenging and data under 50 nm were excluded.

− − − −

−

Figure 6. Inductively coupled plasma mass spectrometry (ICP-MS) analyses: The particle size

distribution of NM-212 at 1 bar (n = 9). Three independent experiments with 3 data points each.

Data are combined and shown as mean ± SD in (A). NM-212 particle uptake (B) and deposition (C) of

A549 cells after air-liquid interface exposure at different time points revealed a time dependent behavior.

(D) displays the mean intracellular uptake and mean deposition for A549 cells per h × cm2 after

air-liquid interface exposure. (n = 9 = three independent experiments with 3 wells for each data point).

3.5. Intracellular Uptake and Localization of CeO2

After characterization of the aerosol, the particle deposition and the intracellular particle uptake

were analyzed by ICP-MS after exposing A549 cells to a CeO2 NP containing aerosol (generated using

a 250 µg/mL dispersion and a pressure in the aerosol generator of 1 bar) for 1 h, 2 h or 4 h. There was

an increase in particle deposition and uptake over time (Figure 6B,C). A mean intracellular CeO2 content

of 4.85 ng × cm−2
× h−1

± 1.93 ng × cm−2
× h−1 and a CeO2 deposition of 8.66 ± 2.74 ng/cm2

× h−1 were

detected (Figure 6D). Furthermore, about 50% of the deposited particles were found to be intracellular.
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Given that dead cells might also internalize particles, the cells were washed twice with PBS to remove

dead cells and particles that are weakly membrane bound.

To determine the complete particle deposition, this washing solution was also analyzed, and these

results are shown in Figure 6B for the supernatant (washing solution + surfactant). The overall particle

deposition includes particle deposition from dead and living cells whereas the uptake shows only

the deposition and internalization by living cells. SMPS data revealed a mean aerosol concentration

of 1.07 ± 0.34 mg/m3 for the whole size distribution and 1.03 ± 0.35 mg/m3 for the size distribution

containing only particles bigger than 50 nm. A 100% particle deposition (5 mL/min flow rate)

would therefore correspond to a theoretical, maximum aerosol deposition rate of approximately

0.29 µg/cm2
× h−1 for the whole size distribution or 0.28 µg/cm2

× h−1 for the size distribution of

particles only bigger than 50 nm. Using Equation (4), a deposition efficiency of 2.98% for the whole

size distribution or 3.09% for the size distribution of particles only bigger than 50 nm was achieved.

ToF-SIMS 3D depth profiles for 1 h and 4 h exposure were generated to evaluate cellular uptake

using an orthogonal method. Both time points show a strong CeO+ peak in the corresponding acquired

mass spectra indicating the presence of CeO2 NPs within the cells (Figure 7C). Moreover, a significant

increase of particle uptake from 1 h exposure (ca. 0.9 × 103 ion counts) to 4 h (ca. 1.4 × 103 ion counts)

was observed. The reconstructed 3D ion images of the ToF-SIMS data reveal CeO2 agglomerates within

the tissue section (Figure 7A,B, red arrows). No membrane associated CeO2 agglomerates could be

found, thus suggesting intracellular localization of the CeO2 particle agglomerates in A549 cells after

ALI exposure.

× − × −

× ×

 

Figure 7. Reconstructed 3D ion images of A549 cells indicate CeO2 agglomerates after 4 h of air-liquid

interface exposure within the tissue section (200 µm by 200 µm). The blue cell outline represents the

cell membrane based on the C3H8N+ signal. (A) shows the top view while (B) represents the side

view. (C) shows ToF-SIMS mass spectra (positive mode) of A549 cells exposed for 1 h or 4 h in the

air-liquid interface system, showing the CeO+ peak in red color at m/z 156.12u. The upper spectrum

shows unexposed control cells (clean air exposure). The x-axis shows the molecular weight; the y-axis

the ion intensities for the peaks (n = 6).
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In addition to NP uptake, distribution and metabolic effects, we assessed molecular alterations

of the cell membrane constituents by ToF-SIMS analysis that have been caused during ALI exposure

of A549 cells to CeO2 NPs. Unexposed A549 cells were used as controls (clean filtered air ALI

exposure). The results indicate a significant reduction of the lipid phosphatidylcholine biosynthesis.

Down regulation of the lysophosphatidylcholine series C18:1, C20:1, C22:1 and C24:1 (Figure 8, bottom)

has been detected already after 1 h of exposure. By contrast, significant downregulation of the

biosynthesis of phosphatidylethanolamine and its precursor, i.e., phosphatidylcholine, was only visible

in A549 cells exposed for 4 h (Figure 8, top). All the following ion assignments were done tentatively,

since certified reference materials were not available. Ion m/z 791 was attributed to phosphatidylcholine

PC (C36:0), ion m/z 813 to phosphatidylcholine PC (C38:3). Ion m/z 777 was matched to the applicable

library spectrum of phosphatidylethanolamine PE (C38:0). Additionally, the downregulation of the

ceramide biosynthesis (ion m/z 625) after 4 h of exposure could be correlated to ceramide (d40:0).

≤ 

Figure 8. TOF-SIMS analysis of cell membranes composition changes of A549 cells after air-liquid

interface exposure to CeO2 NPs for 1 h and 4 h. The histograms show comparisons of ion yields for

characteristic cell membrane lipids for the different exposure times. For the relative intensity, the mean

of the control group (clean air) of unexposed A549 cells was taken as 100% in all cases. *: p ≤ 0.05.

Data represent the mean and error bars the standard deviation values (n = 6).

4. Discussion

This study provides a conceptual evaluation of key sources of variability that were identified

using C&E analysis (Figure 2) of a cell viability assay with an ALI flow through exposure system.

This analysis then guided the in-process control measurements used in the protocol (Table 1) and
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the robustness testing performed. Our first experiments with a Vitrocell 12/3 CF module and A549

cells revealed a cell viability of about 45% after 1 h of clean air exposure (Figure S2B). Such a high

decrease in viability in the air negative control system would severely limit the ability of this exposure

system to evaluate potential toxicological impacts from aerosol exposure to substances such as ENMs.

By systematically evaluating five potential sources of variability in the ALI exposure system (branch 2),

experimental settings were determined which enabled longer exposure duration for the A549 cells

(more than 4 h) while maintaining >85% cell viability when compared to the incubator negative

control. Our results suggest that the relative humidity, lid temperature, flow rate, CO2 concentration

and exposure duration are crucial parameters for an ALI flow through exposure system given their

impact on the cell viability (Figures 3 and 4). Controlling only the cell medium temperature below the

cells was not sufficient to create an adequate environment for the cells. Instead, the lid temperature

also had to be controlled. These findings are in accordance to a previous study that also found that

the relative humidity and aerosol flow temperature impacted the exposure system negative control

cells [71]. Given the impact that these factors were shown to have an impact on the exposure system

negative control cells, it is strongly recommended for other researchers to report these parameters in

the methods section of papers to enable comparability of results.

Overall, nine in-process control measurements were tested to carefully evaluate key sources of

variability in the assay each time it was performed to increase confidence in the measurement results

(Table 1). Several of these in-process control measurements were performed in the exposure chamber

while others were performed in the incubator. The positive control, which tested cells using 0.2% Triton

X-100 spiked to the medium and exposed to a MilliQ aerosol, was evaluated to confirm the dynamic

range of the assay. One consideration for future development of the positive control would be to test

a broader range of Triton X-100 concentrations to yield a dose-response curve that could be used to

ensure the consistency of the assay sensitivity, or to identify a positive control that can be nebulized

and then exposed to cells using the aerosol generated. To further optimize this control measurement,

a highly toxic ENM like ZnO NPs [72,73] could be used and exposed to the cells under ALI conditions

to generate an “positive control”. Incubator negative control cells and the medium blank controls were

also evaluated to assess the reproducibility of the WST-1 assay and of the cell pipetting on the inserts.

Using the optimal exposure setup, an exposure time up to 8 h could be achieved

without a statistically significant decrease in cell viability for the consensus values (Figure 4A).

Nevertheless, a trend to lower cell viability can be seen when exposing the cells longer than 4 h.

Moreover, an evaluation of all three plates individually for the 8 h exposure condition revealed

two of the three to be statistically less than the incubator negative control (Figure S8A). In future

experiments, a 6 h time point should be evaluated to better assess the maximum exposure duration

without a decrease in the viability for an individual plate. When examining the consensus values

for the NM-212, there was a trend for a decrease in cell viability for the longest exposure time (4 h)

even though the consensus value did not have a statistically significant decrease. There were differing

results among the three plates (Figure S8C) and testing a greater number of plates would be needed

to clarify if there is a real trend. Repeating experiments more than once provides more robust data,

which is an important aspect in method validation [40,41,63,71,74].

To evaluate assay performance and day-to-day variability of the process control measurements,

control charts were plotted (Figure S7). The mean value for COV of the incubator negative control

(12%) is similar to the median average deviation values, which were typically less than 10%, obtained in

a previous interlaboratory study with the MTS assay using submerged exposure conditions and A549

cells [50]. This suggests that the variability from pipetting cells is similar regardless of whether they

are cultured in submerged conditions or on an ALI insert. This type of analysis helps to reveal the

consistency of the data over time and should be considered when developing assay specifications

that indicate the assay is preforming as expected. Combining the results from assays performed on

different days, for this study from three different days, helps to account for day-to-day variability and

leads to more robust statistical evaluations. Additional statistical analysis can help reveal the extent to
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which increasing the number of incubator negative control wells or blank control wells would improve

the assay’s precision.

The particle size distribution measured by SMPS showed a bimodal shape for the CeO2 aerosol.

When evaluating the aerosolized MilliQ water, only the first peak was detectable which is probably

from residuals like salts [75–77]. However, NM-212 NPs have a broad size distribution ranging

from below 10 nm to more than 100 nm [56]. Thus, it might be that NM-212 NPs size distribution

partly contributes to the first peak. Moreover, a strong variability in the residual peak in terms of

particle number concentration was seen during different experiments which caused a high background.

Therefore, two calculations were performed to avoid a possible particle mass underestimation.

First, the residual peak was not subtracted from the whole size distribution when determining the

deposited dose. For a second more conservative approach, particles measured for the aerosolized CeO2

NP dispersion below 50 nm were not included when calculating the amount of deposition, because it

was not possible to distinguish between the particle concentration contribution from the NPs and

that from the MilliQ water. There was only a reduction of about 3% in total aerosol mass using the

second approach compared to the first approach; this result is understandable because the smallest

particles only had a minimal contribution to the total mass. In this particular setup of the ALI system,

online measuring of the particle size distribution during the exposure experiments was not possible due

to different tubing sizes of the ALI system and the SMPS system. To characterize the aerosol, the tubing

was adjusted by guiding the aerosol through a glass tube. For cell experiments, the original steel

tubing system from Vitrocell was used to ensure optimal performance (avoiding particle interactions

with the glass wall). Another option is to measure the particle size distribution before and after

the exposure. This could reveal if there was a change in the exposure concentration or particle

size concentration during the course of the experiment, which may occur since NPs are known to

agglomerate. Nevertheless, the deposition efficiency in this study was approximately 3%, which is in

good agreement with the literature where the deposition efficiency for similar ALI systems has been

reported to be between 1% to 2% [30,74,78,79].

