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I 

Summary 

Humans are constantly exposed to particles from the surrounding environment, and outdoor air 

pollution is a major environmental health problem. Human-made nanomaterials (NMs), having 

particle sizes < 100 nm in at least one dimension, are released into the environment during 

production and usage, and are of great concern due to the size-related increased reactivity and 

interaction with biological systems, compared to corresponding bulk materials. After 

inhalation, some NMs can deposit in the lungs, cross the lung-blood barrier, enter the 

circulatory system, and reach other target organs, including the liver.  

To avoid potential negative health effects of NMs, risk assessment and regulations on the 

production and use of NMs are needed and require exposure data and toxicity data of NMs. 

Toxicological studies have traditionally been performed using animal studies (in vivo) which 

have ethical concerns, or by relatively simple cellular-based studies (in vitro) with low 

physiological complexity. To support the risk assessment of an increasing number of NMs, 

new approach methodologies (NAMs) are being developed for hazard assessment. As a part of 

this, there is a need for development of new advanced in vitro models based on cell cultures in 

more physiological relevant conditions. Of special importance is the application of these 

models for genotoxicity testing, to evaluate the ability of the NM to alter the genetic 

information. Genetic damage can lead to genetic diseases, cancer, or reproductive toxicity, and 

is a crucial endpoint to include in risk assessment of chemicals, including NMs. 

The aim of this work was to contribute to the development of advanced lung and liver models, 

representing a first-contact and secondary target organ of inhaled NMs, respectively. The 

performance of the models was compared with each other and to traditional in vitro models, to 

find potential similarities or differences between the models.  

Five advanced lung models, representing the conducting airways with bronchial epithelial cells, 

and the gas-exchange region with alveolar epithelial cells, were constructed with epithelial 

cells on a permeable membrane allowing medium and nutrient supply from the bottom while 

keeping the physiological conditions with air on top (at the air-liquid interface, ALI). The cells 

were cultured alone in monoculture or in coculture with endothelial cells and macrophages. An 

advanced liver model was constructed with hepatocytes cultured in spheroids; a dense 3D 

spheroidal organization of cells without adhesion to a substrate, allowing increased cell-to-cell 

interactions and signaling. Effects on cellular viability and genotoxicity were compared to 
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traditional in vitro models of the same cell type cultured on a flat 2D surface submerged in 

culture medium. 

Differences and similarities were found between the models. After exposure of the lung models 

to an aerosol of NMs, different responses were seen on viability and DNA damage depending 

on the cell types included. The advanced monocultures seemed to be more sensitive to NM-

induced toxicity compared to traditional monocultured cells immersed in medium without air 

conditions. A commonly used genotoxicity test for testing of chromosomal damage after NM 

exposure, the micronucleus test, was for the first time successfully applied to ALI cocultures. 

In liver models, different or similar responses were seen on viability and DNA damage, where 

traditional cultures were more sensitive to induced cytotoxicity and advanced models were 

more sensitive to induced genotoxicity. The comet assay was, for the first time, successfully 

applied to the HepG2 spheroid model for testing of DNA strand breaks and oxidized base 

lesions. 

In general, this work has shown that the culturing conditions of the cells affect the toxic 

response to chemicals and NMs. The traditional cultures reflected concentration-dependent 

responses better, and higher variability was seen in the advanced models. Inter-laboratory 

reproducibility of the performance of advanced models was investigated, and some limitations 

of the models were discussed. In conclusion, this work contributed to new knowledge on 

advanced in vitro models by application of genotoxicity testing after NM exposures. The 

advanced models are promising 3D models for use in genotoxicity studies and can support the 

hazard and risk assessment of NMs in compliance with the 3R´s for next generation risk 

assessment. 
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Samandrag (Summary in Norwegian) 

Menneske er kontinuerleg eksponert for partiklar frå omgivnadane, og utandørs luftforureining 

er eit alvorleg helseproblem. Menneskeskapte nanomaterialar (NM) med partikkelstorleik < 

100 nm i minst éin dimensjon vert sleppt ut til miljøet ved produksjon og bruk. Dette er 

bekymringsverdig på grunn av auka sjanse for interaksjonar med biologiske system, knytta til 

storleiken av NM, samanlikna med korresponderande bulk-material. Etter innanding kan nokre 

NM deponere i lungene, krysse lunge-blod-barrieren og komme inn i sirkulasjonssystemet og 

dermed nå andre sekundære målorgan som leveren.  