To assess the toxicity of ENMs, quantification of the intracellular concentration is needed to

facilitate the comparison between different in vivo or in vitro ENM exposure scenarios. An in vivo rat

inhalation exposure study using CeO2 NPs (NM-212) revealed that the particles were exclusively

found to be intracellular located [80]. This is in agreement with our ToF-SIMS data where CeO2 NPs

were detected exclusively intracellular in A549 cells after ALI exposure and were not membrane

associated (Figure 7). Thus, the washing protocol was sufficient to remove NPs which were solely

present on top of the cells, or alternatively, the cells fully internalized the NPs prior to the washing

procedure. ICP-MS analysis showed that of the deposited dose only half of the NPs could actually

be found in the exposed A549 cells. The other half of the NPs were either located on the cell surface

or in cells, such as dead cells, that were removed by the washing procedure. Exposing the human

alveolar cell line A549 to a CeO2 NP containing aerosol (1.07 ± 0.34 mg/m3) an intracellular uptake

rate of 4.85 ng × cm−2
× h−1

± 1.93 ng × cm−2
× h−1 was achieved. This is similar to the subacute

whole body rat in vivo inhalation study from Keller et al. (2014) [22] where 4.76 ng/cm−2
× h−1

was found (authors reported a lung deposition of 2620 µg NM-212/rat lung for a dose of 25 mg/m3;

assuming a mean alveolar surface area of 50 d to 100 d old rats with 4584 cm2 [81] and an exposure time

of 120 h) [22]. Due to their higher deposition rates compared to flow through systems, cloud chamber

systems can be considered for experiments where higher deposited masses of NPs are needed than

can be obtained using flow through systems [31,82]. Furthermore, more sophisticated 3D cell models

amenable to longer exposure periods than systems with a single adherent cell type can help to

investigate long-term effects via repeated exposure under low dose and high dose conditions [37,83].

The potential toxicological effects of NP exposure were tested using the WST-1 assay and also

a ToF-SIMS metabolic interactions assay. A reduction in cell viability was not found after CeO2 treatment

in WST-1 assay. As this assay represents an overall mean value of the metabolic activity of a cell

population, its sensitivity to detect minimal adverse effects coming from low dose exposure might be
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limited. Thus, TOF-SIMS investigations were conducted to enhance the sensitivity of metabolic analysis

to detect possible adverse effects on a molecular level [84]. With this, a reduction in phospholipids

composition within the bilayer was found (Figure 8). Since the CeO2 NPs tested are positively charged,

it is possible that washing of particles which could lead to a loss of lipids because of lipid attachment

onto the particles, but this will likely be a minor effect since the fraction of the cell surface area that is

covered by particles (approximately 8 × 10−4) is much smaller than the change in the lipid composition.

In addition, other recent studies of human macrophages exposed to silver NPs have also reported

changes in the phospholipid pattern [67]. Both studies show that different lipids can be affected

differently after ENM exposure similar to what was observed in this study. At the moment, the exact

mechanism(s) how NPs affect the cell membrane lipid bilayer composition is yet not fully understood.

Therefore, more studies are needed to fully provide mechanistic explanations of the lipid changes in

general as well as for single lipids. Moreover, as the A549 cell line resembles a carcinogenic phenotype,

the toxicological response might be different compared to primary cells [41]. Therefore, further studies

should also consider using primary cells to more closely mimic the in vivo environment.

To the best of our knowledge, this is the first report describing the use of an ALI system with a flow

through exposure system to generate an intracellular NP concentration comparable to those observed

in vivo. This is an important step in the development of complementary methods for inhalation studies

using flow through systems. A valuable next step for future work would be to use this assay to further

establish physiological relevance by evaluating a broader range of nanomaterials, especially those

known to cause toxicity at lower concentrations, and compare those results to in vivo data for the same

materials. The performance with this assay could also be evaluated with different adherent cell lines or

3D cell constructs.

5. Conclusions

ALI systems are considered to be a promising exposure system to study toxicological effects of

airborne nanomaterials instead of in vivo inhalation studies and have been widely used to assess the

toxicology of nanomaterials in recent years. However, the robustness of these methods is not yet well

understood. Here we reported a C&E analysis of a commonly used flow through ALI exposure system.

This led to a systematic evaluation of key parameters of a frequently used ALI system that could

influence cell viability results and the incorporation of nine in-process control measurements into the

measurement protocol. Furthermore, this ALI case study provides a robust setup to standardized

ALI approaches which can be useful for regulatory context where standardized and validated in vitro

methods are needed. Furthermore, we showed that this ALI system is able to deposit concentrations to

human lung epithelia cells that result in an intracellular NP uptake similar in quantity to uptake rates

observed in an in vivo rat study [22]. These results support the potential standardization of ALI-based

exposure methods. The general procedure reported here may help to improve the standardization of

the ALI in vitro exposure approach better enabling comparability between experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2369/s1.
Figure S1: Nanoparticle size characterization. (A) TEM image shows the size and shape of CeO2 NPs. (B) Selected
area electron diffraction (SAED) of CeO2 NPs. (C) Dynamic light scattering (DLS) analysis of the particle diameter
calculated via size distribution by numbers. (n = 3 = three independent experiments, each experiment was
performed in triplicates). Out of three, two of them were overlapping and the 3rd one covered the purple one.
Figure S2: A549 cell viability. (A) shows cell viability under ALI and submerged (LL) culture conditions (no ALI
exposure) compared to ALI cultured cells. (B) exhibits the cell viability after 1 h ALI clean air exposure compared
to the incubator control without any optimization of the ALI system (start conditions). Percentage viability values
are the consensus values calculated for each of the three plates using the Bayesian modeling. The values are the
means and the error bars the standard deviation. Figure S3: Characterization of the Vitrocell exposure 12/3 CF
module. The relative humidity of the exposure air with and without humidification of the clean air, or a water
droplet aerosol (MilliQ aerosol), which was used for particle exposure, is shown in (A). Heating the lid temperature
to a certain degree does not necessarily mean that the aerosol flow temperature is equal to the lid temperature.
Therefore, the relationship between the temperature of the air flow and the water bath temperature, which was
used to heat the lid, is shown in part (B) for the particle exposure module and the control module (clean air only).
n = 3 independent experiments with 1 technical replicate each. Figure S4: The particle size distribution of NM-212
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as a function of the inlet pressure of the aerosol generator (n = 9 = three independent experiments with 3 data points
each. Data from each experiment are combined and shown as mean ± SD). Figure S5: Fisher’s linear discriminant
of ToF-SIMS analysis (n = 6). Different groups show distinct differences. Figure S6: ICP-MS calibration curves of
the three different measurements. The solid lines indicate a linear regression fit to the data. Figure S7: Plate to
plate analysis of consensus values for the different parameters affecting cell viability: Relative humidity (A),
lid temperature (B), flow rates (C) and 5% CO2 supply (D). Percentage viability values are the consensus values
calculated for each of the three plates using the Bayesian modeling. The values are the means and the error bars the
standard deviation. Black asterisks indicate that the consensus value is significantly less than the incubator control
with a 95% likelihood using the Bayesian modeling. Figure S8: Plate to plate analysis of consensus values for the
different parameters affecting cell viability: (A) Time-dependent cell viability for MilliQ water aerosol exposure
(without ENM) using the optimized Vitrocell setup. (B) Effect of 5% CO2 supply to the air on the cell viability
after 4 h MilliQ water aerosol exposure using the optimized Vitrocell exposure setup. (C) A time-dependent
NM-212 exposure compared to MilliQ water aerosol (without NP) exposed cells. Percentage viability values are
the consensus values calculated for each of the three plates using the Bayesian modeling. The values are the
means and the error bars the standard deviation. Black asterisks indicate that the consensus value is significantly
less than the incubator control with a 95% likelihood using the Bayesian modeling. Table S1: Mycoplasma test,
PCR compounds. Table S2: Mycoplasma test, PCR conditions and protocol. Table S3: ICP-MS LOD/LOQ levels of
the three different measurements. Table S4: Possible pitfalls during an ALI exposure experiment.
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Nanoparticle induced barrier function assessment
at liquid–liquid and air–liquid interface in novel
human lung epithelia cell lines†
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Andreas Luch

Inhalation is the most relevant entry point for nanoparticles (NPs) into the human body. To date, toxicity

testing of nanomaterials in respect to oral, dermal and inhalative application is mainly based on animal

experiments. The development of alternative test methods is the subject of current research. In vitro

models can help to investigate mechanistic aspects, as e.g. cellular uptake or genotoxicity and might help

to reduce in vivo testing. Lung cell lines are proper in vitro tools to assess NP toxicity. In respect to this,

various cell models have been developed during the recent years, but often lack in a proper intact barrier

function. However, besides other important in vivo criteria which are still missing like e.g. circulation, this

is one basic prerequisite to come closer to the in vivo situation in certain mechanistic aspects such as par-

ticle translocation which is an important task for risk assessment of nanomaterials. Novel developed

in vitro models may help to investigate the translocation of nanomaterials from the lung. We investigated

the barrier function of the recently developed human lung cell lines CI-hAELVi and CI-huAEC. The cells

were further exposed to CeO2 NPs and ZnO NPs, and their suitability as in vitro models for toxicological

investigations was proven. The obtained data were compared with data generated with the A549 cell line.

Measurement of transepithelial resistance and immunohistochemical examination of tight junctions

confirmed the formation of a functional barrier for both cell lines for submerged and air–liquid cultivation.

For particle exposure, hAELVi and huAEC cells showed comparable results to A549 cells without losing

the barrier function. CeO2 NP exposure revealed no toxicity for all cell lines. In contrast, ZnO NPs was

toxic for all cell lines at a concentration between 10–50 µg ml−1. Due to the comparable results to A549

cells CI-hAELVi and CI-huAEC offer new opportunities to investigate nanoparticle cell interactions more

realistic than recent 2D cell models.

Introduction

Due to the increased use of nanomaterials in consumer pro-

ducts, investigations into their safety and potential risks are

key tasks.1 Despite interspecies variations,2–4 understanding

any potential implications of nanoparticles (NPs) to human

health are normally conducted in animal models.5–13 However,

based on the 3R (refine, reduce and replace) principle, the

development of alternative testing methods is an important

task.14 For this, in vitro models can be helpful to answer

mechanistic issues like e.g. cellular uptake15 or genotoxicity.16

Due to their small diameter NPs deposit deep into the lung.17

Therefore, NPs are mainly taken up via inhalation18 followed

by a presumed deposition in the lower regions of the lung.

Here, they come in contact with bronchial epithelia cells and

pneumocyte type I & II cells. There are several human in vitro

systems reported to assess adverse effects of NP cell-inter-

actions in the lung. This includes bronchial cell lines, alveolar

cell lines, different co-culture models as well as 3D

models.15,19–24 For instance, an increased oxidative stress and

apoptosis of BEAS-2B cells after cerium dioxide (CeO2) NPs

exposure has been previously reported.25 Another group used

the BEAS-2B cells line as well as the bronchial 3D system

MucilAir™ to investigate the toxicity of CeO2 NPs. They found

that the 3D model is more resistant to oxidative stress and

DNA damage than simple cell cultures.23 In contrast, there are

also reports demonstrating protective functions of CeO2 NPs

which could be attributed to their antioxidant properties as

studied in details in many published work.14,26–29 For the

alveolar region, A549 is the most frequently used cell line to

study particle cell interactions. These cells are used either as a

single monolayer or as co-culture in combination with other
†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c9tx00179d

German Federal Institute for Risk Assessment (BfR), Department of Chemical and

Product Safety, Max-Dohrn-Straße 8-10, 10589 Berlin, Germany.

E-mail: lars.leibrock@bfr.bund.de

1016 | Toxicol. Res., 2019, 8, 1016–1027 This journal is © The Royal Society of Chemistry 2019



cell lines. For example, cytotoxicity of gold NPs in A549 cells

was recently reported by inducing cell cycle arrest, oxidative

stress and apoptosis.30 A549 cells were also used to determine

the toxicity of copper oxide NPs,31 CeO2 NPs21 and zinc oxide

(ZnO) NPs.32 In addition to single cell lines that allow investi-

gation of mechanistic aspects only, there are approaches to

improve the used cell models to closely mimic the in vivo

situation by using more sophisticated cell models such as co-

cultures or 3D cell models. E.g. a co-culture system of A549,

alveolar macrophages and dendritic cells was used to investi-

gate the uptake of polystyrene particles. Most of the particles

were found in macrophages but A549 and dendritic cells were

also able to take up polystyrene particles.33 Another conducted

study even went one step further and developed a 3D co-

culture model composed of A549, THP-1, mast cells (HMC-1)

and endothelia cells (EA·hy 926). This tetraculture model was

subsequently exposed to 50 nm SiO2 rhodamin labeled NPs.

SiO2 NPs were only found in the macrophage like THP-1 cell

line but not in A549 cells.34 Despite the improved complexity

of these models, a decisive disadvantage about barrier func-

tion still remains. The epithelial cells used in all alveolar

models were A549 cells, a cell line which do not possess an

intact barrier function.35–37 Thus, they are not fully suited for

studying the translocation of NPs. The NP translocation

from the lung to secondary organs and tissues was previously

described in the literature.11,18,38 There are hints that NPs

reach extrapulmonary structures via the blood stream

circulation.13,39 In 2006 rats were exposed to gold NPs.

An uptake into epithelia cells and a translocation into the cir-

culation occurred. However, an uptake by the endothelium has

not been reported.40 This raises the question how the NPs

reached the blood stream. A translocation of NPs loaded

macrophages into the lymph nodes was recently shown which

could be one further mechanism.8,41 In 2010 real-time intrao-

perative near-infrared fluorescence imaging was used to show

that both mechanisms mentioned above may take place

simultaneously.42 However, the exact mechanism is not yet

fully understood and subject of current research. Human

alveolar in vitro models with intact barrier function would

allow a closer estimation of the in vivo situation in terms of

translocation of NPs. Hence, the aim of this work is to deter-

mine a cell model that reflects the in vivo situation more realis-

tic than current used models and allows studying the trans-

location of NP under more realistic conditions. For this

purpose, we investigated the recently developed human alveo-

lar type I cell line CI-hAELVi (human Alveolar Epithelial

Lentivirus immortalized) hereinafter stated as hAELVi.43

hAELVi cells were characterized regarding their barrier

function and the influence of CeO2 NPs and ZnO NPs.

Furthermore, the recently developed airway epithelia cell line

CI-huAEC (human Airway Epithelial Cells),44 a model of the

lower respiratory tract, was examined for the same endpoints.

The CI-huAEC cell line is hereinafter stated as huAEC. In

addition, we evaluated the alveolar 3D model EpiAlveolar in

terms of barrier function. The obtained data were compared to

results achieved with A549 cells.

Experimental
Cell culture

A549 cells (ATCC cat. no.: CCL-185) were cultured in

Dulbecco’s Modified Eagle Medium (DMEM) supplemented

with 10% fetal calf serum (FCS) (PAN-Biotech GmbH,

Germany), 1% penicillin/streptomycin (PAN-Biotech GmbH,

Germany) and 1% L-glutamine (PAN-Biotech GmbH,

Germany). Cells were passaged two times per week.

CI-hAELVi (cat. no.: INS-CI-1015) and CI-huAEC (cat. no.:

INS-CI-1011) cells were purchased from InSCREENeX GmbH

(InSCREENeX GmbH, Germany). Both cell lines were cultured

in CI-huAEC media supplemented with 1% penicillin/strepto-

mycin (PAN-Biotech GmbH, Germany) and the CI-huAEC basal

supplement provided by the manufacture (InSCREENeX

GmbH, Germany). Cells were passaged two times per week.

EpiAlveolar. EpiAlveolar is a three dimensional human alveo-

lar model and consists of lung epithelia cells, fibroblasts and

endothelia cells.45 EpiAlveolar was purchased from MatTek

(MatTek Corporation, USA). Cultivation was conducted in

accordance to the manufacturer’s protocol. The medium was

supplemented with 1% penicillin/streptomycin (PAN-Biotech

GmbH, Germany).

Air–liquid cultivation. For trans-epithelial electrical resis-

tance measurements, cells were seeded on transwell mem-

branes and cultured for two days in submerse culture con-

ditions (cat. no. 353180, Coring B.V., Netherland; 0.4 µm pore

size, 1.12 cm2) prior transferring them to the air–liquid phase.

Therefore, the apical medium was removed and cells were

washed once with PBS. Basal medium was changed every two

days.

Trans-epithelial electrical resistance (TEER)

To determine the barrier properties of all lung models we con-

ducted TEER measurements. Cell lines were seeded onto trans-

well membranes and cultured for two days under submerse

conditions. Subsequently, the cells were divided in two groups

and cultured for further 15 days: five membranes were further

cultivated under submerge conditions (LL = liquid–liquid), six

under air–liquid conditions (ALI). One insert without cells was

used as background control. The background control was sub-

tracted from the measured data. TEER measurements were

performed each day with a Millicell-ERS system (Merk,

Darmstadt, Germany) (STX2 electrode). Before measuring,

cells were washed once with PBS. 1 ml fresh medium was

added into the apical compartment and the cells were placed

in the incubator for 1 h before measuring. In order to prevent

the electrode being in contact with the plate wall, the mem-

branes were transferred into a 6 well plate before starting the

measurement. The 6-well plate was filled with 5 ml PBS per

well. After measuring, apical medium was removed from ALI

cultured inserts. The basolateral medium was changed every

two days. For huAEC and hAELVi cells, membranes were

coated with huAEC coating solution three hours before

seeding. For A549, medium was added in the apical part of the

membranes three hours before seeding. For EpiAlveolar, TEER
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measurement was performed as mentioned above. Due to the

shortened life span of EpiAlveolar, TEER was only monitored

for eight days.

ZO-1 staining

For the optical characterization of tight junctions cells were

grown on microscopic dishes (cat. no. D35-20-1-N, IBL

Baustoff + Labor GmbH, Austria) or on transwell membranes

(cat. no. 353180, Coring B.V., Netherland; 0.4 µm pore size).

Seeding density was 50 000 cells. ZO-1 staining was performed

after 14 days as described below. Cells were washed three

times with PBS and fixed with 4% paraformaldehyde for

15 minutes at room temperature (RT). Afterwards, the samples

were permeabilized with 0.2% Triton X-100 (Merck, KGaA,

Darmstadt, Germany) for 10 minutes at RT. Subsequently, a

blocking step with PBS containing 10% FCS was performed.

The primary anti-ZO-1 antibody (cat. no. 402200, Fisher

Scientific, Germany) was diluted 1 : 200 in PBS containing 1%

FCS and incubated at 4 °C overnight. The secondary antibody

(rabbit IgG, Alexa 488, cat. no. A-11034, Fisher Scientific,

Germany) was diluted 1 : 400 in PBS containing 1% FCS and

incubated for 1 h at RT. Then cells were washed with PBS three

times and counterstained with Hoechst or DAPI (1 µg ml−1).

Samples were analyzed by a confocal laser scanning

microscopy (LSM 700, Zeiss).

Growth curve and population doubling time

To assess the growth behavior of the different lung cells,

50 000 cells per well were seeded into a 6 well plate. Cells were

harvested by trypsinization and counted in a haemocytometer

by trypan blue dye exclusion after 24 h, 48 h, 72 h and 96 h.

For each time point three wells were counted. The population

doubling (PDT) time was determined based on the following

equation:

PDT ¼ t=ððLog ðC1Þ � LogðC2Þ=Logð2ÞÞ

With PDT = population doubling time (h), t = time point of

harvesting (h), Log = 10 based Log, C1 = 1 cell number

counted at harvesting time point, C2 = cell number initially

seeded. PDT was calculated from the exponential growth phase

(harvesting time points: 48, 72 and 96 h).

Particle characterization

Transmission electron microscope (TEM). In situ TEM obser-

vation of NPs was performed by a JEM-2100HR transmission

electron microscopy (JEOL, Japan) operated at 100 kV equipped

with an energy-dispersive X-ray (EDX) spectrum. For TEM ana-

lysis, the sample solution was drop coated on TEM copper grids

(Agar Scientific, United Kingdom) from a 10 µg ml−1 particle

solution and allowed to dry overnight under RT.

Dynamic light scattering (DLS)/zeta potential.

Determination of the hydrodynamic diameter and the zeta

potential were performed with a Zetasizer Nano ZS from

Malvern (Malvern Inc., UK) in MilliQ water and in both cell

culture media. For analysis, particle concentration for both

materials was set to 50 µg ml−1.

Nanoparticle tracking analysis (NTA). NTA was performed

with a NanoSight LM20 (NanoSight, Amesbury, UK), equipped

with a 632 nm laser, in MilliQ water and in both cell culture

media. For analysis, particle concentration was set to 250 ng

ml−1 and 10 µg ml−1 for CeO2 and ZnO NPs, respectively. All

measurements were performed at RT. The software used for

recording and analyzing the data was NTA 2.3. All samples

were measured for 60 seconds at five positions.

Particle toxicity

CeO2 NPs (NM-212) was chosen as a well characterized granu-

lar biopersistent particle (GBP).46 As zinc oxide is known as

cytotoxic, it was chosen as positive particle control as well as

soluble particle model. To determine adverse effects after sub-

merged NP exposure, A549, huAEC and hAELVi cells were

exposed to CeO2 NPs and ZnO NPs for 24 h. CeO2 NPs (JRC)

and ZnO NPs were weighed and the particles were dispersed in

MilliQ water to a final stock concentration of 2.5 mg ml−1.

Subsequently, the particle dispersion was sonicated for

5 minutes and 9 seconds (Sonoplus HD 220/UW 2200,

Bandelin, Germany) to avoid particle aggregation. For all

experiments, particles were freshly prepared. For cell exposure,

particles were diluted in media to reach the final concen-

tration. After exposure, cell viability, cytotoxicity and ROS pro-

duction was determined using a WST-1 (water soluble tetra-

zolium-1), a lactatdehydrogenase (LDH) assay and a 2′,7′-

dichlorofluorescin diacetate (DCFDA) assay, respectively.

Cell viability. After particle exposure, the supernatant was

transferred in a new 96 well plate and subsequently used for

LDH analysis (see below). Cells were rinsed with PBS and fresh

medium containing 10% WST-1 reagent (Roche Diagnostics

GmbH, Germany) was added into the well (100 µl). After 1 h

incubation at 37 °C, 90 µl was transferred in a new 96 well

plate and the absorbance was measured with a Tecan plate

reader using wavelengths of 450 nm and 562 nm (reference

wavelength). Six technical replicates were performed.

Cytotoxicity. After particle exposure a LDH assay was con-

ducted to check for membrane damage after particle exposure.

The assay was performed according to the manufactures

instructions (Roche Diagnostics GmbH, Germany). In brief,

LDH reagent was added to the supernatant and incubated for

15 minutes in dark at RT. Afterwards the absorbance was

measured with a Tecan plate reader at 450 nm. Six technical

replicates were performed.