For å unngå potensielle negative helseeffektar av NM, er det nødvendig med risikovurdering 

og -regulering av produksjon og bruk av NM, som krever data på eksponering og toksisitet av 

NM. Toksisitetsstudier har tradisjonelt blitt utført ved bruk av dyreforsøk (in vivo) som er 

tilknytta store etiske bekymringer, eller ved bruk av relativt enkle celle-baserte forsøk (in vitro) 

med liten fysiologisk kompleksitet. Nye tilnærmingsmetodar (engelsk: new approach 

methodologies, NAMs) vert utvikla for å støtte risikovurdering av eit aukande antal NM. Som 

ein del av dette, er det eit behov for utvikling av nye avanserte in vitro-modellar basert på 

cellekulturar i meir fysiologiske relevante dyrkingsvilkår. Spesielt viktig er bruk av desse 

modellane for testing av gentoksisitet, for å vurdere eigenskapane til NM til å endre cellenes 

genetiske informasjon. Genetisk skade kan føre til genetiske sjukdomar, kreft, eller reproduktiv 

toksisitet, og er kritisk informasjon å inkludere i risikovurdering av kjemikalie, inkludert NM. 

Målet med dette arbeidet var å bidra til utviklinga av avanserte lunge- og levermodellar, som 

henholdsvis representerer første kontaktorgan og sekundært målorgan for NM. Prestasjonen av 

modellane vart samanlikna mellom modellane og med tradisjonelle in vitro-modellar, for å 

finne potensielle likheiter og ulikheiter. Effektar på celleviabilitet og gentoksisitet vart 

analysert etter eksponering for ei gruppe av kjemikaliar og NM.  

Fem avanserte lungemodellar som representerer bronkiene og alveolene vart konstruerte med 

epitel-celler på ein permeabel membran som gir medium- og næringstilførsel frå undersida og 

samtidig gir fysiologiske forhold med luft på toppen (på luft-væske-sjiktet, engelsk: air-liquid 

inter-face, ALI). Epitel-cellene vart dyrka åleine i monokultur eller i kokultur med endotel-

celler og makrofager. Ein avansert levermodell vart konstruert med hepatocytter dyrka i ein 

sfæroide; ein tett 3D-sfærisk organisering av celler uten kontakt med ei overflate, som gir auka 

interaksjonar og signalisering mellom cellene. Effektar på celleviabilitet og gentoksisitet vart 
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samanlikna mot tradisjonelle in vitro-modellar av same celletype dyrka på ei flat 2D-overflate 

med medium på toppen. 

Forskjellar og fellestrekk vart funne mellom modellane. Etter eksponering av lungemodellane 

til ein aerosol av NM, vart det målt ulike responsar i viabilitet og DNA-skade avhengig av 

celletypane som var tilstades. Monokulturane på væske-luft-sjiktet virka å vere meir sensitive 

for NM-indusert toksisitet samanlikna med tradisjonelle monokulturar. Ein mykje brukt 

gentoksisitets-test for måling av kromosomskade etter NM-eksponering, mikronukleus-test, 

vart for første gang brukt på kokulturar på væske-luft-sjiktet. I levermodellane vart det målt 

ulike eller like responsar på viabilitet og DNA-skade, der tradisjonelle kulturar var meir 

sensitive til indusert cytotoksisitet og avanserte modellar meir sensitive til indusert 

gentoksisitet. Komet-testen vart for første gang brukt på HepG2-sfæroidemodellen for testing 

av DNA-trådbrudd og oksidert skade på DNA-basene.  

Dette arbeidet har generelt vist at cellenes dyrkingsvilkår påverkar toksisitetsresponsane til 

kjemikalie og NM. Dei tradisjonelle modellane viste konsentrasjons-avhengige responsar 

betre, og høgare variasjon vart målt i dei avanserte modellane. Reproduserbarheit mellom 

laboratorium vart undersøkt, og noen begrensninger ved modellane vart diskutert. 

Avslutningsvis, har dette arbeidet bidratt til ny kunnskap om avanserte in vitro-modellar, ved 

bruk av gentoksisitets-testing etter NM-eksponering. Dei avanserte modellane er lovande 3D-

modellar for bruk i gentoksisitets-studier og kan støtte fare- og risikovurdering av NM i 

samsvar med dei 3 R’ane for neste-generasjons risikovurdering. 
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1. Introduction 
 

1.1. Human exposure to air pollution  

1.1.1. Particular matter and nanomaterials 

Humans are constantly exposed to particles, gases, and microorganisms in the surrounding 

environment. Both natural and engineered (human-made) particles are found in the ambient 

air. Outdoor air pollution constitutes a major environmental health problem which was 

estimated to cause 4.2 million premature deaths worldwide in 2016 [1]. Exposure to fine and 

ultrafine particulate matter with particle diameters below 2.5 µm (PM2.5) and 1 µm (PM1), 

respectively, are linked to respiratory and cardiovascular diseases as well as cancers [1].  