Reactive oxygen species. The level of intracellular reactive

oxygen species (ROS) generation was determined by using a

DCFDA assay. After particle exposure, the cells were rinsed

with PBS and DCFDA (80 µM in Medium) (Merck KGaA,

Darmstadt, Germany) was added to the cells and incubated for

45 minutes at 37 °C. Afterwards, DCFDA was aspirated and the

cells were rinsed again once with PBS. New medium and the

positive control (tert-butyl hydroperoxide (TBHP 1/20 000 from

stock solution), Merck KGaA, Darmstadt, Germany) was added

to the cells and further incubated for 2 h. Subsequently,

DCFDA fluorescence intensity was measured within a plate

reader (Biotek Synergy™ HTX multi detection reader, BioTek
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Instruments, Inc., Winooski, USA) at excitation and emission

wavelengths of 485 and 528 nm, respectively. Three technical

replicates were performed.

Statistical analysis

Data are shown as mean ± standard deviation. If not stated

otherwise data represents three independent experiments. For

statistical analysis a Mann–Whitney-U-Test was performed

using Origin 9.1 software. *P > 0.05 was considered as signifi-

cant; **P > 0.01; ***P > 0.001.

Results and discussion

Most studies investigating the interactions of NPs and airway

epithelia were carried out with bronchial and alveolar

cells.5,20,22,23,35,47,48 Unfortunately, the most commonly used

alveolar model, the A549 cell line, possess a carcinogenic

phenotype49 and lacks in a proper barrier function.35–37 Due to

the regulation of paracellular substance transport, the barrier

function is important for the systemic distribution of inhaled

NPs.50 Therefore, we investigated the recently developed cell

line hAELVi, a model for type I pneumocytes,43 as well as the

new developed bronchial cell line huAEC44 in respect of their

capability to form an intact and functional cell–cell-barrier. In

addition, we also analyzed the more complex 3D human alveo-

lar model EpiAlveolar in respect of ongoing experiments

regarding particle uptake and location/translocation. All

received data were compared to the frequently used alveolar

cell line A549.

Particle characterization

Compared to the widely used NANOGENOTOX protocol, we

slightly modified the particle generation procedure (no bovine

serum albumin, 10 ml dispersion volume instead of 6 ml and

final concentration of 2.5 mg ml−1 instead of 2.56 mg ml−1).

Therefore, the NPs were again thoroughly characterized.51 The

particle size of CeO2 and ZnO NPs were characterized using

TEM, NTA and DLS measurements. In addition the zeta poten-

tial was determined. Particle size distributions can be found in

ESI.† As shown in Table 1, both particle types exhibit a com-

parable size and zeta potential. As depicted in Fig. 1, ZnO par-

ticles were spherical whereas CeO2 particles displayed a rather

platelet shape. Furthermore, CeO2 NPs showed strong agglom-

eration behavior compared to ZnO NPs. DLS and NTA were

used to determine the hydrodynamic diameter of both

materials. For CeO2 NPs DLS revealed a slightly higher hydro-

dynamic diameter as NTA. This is mainly due to the fact that

during the DLS measurements large particles contribute more

to the diameter determination as NTA analysis. Nevertheless,

our DLS results are consistent with data published by the man-

ufacture JRC.52 For ZnO NPs, DLS and NTA analysis displayed

a similar size of about 250 nm. Electron microscopy analysis

revealed no agglomeration for ZnO NPs whereas CeO2 NPs

showed a strong agglomeration behavior. Taken this into

account, this explains the differences between the DLS and

NTA data for CeO2 NPs.

Characterization of lung cells: growth behavior

A549 cells are a well-established cell line in particle toxicity

studies, whereas hAELVi and huAEC are relatively new cell

lines. To the best of our knowledge, there are no data for

huAEC cells published so far except the technique used to

create them.44 Therefore, we firstly investigated the growth be-

havior of the different cell lines to basically understand their

growth behavior. Fig. 2 illustrates the growth curve of all lung

epithelia cell lines we used. As expected, all of them showed

an exponential growth pattern.43,53 The population doubling

time for all cell lines was 28 hours and is in accordance with

previous A549 studies53,54 indicating a similar growth behavior

than standard cell lines used in this field.

Characterization of barrier function: transepithelial resistance

measurement and tight junction staining

To characterize the barrier function of the different lung

epithelia models, we performed TEER measurements and

immunohistochemical analysis of the tight junction protein

zonula occludens-1 (ZO-1).55 Air–liquid cultivation resembles

the in vivo situation closer than standard liquid–liquid cultiva-

tion.56 Therefore, daily TEER experiments were performed

under both culture conditions. As shown in Fig. 3 A hAELVi

cells reached stable TEER values of about 1200–1500 Ω cm2.

A549 showed no barrier formation with resistance values

between 30–50 Ω cm2 which was expected as this cell line is

known to lack functional tight junctions.35–37 TEER data of the

novel cell lines revealed a distinct difference between huAEC

Table 1 NPs characterization of CeO2 and ZnO

NTA [nm] DLS [nm] Zeta potential [mV]

CeO2 in MilliQ 164.1 ± 33.4 212.9 ± 20.6 22.6 ± 0.9
ZnO in MilliQ 265.6 ± 78.7 244.5 ± 4.6 25.5 ± 1.6
CeO2 in DMEM 86.0 ± 43.7 1550.8 ± 157.1 −11.3 ± 0.8
ZnO in DMEM 227.9 ± 41.8 189.6 ± 10.3 −10.8 ± 0.6
CeO2 in huAEC 146.5 ± 72.4 2159.7 ± 104.5 −10.8 ± 0.7
ZnO in huAEC 231.3 ± 57.0 337.1 ± 28.7 −9.5. ± 0.7

Fig. 1 NP characterization: Representative TEM pictures of CeO2 (left)

and ZnO (right) NPs. ZnO NPs show a spherical morphology and less

agglomeration whereas CeO2 NPs were more clustered and displayed a

rather platelet like shape.
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and hAELVi. hAELVi cells evolved a resistance of about 1500 Ω

cm2 which is slightly less as previously described.43 This

might be due to the fact that Kuehn and co-workers used

corning transwell membranes and SAGM medium instead of

huAEC medium and falcon transwell membranes.36,43 In con-

trast to hAELVi cells, huAEC cells reached TEER values up to

3000–7000 Ω cm2, dependent on the culture conditions. An

influence of the culture conditions on the barrier function of

hAELVi and A549 cells was not observed. Notably, huAEC cells

developed barrier properties two fold higher in submerged

culture compared with air–liquid interface, which we assume

on account of enormous nutrient resource available in sub-

merged culture.57 Aside from the differences in the resistance

values, the time to achieve high TEER values was also different

between huAEC and hAELVi. For huAEC cells a strong barrier

formation was detected at about day six to day eight, whereas

hAELVi cell starts do display a tight barrier at about day 12.

This is in consistent with the findings from Kuehn et al.43

where hAELVi cells start to develop TEER values of approxi-

mately 1000 Ω cm2 at day 12. While performing manually

TEER measurements with an EVOM the position of the elec-

trode is of crucial importance for the resistance value. This is

one reason which may explain the large standard deviation for

all cell lines achieved in our experiments. A study recently

reported a lung on the chip system with integrated electrodes

to investigate the resistance of primary humane airway epithe-

lia cells for more than 60 days.58 Using such devices might

help to overcome such kind of handling issues. Furthermore

with a chip design a direct influence of NPs on the barrier

function could be studied over a long period of time. In

addition to the 2D models the 3D model EpiAlveolar was ana-

lyzed over eight days (Fig. 3B). During this time, a strong

increase in TEER data was observed during the first two days.

Subsequently, a daily decrease in TEER values was seen. This

behavior fits with the short life span of primary cells.43 The

achieved standard deviation was clearly smaller compared with

the cell lines, which suggests good cell homogeneity in the

model. Taken together, the measured TEER values of the new

developed models are similar to primary bronchial and

primary alveolar cells.36 Thus, hAELVi, huAEC as well as

EpiAlveolar resembles the in vivo situation vastly better than

the common used A549 cell line regarding a functional cell

barrier as well as a potential in vitro model to investigate par-

ticle translocation. hAELVi cells are known to express the tight

junction protein ZO-1.43,59 Due to the minimal amount of data

about hAELVi, we decided to characterize them again in terms

of growth and cell–cell-connections. Immunohistochemical

staining of the tight junction protein ZO-1 was performed after

14 days. For huAEC cells there were no data reported so far

about the barrier formation (TEER and tight junctions). To

close this gap we analyzed huAEC cells concerning their

barrier properties. As indicated on the TEER values we

expected a ZO-1 expression in this cell line as well. hAELVi and

huAEC cells developed a complete tight junction network

(see Fig. 4). As already shown in the TEER data above, our

immunofluorescence staining of ZO-1 confirmed the data of

Kuehn et al.43 ZO-1 staining for A549 cells as comparison was

negative as diffused signal can be viewed in Fig. 4 and verified

the absence of a barrier function in this cell line as it was

found in the resistance measurement which is in agreement

with the literature.35–37 Unfortunately, direct ZO-1 staining of

EpiAlveolar was not successful due to strong backscattering

Fig. 2 Characterization of growth behavior: Growth curves of A549,

hAELVi and huAEC cells show similar growth behavior for all cell types.

Fig. 3 Barrier function assessment of different lung epithelia cells via

TEER measurement. (A) Evolution of TEER has been measured under

liquid–liquid (LL) and air liquid (ALI) conditions in different cell models;

n = 3. (B) Barrier function in the 3D model EpiAlveolar, n = 1 with 3 tech-

nical replicates. Data are shown as mean ± SD.
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from the membrane. However the exact mechanism of particle

translocation is still not fully understand. In 2005 a possible

mechanism was published by Rothen-Rutishauser and col-

leagues.33 The authors exposed a co-culture model of A549

cells, macrophages and dendritic to polystyrene particles. The

particles were added on top of the cell model without having

contact to the dendritic cell layer. Particle localization revealed

an uptake in all cell types, even in dendritic cells which have

never been in direct contact to the particles. Further investi-

gations showed particle localization in the pseudopods of the

A549 cells. This might suggests a particle transfer between

A549 and dendritic cells via the pseudopodia as possible trans-

location mechanism in vitro.33 Nevertheless other mecha-

nisms, for example an influence on the tight junction for-

mation are also conceivable, as has been recently reported for

some materials e.g. CeO2
60 or multi-walled carbon nano-

tubes.48 Despite the increased permeability, a cytotoxic effect

has not been observed for these materials.48,60 This suggests

that the absence of cytotoxicity is not an indication of an

intact barrier function. In respect to particle translocation and

a possible altered permeability, we next stained huAEC cells

for ZO-1 expression in routine culture exposed to CeO2 and

ZnO NPs, under LL and ALI to ensure no damage on the tight

junctions during particle exposure. As shown in Fig. 5 and 6,

we did not observe any significant change in ZO-1 expression

profile irrespective of exposure conditions. This means that

the exposure conditions we used did not lead to an alteration

of the tight junction barrier.

This allows for future investigations to deepen the under-

standing of the exact mechanism of particle translocation.

Taken together, all new developed cell models we investigated

showed a distinct barrier formation. Therefore, all examined

models exhibit the potential to examine NP translocation

in vitro more realistically than current models.