The production and use of the smallest human-made particles, nanomaterials (NMs) with 

dimensions < 100 nm in at least one dimension [2,3], are increasing and lead to increased 

human exposures. NMs of silver (Ag) are some of the most widely used NMs in consumer 

products, with estimated annual production of 280-635 metric tons in 2021 [4]. From this, 

approximately 1 % will be released in the air, water, or soil [5,6].  

NMs are unique from their bulk counterparts due to smaller dimensions and thus higher relative 

number of atoms at the surface compared to the inside of the structure, giving properties unique 

to each material. NMs can be designed to a specific function by fine-tuning the 

physicochemical characteristics, such as size, shape and aspect ratio, material composition, 

agglomeration status, solubility, surface area, surface structure and surface charge [7,8] (Fig. 

1). Due to the antimicrobial activity, silver NMs are currently applied in water disinfection, 

everyday household products, textiles, and a range of medical products including wound 

dressings, surgical instruments, and disinfectants [9,10]. Additionally, silver NMs are also used 

in electronics, catalysis, and biosensors due to their optical properties [10]. Silver in general 

has been used for thousands of years, in jewelry, dental alloys, water disinfection, and medical 

applications including open wound and burn treatments [9,10]. Other frequently used NMs 

include NMs of titanium dioxide (TiO2) which is used as a pigment in paint, food, and 

cosmetics [11], and of zinc oxide (ZnO) which is used in cosmetics due to its UV-blocking 

properties [12].  
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Figure 1: Physicochemical characteristics of nanomaterials, including mechanical properties, physical 

properties, surface chemistry and material composition. The physicochemical characteristics can be 

fine-tuned during the production process and will determine the properties of the nanomaterial. Created 

with BioRender.com. 

 

Consumer products containing NMs may have a long life-cycle including initial synthesis, 

production, manufacturing, industrial emission, use of the product, product degradation and 

disposal. Humans can be exposed to NMs during all these phases and states of the NM-

containing product [9,10], through several entry routes, including inhalation, oral ingestion, 

dermal contact, or directly administered through intravenous injection. Exposure to airborne 

NMs mostly occurs in the workplace, however, widespread consumer exposure via oral 

ingestion, dermal contact or inhalation is likely to occur [10,13].  

 

1.1.2. Inhalation exposure and the respiratory system 

Inhalation is the main human exposure route of airborne particular matter, including NMs, 

making the respiratory system a first line target organ. The human respiratory system can be 

divided into two compartments with different main functions (Fig. 2A). In the upper airways, 

the nasopharyngeal region heats, humidifies and filters the inhaled air. In the lower airways, 

the tracheobronchial region or conducting airways further humidifies and filters the air and 

conducts it deeper into the lungs. The most distal bronchiole in the tracheobronchial tree, the 
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terminal bronchiole, bifurcates (divides) to form respiratory bronchioli containing alveolar 

ducts terminating in clusters of alveolar sacs. Gas-exchange occurs in the respiratory bronchioli 

and the alveoli, where oxygen from the inhaled air is exchanged with carbon dioxide in the 

venous blood in the pulmonary capillaries surrounding the airways [14,15].  

The airways contain different cell types sending and receiving signals of importance for the 

outcome of exposure to pollutants or a toxic insult. In the tracheobronchial region, the main 

cell types include ciliated cells, mucus-producing serous cells, goblet cells, and basal cells (Fig. 

2B). The ciliated and serous cells, together with submucosal glands, contribute to the 

“mucociliary escalator” where inhaled particles are moved up the airway tree and thereafter 

swallowed. The population of ciliated and serous cells gradually transit into non-ciliated 

cuboidal (club) cells in the terminal bronchioli. The club cells are involved in detoxification of 

toxicants as they have relatively high levels of cytochrome P450 enzymes and produce 

pulmonary surfactants to reduce the surface tension and maintain the bronchiole structure [15]. 

In a human adult, the total alveolar area is about 40-80 m2 containing 300 million alveoli [16]. 