Particle toxicity and metabolic activity analysis

After characterization of the barrier properties, submerged

cells were exposed to CeO2 NPs and ZnO NPs. For both par-

ticles the influence on metabolic processes (WST-1) as well as

the cytotoxicity (LDH) and the generation of ROS was investi-

gated. As depicted in Fig. 7, CeO2 NPs showed no adverse

effect, neither in metabolic activity, nor in cytotoxicity for all

three cell lines. In addition ROS production after CeO2 NP

exposure was either equal or slightly decreased compared to

the control in all cell lines used. Ce is known to change its oxi-

dation state.27–29 Therefore, the decrease in ROS production

could be due to the antioxidative properties of CeO2 as it is

known for other cell types.26,28 Concerning the in vitro toxicity

of CeO2 NPs, contradicting studies have been reported. For

example, Sauer and colleagues examined the toxicity of CeO2

NPs to rat precision-cut lung slices. They reported no cyto-

toxicity between 10–100 µg ml−1. 1000 µg ml−1 was needed to

reach a cytotoxic effect. Nevertheless, inflammation already

occurred at 100 µg ml−1.61 Similar results were reported from

another study where different CeO2 NPs were tested on several

Fig. 4 Representative images of ZO-1 staining of lung cells after 14

days in culture. The first line represents nuclei staining in blue, 2nd line

shows the tight junction protein ZO-1 in green and 3rd line displays the

overlay of ZO-1 and nuclei.

Fig. 5 Tight junction staining reveals no major effect of NPs exposure

at submerged conditions to huAEC cells. The control group shown in

upper row contains the overlay image of fluorescently labelled tight

junction protein ZO-1 in green and nuclei in blue (DAPI) as first image,

2nd and 3rd images show ZO-1 and nuclei staining respectively. The

middle row displays the overlay of ZO-1 in green and nuclei in blue after

24 h exposure to 1 µg ml−1 CeO2 NPs as first image, 2nd and 3rd images

show ZO-1 and nuclei staining respectively. The lower row shows the

overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 µg

ml−1 ZnO NPs as first image, 2nd and 3rd images show ZO-1 and nuclei

staining respectively.
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different cell lines in submerse conditions. In a concentration

range of 0.1–10 µg cm−2 neither a cytotoxic effect nor cell

death was seen but an increase in oxidative stress occurred.21

The generation of oxidative stress in BEAS-2B cells after CeO2

NP exposure was also described.19,25 Another study even

revealed a protective function against oxidative stress of CeO2

NPs for A549 after 24 hours exposure62 which correlates with

our findings (Fig. 7). These points to the fact that particle tox-

icity is cell type specific which was also reported by

others.19,30,63,64 Despite the broad applied concentration range

in our study, the absence of an adverse/toxic effect from CeO2

NPs exposure is not unexpected. Furthermore, our data are

consistent with the findings of Shi et al. (2012) where the

exposure of CeO2 NPs up to 200 µg ml−1 showed no cytotoxicity

on epithelia cells.65 Zinc oxide NPs revealed a cytotoxicity at

10 µg ml−1 for all cells. For A549 cells a significant decrease in

the metabolic activity was seen at 50 µg ml−1 whereas 10 µg

ml−1 was sufficient to significantly decrease the metabolic

activity of huAEC and hAELVi cells. Analysis of ROS production

after ZnO exposure showed a strong decrease in ROS formation

for hAELVi and huAEC cells at 10 µg ml−1. For A549 cells such

a decrease in ROS formation could not be observed. This

difference might be due to the above mentioned cell line

depended toxicity which needs further investigations to make

a final conclusion. In contrast to CeO2 NPs, ZnO NPs are

known to be toxic to many different cell types as e.g. breast

cancer cells65 fibroblasts66 and lung epithelia cells.67 In more

sophisticated systems like precision-cut lung slices, ZnO NPs

induced strong toxicity based on tissue destruction as early as

10 µg ml−1.61 Therefore, our data fit with the literature and

confirms a cytotoxicity of ZnO NP also for the two new cell

lines hAELVi and huAEC. However, if ZnO NPs show a toxic

effect on cells an increase in ROS production should be

expected. This was not the case in our study. We assume that

the cytotoxicity and the decrease in metabolic activity at 10 µg

ml−1 might lead to a decrease in DCFDA uptake. This could

explain the low ROS detection which especially takes place at

10 µg ml−1 which is similar to the detected cytotoxicity level.

To sum up, WST-1, LDH and ROS assay showed similar results

for all cell lines which indicates that the new developed cell

lines have a similar behavior under particle exposure as the

frequently used A549 cells without the disadvantages such as a

carcinogenic phenotype44,49 or the lack of a proper barrier

function.35–37 Therefore, they mimic the in vivo situation

closer than previously used cell lines.

Model of choice

Here we reported several different lung epithelia models and

showed their ability to form functional tight junction networks

which is a prerequisite for a realistic in vitro model particularly

when particle translocation is one of the challenged tasks. So,

we were able to show that all new models tested here exhibit

potential as pulmonary in vitro model to study NP cell inter-

actions. After inhalation, most of the NPs deposit in the alveo-

lar region.17,68 Here they come in contact with pneumocytes

type I, pneumocytes type II and alveolar macrophages; where

type I cells cover about 95% of the alveolar surface.69,70

Consequently, type I pneumocytes are the cell type which

comes into the majority of contact with NPs after inhalation.

Taking this into account, hAELVi are supposed to be the

model of choice aside from primary cells as currently, they are

the only model representing the type I human pneumocytes.43

The bronchial epithelium is covered with a mucus layer. This

respiratory mucus can promote to an agglomeration of NPs.24

Since inhaled NPs follow the whole airway down to the alveolar

region there is the possibility that some particles can deposit

in the bronchial region. Thus, the huAEC cell line also rep-

resents a relevant model to study the toxicity of NPs. Moreover,

huAEC cells reflect the human airway epithelium which

enables microparticle studies with this cell line as well. Due to

the fact that the culture conditions for huAEC and hAELVi

cells are identical, further NP studies will include a co-culture

model covering both cell types as well as the exposure of air-

borne NPs at the air–liquid interface with the aim to resemble

the in vivo situation even closer.56 In addition, the combi-

nation with macrophages will further increase the complexity

of these models to allow more accurate in vitro particle translo-

cation studies. To ensure a better representation of the in vivo

situation different 3D models have been developed to study NP

cell interaction and toxicological behavior. For instance, for

the bronchial 3D model MucilAir™ a higher toxicity of CeO2

Fig. 6 Tight junction staining reveals no major effect of NPs exposure

at liquid–liquid-interface (ALI) to huAEC cells The control group shown

in upper row contains the overlay image of fluorescently labelled tight

junction protein ZO-1 in green and nuclei in blue (DAPI) as first image,

2nd and 3rd images show ZO-1 and nuclei staining respectively. The

middle row displays the overlay of ZO-1 in green and nuclei in blue after

24 h exposure to 1 µg ml−1 CeO2 NPs as first image, 2nd and 3rd images

show ZO-1 and nuclei staining respectively. The lower row shows the

overlay of ZO-1 in green and nuclei in blue after 24 h exposure to 1 µg

ml−1 ZnO NPs as first image, 2nd and 3rd images show ZO-1 and nuclei

staining respectively.
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NPs was reported compared to the bronchial cell line BEAS-2B

in terms of oxidative stress and DNA damage.23 The group of

Brandenburger and colleagues used a co-culture model con-

sisting of A549 cells, human blood monocyte derived macro-

phages and dendritic cells to investigate the effects of gold

NPs.15 Another group exposed A549 cells, BEAS-2B cells and

the MucilAir™ model to CeO2 NPs. They also reported a lower

toxicity for the 3D model compared to a cellular monolayer.24

In 2013, a tetraculture composed of A549, THP-1, HMC-1 and

EA·hy 926 cells was developed to study the particle uptake of

50 nm SiO2 NPs. The authors found that a particle uptake by

macrophages34 which is in contrast to the findings from

another group where 1 µm polystyrene latex particles were

found in A549 cells, macrophages and dendritic cells.33 To the

Fig. 7 Cytotoxicity, metabolic activity and ROS assay. Metabolic activity, LDH release and ROS generation after ZnO NP exposure (A–C) and CeO2

NP exposure (C–D) in different lung epithelia cells. n = 3. Data are shown as mean ± SD. *p < 0.05, **p < 0.01 and ***p > 0.001 is compared to the

respective control group.
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best of our knowledge EpiAlveolar is the only commercial 3D

human alveolar model so far that includes different cell

types45 which is not based on A549 cells (see above). Therefore

we performed preliminary experiments to determine the

barrier function with this newly developed model.

Investigations regarding particle uptake and translocation will

be tasks in the future. Our results showed that EpiAlveolar

evolves a transepithelial resistances corresponding to primary

alveolar cells in vivo.

Conclusions

Here we used the recently developed cell line hAELVi as an

alveolar type I model43 to investigate the effect of CeO2 NPs

and ZnO NPs. A549 cells were also exposed as they represent a

human type II pneumocyte cell model. In addition, we exam-

ined the effect of these two nanomaterials on the novel devel-

oped airway epithelia cell line huAEC44 and characterized

them for the first time regarding their barrier function and

applicability as in vitro model for NP toxicity investigations.

Cultivation of lung epithelia cells at the air–liquid interface

resembles the in vivo situation closer as submerge con-

ditions.56 Therefore, the barrier function was investigated

under both conditions. Our data showed that both new cell

lines evolve a proper tight junction network independent of if

they are cultured under standard submerge conditions or at

the air liquid interface. Submerged exposure to CeO2 NPs and

ZnO NPs revealed a strong toxicity for ZnO at 10 µg ml−1 for

huAEC and hAELVi cells where A549 were only significantly

affected at 50 µg ml−1. CeO2 NPs showed no toxicity in any of

cell lines used. These results indicate that both new cell lines

respond similarly to NP exposure as the frequently used A549

cell line. The tight junctions were not affected by the NPs. As

hAELVi and huAEC cells developed tight junctions under sub-

merge and air–liquid culture conditions they can also be used

to examine the effect of airborne NPs. Taken together, these

two new cell lines behave similar like the A549 cell line

which is the most frequently used cell line in terms of pulmon-

ary toxicity testing of NPs. Moreover, they can be cultivated at

the air–liquid interface without losing their barrier

function which makes them interesting for the future and

might be helpful for various issues such as particle trans-

location of airborne nanomaterials or the development of

respirable drugs.
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4. Discussion: 

With regard to safety evaluation of chemicals, the EU adopted the REACH directive 

(EG 1907/2006) in 2006, which dictate that all existing chemicals on the EU market 

or chemical products with a volume of one ton per year or more that newly enter the 

EU market need to be registered [2]. By definition, NMs are covered by the REACH 

regulation [4] and animal studies are unfortunately still considered the gold standard 

for evaluating adverse or toxic effects of NMs to accomplish the REACH restrictions 

[143]. Developing alternative methods to reduce or even ultimately replace such in 

vivo experiments is therefore an ongoing research task. To get closer to this objective, 

standardization of in vitro methods is necessary as a first step in this development. 

This was the starting point of this work. 

 

4.1 Characterization of an ALI system as a first step in 

standardization an in vitro method to assess nanoparticle 

toxicity 

Although much in vitro research has been done in recent years and it is widely 

accepted that ALI systems are more in accordance with the in vivo situation as liquid 

exposure, there is still no standardization regarding toxicity assessment of NPs in 

vitro on a regulatory level equivalent to in vivo based tests like different OECD 

guidelines [70,176-178]. This missing standardization is due to several facts. One is 

that many different cellular systems are on the market. Although such variety is often 

an advantage, the systems are frequently only validated in house and a full 

characterization for the public and scientific community is not available. In addition, 
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reports often miss important experimental parameters like distance of aerosol 

entrance to the cells, the relative humidity of the aerosol or the aerosol temperature 

[153,164]. This not only strongly impairs the comparability of different ALI exposure 

setups but also hinders the standardization between data despite many recent ALI 

studies. 