Gas exchange occurs across the 0.4 µm thick barrier consisting of alveolar epithelial type I 

cells, alveolar epithelial type II cells, alveolar macrophages, interstitial fluid, and capillary 

endothelial cells (Fig. 2C). The type I cells cover 90-95 % of the alveolar surface, allows gas 

exchange, and prevents leakage of fluids across the alveolar wall into the lumen. Type II cells 

cover only 7% of the alveolar surface, secretes surfactants, and are critical to alveolar repair as 

they can differentiate to type I cells that cannot replicate [15,17–20]. 
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Figure 2: The structure of the human respiratory system. A) The upper and lower respiratory tract. B) 

The tracheobronchial region of the conducting airways consists of different cell types with submucosal 

glands. The epithelial cells make a barrier from the air to the blood vessels, pleural space, and 
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lymphatic system. C) The cells in the alveoli deepest in the lungs make a thin barrier and are in close 

contact with the capillaries. Gas exchange occur across this lung-blood-barrier. Created with 

BioRender.com. 

 

1.1.3. Particle deposition in the respiratory system and systemic exposure 

Deposition of particles in the respiratory system is dependent on the physicochemical 

properties of the particles, including charge, density, shape, and size [17,21]. Based on 

mathematical modeling of single particles, the larger particles have highest deposition in the 

upper airways and are less likely to penetrate deep in the lungs. PM2.5, PM1 and NMs have 

significant deposition in all regions. NMs < 5 nm have highest deposition in the upper airways 

due to fast diffusion while NMs > 5 nm have highest deposition in the alveolar and 

tracheobronchial regions (Fig. 3 adapted from [17]). In vivo studies have confirmed that 

particles with a smaller agglomerate size have higher deposition in the alveolar region 

compared to particles with larger agglomerate size [21]. Particles deposit in different locations 

in the airway system by mechanisms including inertial impaction, gravitational settling, 

diffusion, interception, and electrostatic interaction [14,17]. For NMs, diffusion is the most 

relevant deposition mechanism due to displacement of NMs upon collision with air molecules. 

Electrostatic precipitation occurs only for charged NMs, whereas the other mechanisms are 

relevant mainly for larger particles [17].  

 

 

Figure 3: Deposition of particles in the different regions of the human respiratory system. Diameter 

scales are shown for nanomaterials at the nanoscale, and particular matter with particle diameters 

below 1, 2.5 and 10 µm (PM1, PM2.5, PM10, respectively). Modified from [17].  
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When deposited, the NMs can be removed by the “mucociliary escalator” or by clearance 

mechanisms involving alveolar macrophages, or interact with the respiratory cells and cause 

local effects. Some NMs may cross the airway epithelium barrier, constituted apically by 

intercellular tight junctions, and attached basally to a basement membrane composed of 

extracellular matrix, to enter the pleural space, the lymphatic system, and/or the circulatory 

system and further reach secondary target organs [15,22–24]. The oxygenated pulmonary blood 

can potentially contain NMs translocated from the alveoli and is pumped through the heart and 

transported to the upper body (including the brain), liver, stomach, and intestines 

(gastrointestinal tract, GI), the lower body, and to the kidneys for cleansing (Fig. 4).  

 

 

Figure 4: Overview of potential distribution of nanomaterials in the circulatory system after 

inhalation. Created with BioRender.com. 
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The liver is an important target for all substances reaching systemic circulation, as it is the main 

organ for metabolism of exogenous chemical and particles [25]. NMs accumulate in the liver 

at higher concentrations compared to other organs [26,27]. Blood with contaminants and NMs 

are distributed from the systemic circulation into the liver, but also directly from the GI tract 

by the first-pass effect. Toxicants in the GI tract are transported to the liver via the hepatic 

portal vein to immediately be subjected to biotransformation or excretion. This process reduces 

the toxicant concentration before reaching the target organ or site. At the same time, it increases 

the exposure concentration of the liver cells.  

A human liver is organized in about one million hexagonal lobules, each with a diameter of 

approximately 1 mm. The lobules have a central vein in the center, and portal triads at the 

vertexes, comprising an artery, a vein and a bile duct bundled by connective tissue (Fig. 5A, 

4B). The main cell types include hepatocytes, sinusoidal endothelial cells, stellate cells, and 

Kupffer cells (macrophages), which are organized in sinusoids (Fig. 5C). Blood flows in 

capillaries through the sinusoids, from the portal vein towards the central vein, along 

hepatocytes which are joined by tight junctions. The sinusoidal network allows for free transfer 

of oxygen, nutrients and waste products between the hepatocytes and blood. This results in a 

spatial biochemical gradient influencing metabolism and gene expression, known as metabolic 

zonation [28,29].  