C&E (cause-and-effect) approaches help to identify major causes of a problem by 

visualizing them in a fishbone diagram illustrating their impact on the problem [179]. 

Using a C&E approach, we succeeded in characterizing a commercially available 

widely used ALI system based on the toxicological important parameter cell viability 

and developed a method to improve the robustness of current data analysis [180]. 

One key factor for potential regulatory application of ALI methods is their reliability. 

This can be proved by interlaboratory reproducibility, repeatability and robustness. 

Our data evaluation approach allows the analysis of day-by-day variances in cell 

viability measurements and is able to identify outliers easily. Therefore, this concept 

describes a rather uncommon analytical approach compared to those usually used in 

ALI studies where mostly only mean values and standard division are reported and 

detailed descriptions on how those data were acquired is missing. Thus, our design 

makes data analysis more robust to enhance reliability in these methods for 

regulatory purposes and research. 

By using this C&E analysis, we identified four parameters; relative humidity, aerosol 

air temperature, flow rate and CO2 concentration in the aerosol that are crucial for 

the reproducibility of cell viability under ALI exposure. Experimental parametric 

optimization of the system based on these parameters confirmed the estimated 

findings from C&E approach. All identified parameters showed a significant influence 

on the cell viability during ALI exposure. Those findings are partly in agreement with 
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recent literature where relative humidity, aerosol flow temperature and flow rate are 

described as important parameters influencing cell viability in ALI systems [136,181]. 

However, C&E analysis together the subsequent laboratory investigations revealed 

CO2 supply as an additional important parameter concerning cell viability in ALI 

studies, especially for extended exposure durations [180]. Based on these results, an 

optimized exposure setup could be developed that enables cell cultures to be exposed 

in an ALI system under ideal environment conditions, similar to in vivo. This also helps 

to close the gap between in vivo and in vitro exposure conditions further. Therefore, 

it can be stated that C&E analysis is a useful tool to identify important parameters for 

assay characterization, which is a requirement for potential regulation applications. 

 

4.2 Detection of CeO2 nanoparticle dosage and their toxicity 

under low dose conditions 

Concerning the determination of nanotoxicology and proper risk assessment of NPs, 

relevant exposure scenarios have to be considered. This is unfortunately not often 

the case in inhalation nanotoxicity, as robust data of NP air concentrations are still 

missing for most NPs. Acute short-term studies are commonly applied to assess the 

toxicity of NMs [44,98]. However, more realistic low dose NP studies gained more and 

more attention in the last years in both, in vitro [182,183] and in vivo [184,185]. 

Thus, the question of dose response relationship as an important parameter 

describing NP toxicity has to be reconsidered [108,186,187]. Quantitative 

measurements are needed to properly determine the deposited dose, but often only 

an estimate is taken. Instead of estimating the deposited dose by in silico methods 

or microscopy, we decided to perform a rather cost and time intense mass 
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spectrometry analysis. This allows an accurate quantitative determination of the intra- 

and extracellular CeO2 NPs dosage used in this study, which cannot be achieved with 

other techniques like the ones mentioned above [180]. Furthermore, this analysis 

enables the investigation of non-fluorescent NPs like CeO2 as well as their detection 

in a part per trillion range. When using low dose scenarios, as it was done in this 

study, the expected intra- and extracellularly (applied dosage) is quite low and 

typically not detectable with standard methods like a microbalance sensor [188]. 

Combining ICP-MS and TOF-SIMS allowed us to distinguish between intracellular 

(~ 4.5 ng/cm2 per hour) and extracellular (~ 4 ng/cm2 per hour) CeO2 NPs, which 

depicts the dose response relationships more detailed. With this approach 

toxicological effects can be linked to originate either from intracellular or extracellular 

dose or a combination of both [180]. 

Cell viability and cell membrane integrity are major biomarkers in in vitro 

nanotoxicology and have been investigated extensively over the years [165,189,190]. 

Assays investigating these endpoints only represent an overall mean value of a cell 

population. Low dose exposure scenarios create significant lower dosages as acute 

short-term or subacute long-term studies. Typical endpoint measurements based on 

metabolic activity, membrane damage or oxidative stress might not detect any 

changes at these low dosages [180]. Nevertheless, these low concentrations can 

result in cellular changes on a molecular level. With this in mind, we next analyzed 

the membrane composition of lung epithelia cells after low dosage ALI exposure via 

TOF-SIMS. This technique allows the investigation of a single cell instead of whole cell 

population and the assessment of metabolic changes. The analysis of the gained data 

revealed that even at very low NP dosage of ~4.5 ng/cm2 per hour the composition 

of several cell membrane lipids including phosphatidylcholines, 
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phosphatidylethanolamines and the sphingolipid ceramide were changed [180]. 

Membrane lipids accomplish multiple tasks, ranging from membrane fluidity to 

intracellular signaling cascades [191,192]. 

Especially the sphingolipid ceramide is known as a second messenger and it is 

involved in proliferation, inflammation as well as apoptosis [193]. A Chinese group 

recently reported a concentration dependent apoptosis induced by exogenous 

ceramide addition due to Ca2+ homeostasis disruption of the endoplasmic reticulum 

in human cancer cells [192]. Our TOF-SIMS data revealed reduced levels in different 

phospholipids including ceramide [180]. Therefore, a reduced apoptosis might 

theoretically be possible. Whether this is the case or not needs further investigation 

in following projects. 

Taken together, the results clearly indicate that minimal CeO2 NPs concentrations can 

affect the cell membrane structure of lung epithelia on a molecular level. 

 

4.3 Comparing ALI data to in vivo data 

The comparability of in vitro to in vivo is often considered insufficient in 

nanotoxicology. Sayes and coworkers investigated the toxicity of different micro- and 

nanoparticles in vitro and in vivo and reported only little comparison [150]. However, 

in vitro experiments were conducted under submerse conditions, whereas in vivo 

experiments were performed as instillation exposure. Both applications are limited in 

depicting realistic NPs inhalation toxicity [150]. The group of Demokritou compared 

the toxicity of CeO2 NPs under submerse conditions to an inhalation exposure setup 

with rats [118]. They also reported significant discrepancies between in vitro and in 

vivo, which might result from protein corona formation around the NPs [118]. 
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However, both doses, in vitro and in vivo, were only estimated to be similar. 

Quantitative data about tissue or cell burden was missing in this study, which makes 

it difficult to compare the results [118]. To overcome possible impact effects of the 

protein corona, Jing et al. recently compared the toxicity of cooper oxide NPs in vitro 

using a Vitrocell® ALI device to an in vivo inhalation study in mice. In contrast to the 

aforementioned studies, Jing et al. showed good agreement between in vivo 

inhalation and ALI in vitro regarding inflammation and cytotoxicity when using similar 

concentrations of copper oxide NPs [153]. This study demonstrates that ALI studies 

can provide meaningful data concerning in vitro inhalation nanotoxicity compared to 

in vivo. But studies comparing ALI to in vivo are still rather rare. 

Moreover, in vitro toxicity of NPs should be tested at doses comparable to those used 

in vivo. This will enable a direct comparison between ALI in vitro and in vivo inhalation 

studies. Then it might be possible to further define factors that need to be considered 

in vitro to obtain equivalent results as in vivo. In addition to the quantitative 

determination of the deposited dose, the amount of particles taken up intracellularly 

is also of interest since these interact directly with the cells. However, in general, a 

detailed description of this is often not investigated. This gap was closed for CeO2 NPs 

by the NANoREG project [70]. 

Based on the NANoREG in vivo data and the ALI in vitro exposure data presented in 

this thesis, it could be shown for the first time that an ALI exposure system can be 

used to achieve intracellular CeO2 NP concentrations similar to in vivo. This represents 

a step in the right direction towards direct comparison between in vitro and in vivo 

under realistic exposure situations. 

Further development of in vitro cell systems like 3D models, co-cultures or ex vivo 

approaches has to be done as well to enable investigations regarding inflammation, 
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particle clearance or particle translocation which are currently only representable in 

vivo. 

 

4.4 Improvement of in vitro cell models for inhalation toxicity 

studies 

The improvement of cellular models is an important task to further increase the 

validity of in vitro systems. Proper cell culture models help to address questions that 

are quite challenging right now like particle translocation from the lung to secondary 

organs and tissues [70]. However, ALI experiments are commonly conducted with 

the human alveolar cell line A549, a carcinogenic alveolar type II epithelium [171]. 

Unfortunately, these cells do not express functional tight junctions [143]. Thus, A549 

cells are not suitable to tackle questions like particle translocation mechanisms, as a 

fully formed barrier would be needed to investigate translocation under in vivo terms. 

However, proper cell models to close this well-known gap are mostly limited to 

primary cells because available cell lines show limitation regarding a functional tight 

junction network. Due to limited lifetime and high costs, primary cells are not 

routinely used in ALI studies investigating NP toxicity. Although they would have the 

advantage of representing the in vivo situation much better than cell lines, their short 

lifespan limits their application for long-term experiments [174]. Even 28-day 

subchronic studies which are frequently used in risk assessment are difficult to 

perform with such models [145,194]. In 2016, Kuehn and colleagues reported a new 

cell line that overcame this issue. They introduced the so called hAELVi cells (human 

Alveolar Epithelial Lentivirus immortalized) [174]. These cells possess different 

advantages like a strong functional tight junction expression and a type I alveolar 



  Discussion 

  83 

epithelium phenotype [174] which is quite useful for NP toxicity assessment as more 

than 95 % of the alveolar surface is covered by type I cells which are responsible for 

gas exchange [61,79]. Hence, type I cells should be considered the primary alveolar 

cell type for NP toxicity investigations. 

As NPs partially tend to agglomerate, deposition in the bronchial region is also of 

interest and should be considered for risk assessment [74-77,134,195]. Therefore, 

the two newly developed cell models hAELVi and huAEC (human Alveolar Epithelia 

Cell) were investigated concerning their suitability for testing ZnO and CeO2 NPs 

toxicity under standard submerse and ALI conditions. In addition, the influence of the 

two NPs on the barrier function of these cell models was also investigated, as this is 

one of the main advantages of these two new cell lines. 

The results reported in section 3.2 show that both cell lines, hAELVi and huAEC, 

perform similar regarding cell viability, cytotoxicity and ROS generation for both NPs, 

when compared to the typically used A549 cell line, suggesting good comparability 

with other cell systems [186]. However, as inflammation is an important parameter 

in nanotoxicology, this might be difficult to address with these two models as the used 

media contains hydrocortisone which has anti-inflammatory properties [196]. 

Therefore, the influence of the media on inflammation needs careful investigation in 

further research projects. 

In contrast to A549 cells, hAELVi and huAEC evolved a strong tight junction network 

under submerse culture conditions as well as under ALI conditions. This was proved 

by immunohistochemical staining of the tight junction protein zonula occludens-1 

(ZO-1) and trans epithelial electrical resistance (TEER) measurements [186]. hAELVi 

TEER values were in good accordance with primary alveolar epithelia cells [172]. 
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huAEC displayed even higher TEER values compared to primary cells under submerse 

and ALI conditions [172]. 

Thus, both cell systems mimic the in vivo situation of the alveolar and bronchial 

epithelium. Both cell lines enable the examination of particle translocation under 

conditions more similar to the in vivo situation as it was previously possible. 

A single monoculture just represents a small piece of the pulmonary environment. 

Further improvements of cell models like co-culture systems or 3D models are needed 

to study NP toxicity on a level as close as possible to the in vivo models. In 2018, 

Klettling et al. demonstrated that hAELVi cells are suitable for co-culturing with 

immune cells by combined hAELVi cells with human macrophages to mimic the 

interaction of human alveolar epithelium and alveolar immune cells [197]. 

As 3D models represent the in vivo situation closer than monocultures, the barrier 

property of the new developed 3D alveolar model EpiAlveolar was also investigated 

in this work. This three-dimensional co-culture consists of human alveolar epithelia 

cells, fibroblasts, and endothelia cells [166]. EpiAlveolar showed a good barrier 

evolvement with TEER values of about 2900 Ω * cm2 which is similar to primary 

alveolar epithelia cells [172]. Due to the short lifetime of about one week, the usage 

of this model in NP toxicity testing was considered to be limited to short term studies 

with duration of about five days. However, the manufacturer recently published data 

that show a cultivation time up to 42 days with constant barrier function as well as 

the integration of patient derived macrophages which suggests the feasibility for 

subchronic studies in the future [166]. At the moment, EpiAlveolar is the only 

commercially available 3D human alveolar epithelia model that combines alveolar 

type I and type II cells. Therefore, it should be considered as a standard cell culture 

model for inhalation nanotoxicology studies. 
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To improve the complexity of in vitro systems even further, organ-on-a-chip 

technology represent a promising tool. This platform allows the simultaneous 

cultivation of different tissue compartments. As the compartments are all connected 

by a channel system the blood circulation can be simulated [198]. With this 

technology, different complex tissue compartments can be studied mimicking 

different parts of the body. Thus, the application of organ-on-a-chip technology might 

be an important part in the development of an alternative method for inhalation 

toxicity studies. 

As EpiAlveolar and hAELVi cells can be cultivated in a transwell system, the integration 

in an organ-on-a-chip system is conceivable. This has not been reported so far and 

will be a relevant research task to push standardization and the development of an 

alternative method for NP inhalation toxicity in the future. 

However, the complexity of an animal can certainly not be mimicked completely at 

present. Therefore, animal experiments will certainly be an ongoing part of 

nanotoxicology in the future. 

 

4.5 Realistic exposure scenarios for risk assessment and 

standardization of CeO2 nanoparticles 

Current toxicological research is mostly focused on the toxic effects of NMs. In itself, 

this is not yet a problem as the toxicity of new substances has to be evaluated in the 

EU to ensure product safety. This should of course also include worst case scenarios. 

However, the determination of toxicity is strongly dependent on the dose of the 

substances and the time an individual is exposed to it. A single high dose is therefore 

not optimal to evaluate long-term toxicity as they can lead to a so-called overload. 
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This impairs the natural cleaning process of the lung leading to pathophysiological 

changes like fibrosis [72,166]. Whether such pathophysiological effects might also 

emerge under more realistic low dose long term conditions or not is still not fully 

understood. Fortunately, this task is getting more and more attention in the research 

community [50,118,148]. 

For most NPs, the air concentration is unknown. Therefore, occupational exposure 

limits (OEL) or so called no observed adverse effect levels (NOAEL) are often used 

instead of quantitative measured data. One disadvantage is that OELs or NOAELs are 

only defined for a few NPs like TiO2 [199], carbon nanotubes [177,200] or carbon 

black [200]. For CeO2, the implementation of realistic doses is difficult because no 

OEL value is available. 

Beside industrial relevant concentrations [118], daily exposure of CeO2 to people is 

mainly driven by diesel exhaust because CeO2 has been used as diesel additive and 

is subsequently released into the atmosphere [157,158]. Erdakos et al. (2014) 

estimated 0.5 ng/m3 as an average value and air concentrations up to 22 ng/m3 CeO2 

at highways for the U.S. [158]. Recently, Giese and colleagues predicted a mean CeO2 

air concentration of about 5.5 ng/m3 [159]. For the UK, quantitative measured data 

reporting CeO2 values of 0.1 - 1.0 ng/m3 [161] and 0.612 ng/m3 [157]. 

A recent study from Paur and colleagues suggested a CeO2 concentration of 

0.03 ng/h*cm2 as a realistic ambient concentration for in vitro studies. They also 

mentioned worst case scenarios with 5 ng/h*cm2 that should be tested [50]. Our ICP-

MS results demonstrated an administered dose of about 8.5 ng/h*cm2 with a 

subsequent intracellular concentration of ~4.5 ng/h*cm2. This covers the realistic 

exposure scenario range of Paur et al. [201]. Analysis of the membrane composition 

revealed that even low/environmental realistic dosages can affect the molecular 
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composition of the lung epithelia cell membrane. Possible long-term effects need to 

be examined in a further research project to better understand the interaction of NPs 

under realistic ambient conditions. 

Examining daily relevant concentrations would therefore significantly improve the 

toxicity data under realistic circumstances and consequently help reduce animal 

experiments in general by avoiding studies with unrealistic exposure scenarios. 
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5. Conclusion and outlook 

In vivo inhalation toxicity testing is still routinely used for regulatory decision making. 

One reason for this is the missing standardization of in vitro methods, including ALI 

systems. To improve this issue, reliability of ALI methods, in particular regarding 

dosimetry, is a key task. 

By using a C&E concept we were able to characterize a commercially available ALI 

system concerning parameters that affect the cell viability which is a key marker in 

nanotoxicology. Furthermore, by developing a data analysis approach, as it is 

standard in analytics, we improved data analysis in biology where such an approach 

is normally not applied. This leads to an increased reproducibility of the obtained data, 

which is required for regulatory applications. However, the reliability and 

reproducibility should be further determined in interlaboratory and repeatability 

studies. 

In the presented work here, it could be shown for the first time that ALI systems 

enable the administration of intracellular doses of CeO2 NPs equal to in vivo rat 

studies. This demonstrates that ALI systems can provide data equal to results 

obtained in vivo (e.g., NANoREG), which is an important step in the development of 

an alternative method for inhalation nanotoxicology. 

This work also demonstrated that environmental realistic low doses of CeO2 NPs can 

affect the structural composition of alveolar epithelia cells on a molecular level. For 

investigating such exposure conditions in the future, it is recommended and desirable 

to assess the toxicity of CeO2 NPs more realistically. 

Standardization of ALI systems is just one pillar of the ultimate goal to develop an 

alternative method for in vivo nanotoxicology testing. The use of proper cell culture 
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models is also essential for that. Within this thesis, the two new cell lines hAELVi and 

huAEC have been introduced which represent suitable in vitro models for 

nanotoxicology investigation. Both form functional tight junction networks similar to 

in vivo models, a feature that was missing for most alveolar cell lines. Furthermore, 

hAELVi cells represent a type I model which is the most prominent cell type in the 

alveolar region. Thus, hAELVi cells are highly recommended to be used in future 

investigations. The anti-inflammatory effect of hydrocortisone in the culture medium 

has to be taken into account, especially when inflammation is investigated, an 

important marker in nanotoxicology. Further research has to be done in order to 

assess the usefulness of those cell lines to study the inflammatory effect of NMs. 

Not even 3D cell models can fully mimic the complexity of an animal at the present. 

Therefore, animal experiments will certainly be an ongoing part of nanotoxicology in 

the future. However, standardization and further developments of in vitro models as 

well as the implementation of new methods such as organ-on-a-chips, are promising 

approaches in the right direction to the ultimate goal of an alternative to animal 

studies in inhalation nanotoxicology considering realistic doses and exposure 

scenarios. 

In conclusion, this work provides an in vitro ALI exposure setup to study the toxicity 

of CeO2 NPs on a realistic exposure level. Furthermore, newly developed cell models 

were characterized to mimic the in vivo situation as close as possible. We could proof 

that CeO2 NP concentrations equal to in vivo can be achieved with in vitro ALI setups. 

The application of environmental relevant CeO2 NP concentrations leads to the 

alteration of the molecular structure of alveolar epithelia cells. Possible adverse 

effects as results of those changes in membrane composition of NP exposed cells need 

further research. 
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This work provides a systematic approach that helps to standardize in vitro ALI 

exposure setups providing a first step towards alternative method development. 

With this, a platform was created to assess the toxicity of CeO2 NPs under realistic 

conditions by characterization the ALI system and new cellular systems, which should 

be expanded to other NPs in the future. 

To further improve this system, a combination with other promising technology 

platforms like lungs-on-a-chip is conceivable and desirable. This would allow to add 

further important physiological parameters to the system like mechanical stretching 

(mimicking inhalation and exhalation) leading to an improved representation of the 

in vivo situation. 
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Supplemental Information 

Supplemental Methods 

R-Code: 

#The code requires that both R and OpenBUGS be installed, both are free to download.  

#R can be obtained at http://www.R-project.org/ , 

#OpenBUGS at http://www.openbugs.net/w/Downloads.  

#The only input to the program that is needed are the values in linedata.NP is the number of plates, 

NI is the number of inserts.  

#Pasting the entire program below into an R window will produce the estimates of the statistics. 

# If you run it with the debug =T in the bugs statement you can see if the MCMC has converged by 

looking at the trace plots. 

 

##################################################################################### 

library(R2OpenBUGS) 

  

############## type data here: 

linedata<-list(Solvent=c(0.1331,0.1323,0.1275,0.1275,0.1184,0.1237,0.116,0.0995,0.0995,0.0968,0.0997,0.

0921,0.1016,0.0973,0.1008,0.1028,0.1937,0.1931,0.1945,0.1924,0.1936,0.1922), 

Biorep=c(1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3), 

NC=c(1.0665,0.9889,1.0056,0.9939,0.9718,0.9285,1.0537,1.0043,1.0278,1.1171,1.1137,1.1465,1.1589,1.121

2,1.0924,1.2295,1.1762,1.2322,0.7171,0.7085,0.7259,0.6816,0.6819,0.6831,0.7026,0.7024,0.6986), 

PlateNC=c(1,1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3,3,3,3),InsertNC=c(1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3

,1,1,1,2,2,2,3,3,3),  

measure=c(1.0684,1.0537,0.9642,1.0677,0.9511,0.9423,1.0096,1.0502,1.0162,0.9863,0.966,0.929,1.1151,1.

0027,1.0638,1.0827,1.155,1.1005,0.7306,0.7318,0.736,0.7489,0.7512,0.7497,0.6063,0.6063,0.6021,1.0684,1.

0537,0.9642,1.0677,0.9511,0.9423,1.0096,1.0502,1.0162,0.9863,0.966,0.929,1.1151,1.0027,1.0638,1.0827,1.

155,1.1005,0.7306,0.7318,0.736,0.7489,0.7512,0.7497,0.6063,0.6063,0.6021), 

parameter=c(1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,

2,2,2), 

Plate=c(1,1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3,3,3,3,1,1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3,3,3,3)

, 

Insert=c(1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3,1,1,1,2,2,2,3,3,3

),NP=3,NI=3)  

############### 

##### OpenBUGS code and inits 

 

lineinits<-function(){list(slvmu=c(0,0,0))} 

 

linemodel <- function() {xinsig~dnorm(0,0.0016)%_%I(0.001,) 

                  chsqnsig~dgamma(0.5,0.5) 

                 sigNC<-xinsig/sqrt(chsqnsig) 
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for(i in 1:NP){slvmu[i]~dnorm(0,1.0E-5) 

                  xins[i]~dnorm(0,0.0016)%_%I(0.001,) 

                  chsqns[i]~dgamma(0.5,0.5) 

                  slvtau[i]<-xins[i]/sqrt(chsqns[i])} 

for(i in 1:22){Solvent[i]~dnorm(slvmu[Biorep[i]],slvtau[Biorep[i]])} 

 

for(i in 1:NP){xinsNC[i]~dnorm(0,0.0016)%_%I(0.001,) 

                  chsqnsNC[i]~dgamma(0.5,0.5) 

                 tauNC[i]<-xinsNC[i]/sqrt(chsqnsNC[i]) 

                 NCmu[i]~dnorm(0,1.0E-5)} 

for(i in 1:NP){ 

for(j in 1:NI){NCmean[i,j]~dnorm(NCmu[i],sigNC)}} 

for(i in 1:27){ 

NC[i]~dnorm(NCmean[PlateNC[i],InsertNC[i]],tauNC[PlateNC[i]])} 

 

for(i in 1:1){xinsigm[i]~dnorm(0,0.0016)%_%I(0.001,) 

                  chsqnsigm[i]~dgamma(0.5,0.5) 

                 sigm[i]<-xinsigm[i]/sqrt(chsqnsigm[i]) 

for(j in 1:NP){xinsmeas[i,j]~dnorm(0,0.0016)%_%I(0.001,) 

                  chsqnsmeas[i,j]~dgamma(0.5,0.5) 

                 taumeas[i,j]<-xinsmeas[i,j]/sqrt(chsqnsmeas[i,j]) 

                 measmu[i,j]~dnorm(0,1.0E-5)}} 

for(i in 1:1){ 

for(j in 1:NP){ 

for(k in 1:NI){measmean[i,j,k]~dnorm(measmu[i,j],sigm[i])}}} 

 

for(i in 

1:27){measure[i]~dnorm(measmean[parameter[i],Plate[i],Insert[i]],taumeas[parameter[i],Plate[i]])} 

for(i in 1:1){ 

for(j in 1:NP){ 

                  viabmu[i,j]<-(measmu[i,j]-slvmu[j])/(NCmu[j]-slvmu[j])*100}} 

#for(i in 1:NP){viabdif[i]<-viabmu[1,i]-viabmu[2,i]} 

 

############################################# 

 

#Tf~dcat(Pf[]) 

#Pf[1:NP]~ddirich(alphaf[]) 

#for(i in 1:NP){alphaf[i]<-1} 

#viabdiffin<-viabdif[Tf] 

 

T~dcat(P[]) 

P[1:NP]~ddirich(alpha[]) 
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for(i in 1:NP){alpha[i]<-1} 

for(i in 1:1){viabmufin[i]<-viabmu[i,T]} 

 

} 

 

 ###### run the OpenBUGS 

lineout<-bugs(data=linedata,inits=lineinits,digits=5,parameters=c("viabmu","viabmufin","measmean

","measmu"),model.file=linemodel,n.chains=1,n.iter=40000,n.burnin=25000,n.thin=10,debug=T)  

##### print output 

attach.bugs(lineout) ## imports the statistics 

## in the output: viabmu are the % viability values for the two parameters, viabdif is the difference,  

## viabmufin and viabdiffin are the Linear Pool consensus values for these parameters. 

##### 

print (lineout, digits=3) 
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Supplemental Results 1 

 2 

Figure S1. Nanoparticle size characterization. (A) TEM image shows the size and shape of CeO2 NPs. (B) 3 

Selected area electron diffraction (SAED) of CeO2 NPs. (C) Dynamic light scattering (DLS) analysis of the 4 

particle diameter calculated via size distribution by numbers. (n = 3 = three independent experiments, 5 

each experiment was performed in triplicates). Out of three, two of them were overlapping and the 3rd 6 

one covered the purple one. 7 

 8 

Figure S2. A549 cell viability. (A) shows cell viability under ALI and submerged (LL) culture conditions (no 9 

ALI exposure) compared to ALI cultured cells. (B) exhibits the cell viability after 1 h ALI clean air exposure 10 

compared to the incubator control without any optimization of the ALI system (initial conditions). 11 

Percentage viability values are the consensus values calculated for each of the three plates using the 12 

Bayesian modeling. The values are the means and the error bars the standard deviations. 13 
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 14 

Figure S3. Characterization of the Vitrocell exposure 12/3 CF module. The relative humidity of the 15 

exposure air with and without humidification of the clean air, or a water droplet aerosol (MilliQ aerosol), 16 

which was used for particle exposure, is shown in (A). Heating the lid temperature to a certain degree 17 

does not necessarily mean that the aerosol flow temperature is equal to the lid temperature. Therefore, 18 

the relationship between the temperature of the air flow and the water bath temperature, which was used 19 

to heat the lid, is shown in part (B) for the particle exposure module and the control module (clean air 20 

only). n = 3 independent experiments with 1 technical replicate each. The values are the means and the 21 

error bars the standard deviations. 22 

 23 

Figure S4. The particle size distribution of NM-212 as a function of the inlet pressure of the aerosol 24 

generator (n = 9 = three independent experiments with 3 data points each. Data from each experiment are 25 

combined and shown as mean ± SD). 26 
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 27 

Figure S5. Fisher's linear discriminant of ToF-SIMS analysis (n = 6). Different groups show distinct 28 

differences. 29 

 30 

Figure S6. ICP-MS calibration curves of the three different measurements. The solid lines indicate a linear 31 

regression fit to the data. 32 
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 33 

Figure S7. Plate to plate analysis of consensus values for the different parameters affecting cell viability: 34 

Relative humidity (A), lid temperature (B), flow rates (C) and 5 % CO2 supply (D). Percentage viability 35 

values are the consensus values calculated for each of the three plates using the Bayesian modeling. The 36 

values are the means and the error bars the standard deviation. Black asterisks indicate that the 37 

consensus value is significantly less than the incubator control with a 95 % likelihood using the Bayesian 38 

modeling. 39 

 40 
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 41 

Figure S8. Plate to plate analysis of consensus values for the different parameters affecting cell viability: 42 

(A) Time-dependent cell viability for MilliQ water aerosol exposure (without ENM) using the optimized 43 

Vitrocell setup. (B) Effect of 5 % CO2 supply to the air on the cell viability after 4 h MilliQ water aerosol 44 

exposure using the optimized Vitrocell exposure setup. (C) A time-dependent NM-212 exposure 45 

compared to MilliQ water aerosol (without NP) exposed cells. Percentage viability values are the 46 

consensus values calculated for each of the three plates using the Bayesian modeling. The values are the 47 

means and the error bars the standard deviation. Black asterisks indicate that the consensus value is 48 

significantly less than the incubator control with a 95 % likelihood using the Bayesian modeling.49 
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Table S1. Mycoplasma test, PCR compounds. 50 

Material Manufacture Article number Sequence 

TaqDNA polymerase New 

England 

Biolabs 

M0320L  

Forward Primer   5´-ggC GAA Tgg gTg AgT AAC 

ACg-3´ 

 

Reverse Primer   5´-Cgg ATA ACg CTT gCg ACC 

TAT g-3´ 

dNTP set (nuleotides) Fermentas R0182  

Genomic DNA extract 

from mycoplasma 

fermentans (positive 

control) 

Minerva 51-0117  

GeneRulerTM 1 kb Plus 

DNA Ladder 

Fermentas SM1331  

 51 

Table S2. Mycoplasma test, PCR conditions and protocol. 52 

Temperature [°C] Time [seconds] Comment 

94 300 Initial denaturation 

55 105 Initial denaturation 

72 45 Initial denaturation 

3 cycles of the following three steps 

94 45  

55 105  

72 180  

40 cycles of the following two steps 

94 45  

55 45  

1 cycles of the following three steps 

72 10  

27 10  

4 infinite  
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Table S3. ICP-MS LOD/LOQ levels of the three different measurements. 53 

Measurement LOD [ng/ml] LOQ [ng/ml] Background levels [ng/ml] R-values 

1 1.22 x 10-4  2.75 x 10-4 5.10 x 10-5 0.99969 

2 6.29 x 10-3 1.73 x 10-2 1.57 x 10-3 0.99969 

3 7.19 x 10-2 7.30 x 10-2 7.15 x 10-2 0.99931 

 54 

Table S4. Possible pitfalls during an ALI exposure experiment. 55 

Pitfalls Troubleshooting/Advise 

Chamber incompletely/not fully closed. Connect all gas exit tubes together and check flow rates.  

The flow rate entering the system should be equal to the 

sum of the three insert flow rates. 

Check the seal ring for any damage as well as its correct 

position. 

Check/correct tightness of seal clamps. 

Retention of cleaning solution (ethanol, 

H2O) inside the chamber. 

Wash two times with 5 ml medium before adding 

medium for the exposure to remove ethanol completely. 

Too much medium inside the chamber 

or inhomogeneous membrane covering 

of the medium at basolateral side. 

If medium is rising above the insert at the edges, 

remove excessive medium, and then check whether the 

chamber is leveled. 

Not enough medium inside the 

chamber. 

Check whether membrane is in contact with the 

medium, and then add medium if needed. 

Incomplete cell monolayer. If microscopic analyses before transferring into ALI 

exposure system reveals that the monolayer is not 

complete; consider adjusting the ALI culture protocol 

(extending growth time, increasing number of cells). 

Low cell viability because of incorrect 

flow rate or no flow into the exposure 

chamber. 

Flow rate should be checked before placing cells inside 

the chamber (valve positions of the vacuum pump can 

change day to day between experiments due to strong 

vibration of the vacuum pump). 

The connection has to be proven after checking for any 

leakages every time before starting the exposure. 

Low cell viability because of no 

humidifier connection. 

The connection should be proven after checking for any 

leakages every time before starting the exposure. 

Gas supply runs out during exposure. If possible, switch from gas bottles to house gas lines to 

avoid disruption of gases due to empty bottles during 

exposure. 

Filter house gas by a hydrocarbon filter and a molecular 

sieve to remove generator oil. 
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Alternatively, replace the gas bottle earlier to avoid 

running out during a cellular exposure. 

The gas has an overly high pressure in 

the chamber. 

Reduce generator pressure/aerosol flow to avoid 

mechanical cell damage by the air flow. 

Cell monolayer is not present in the 

center of the monolayer after exposure. 

One potential cause is that the air inlet is too close to the 

cells. In this case, adjust inlet height until no cell 

damage is visually observed (i.e., cells may not be 

present in the middle of the insert). 

Another potential cause is that the insert flow rate is too 

high. In this case, reduce the flow rate until no cell 

damage is visually observable. 

A third potential cause is insufficient humidity. In this 

case, check the relative humidity. 

Contamination of cells occurs during the 

exposure experiment. 

Routinely clean the chamber before and after use. 

Add antibiotics and fungicides to the cell culture 

medium. 

Perform the whole experiment under sterile conditions 

if possible. 

SMPS particle contamination observed. Before measuring a particle size distribution, a control 

clearance check by performing a standard measurement 

with a HEPES filter in front of the SMPS air inlet should 

be performed. 

If particles are detected, then clean device to remove old 

particles by setting the sheath flow to 30 ml/min using 

the HEPA filter in front of the SMPS air inlet. Then, 

conduct a control clearance check again. No particles 

should be detected after the system is cleaned. 

Clean device after use by setting the sheath flow to 

30 ml/min for a minimum of 30 minutes, using the 

HEPA filter in front of the SMPS air inlet. 

No deposition detectable. Air inlet possibly too far away from the cells. Try 

performing deposition measurements on an empty 

insert and quantifying the deposition. 

 56 
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Supplemental figure 1: Particle size distribution of CeO2 and ZnO NPs analyzed by NTA. 
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Supplemental figure 2: Particle size distribution of CeO2 and ZnO NPs analyzed by DLS. 