Around 30-99% of the NMs circulating in the bloodstream will be sequestered by the liver 

[30]. For medicinal applications, NMs are generally administered intravenously, and typically 

only 5% are delivered to the target tissue [30]. The remaining NMs are, depending on the size, 

either sequestered by the liver and spleen or eliminated through the kidneys [25,30].  
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Figure 5: The structure of the human liver. A, B) The liver cells are arranged in hexagonal lobule 

structures, C) with hepatocytes and other cell types interacting in the sinusoids. Created with 

BioRender.com. 

 

1.2. Health effects of nanomaterial exposure  

Exposure to NMs and interactions with human cells can be beneficial and used for targeting 

specific cell types or tissues for drug delivery, such as in nanomedicines. However, the 

interactions may also lead to adverse effects by impairing cellular functions and induce 

toxicity. 

Nanotoxicology is a growing research field focused on identifying toxic responses and 

mechanisms caused by NM exposure to humans and the environment. Human hazard 

characterization of NM exposure is essential for proper risk assessment to avoid unintended 
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adverse effects on human health. Toxicity and bioavailability of a compound (including NMs) 

to an organism is determined by both the exposure dose/concentration and the compound´s 

toxicokinetics, which explain the interaction of the compound with the organism. This includes 

essential parameters such as absorption (uptake into cells or tissues), distribution to tissues or 

organs, metabolism, including toxification and de-toxification, and excretion or elimination 

from the organism The toxicokinetics of a compound determine tissue concentration, the length 

of interaction with the primary or secondary target sites, and half-life in the body [31].  

NMs have different toxicokinetic properties compared to corresponding bulk materials, due to 

the smaller size and higher relative number of atoms at the surface, and thus high reactivity 

[32]. Uptake of NMs into cells are not only limited to phagocytosis as for larger particles, but 

also includes vesicle transport pathways or adhesive interaction. Although metabolism of solid 

NMs may not occur in the same way as for other chemicals, which are normally metabolized 

to increase or decrease the toxicity of the parent compound, some NMs can dissolve after 

uptake to cells, leading to hot spots of toxic ions. Of special concern, is the potential bio-

persistence of non-degradable NMs which are not excreted, which may cause long-term effects 

[32]. Accumulation of gold NMs were studied in humans after inhalation exposure. Gold NMs 

were found to translocate from the lung to the blood. The translocated gold was found to be 

accumulated in the excised carotid plaque from sites of vascular inflammation in patients with 

cerebrovascular disease, and the gold NMs showed potential to cause significant biological 

action to affect the disease process. Some gold was detected in urine up to three months after 

exposure [22,23].  

 

1.2.1. Hazard characterization by genotoxicity testing 

NMs can be hazardous in distinct organs and tissues by different mode of action and key events. 

Genotoxicity is an adverse endpoint which is crucial to investigate as part of the hazard 

characterization of all NMs and other chemicals. Genotoxicity describes the property of 

chemical or physical agents to alter the genetic information. The genetic damage can be 

repairable or induce permanent changes in the genome. Depending on if the damage occurs in 

germ or somatic cells, it can cause genetic disease, cancer, or reproductive toxicity [33–36]. 

An occupational study found higher levels of DNA damage in leukocytes of workers exposed 

to nanocomposite materials for a long term (18 ± 10 years) compared to a control group. During 
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the work shift, a further increase in the DNA damage level was induced after acute exposures. 

Results were dependent on the gender and health status of the workers [37]. 

NM-induced genotoxicity occurs through primary (either direct or indirect) or secondary 

mechanisms [35,36]. Some NMs internalized by cells can directly interact with the genetic 

material and cause physical or chemical damage. This is referred to as direct, primary 

genotoxicity. Depending on the cell cycle and thus the organizational level of DNA, the NMs 

can bind to the DNA molecules and interfere with DNA replication or transcription of DNA 

into RNA, or disturb the mitosis process, leading to formation of micronuclei by chromosome 

breakage and/or rearrangements (clastogenicity) or numerical chromosome aberrations 

(aneuploidy) [35,36]. Thus, direct, primary NM-induced genotoxicity can cause DNA damage 

such as DNA breaks and other DNA lesions, large DNA malformations, or chromosomal 

damage [35,36]. 

Indirect, primary NM-induced genotoxicity occurs by affecting intermediate biomolecules that 

either are involved in normal genome functions or in cell division, causing DNA injury or 

chromosomal malformations. The key indirect mechanism of primary NM-induced 

genotoxicity is oxidative stress [36]. Oxidative stress is caused by an imbalance between 

detoxification mechanisms and reactive metabolites such as reactive oxygen species (ROS), 

and can lead to DNA injury, damage to lipids, proteins, and other cellular components [38]. 

Interaction of free radicals with DNA can cause purine or pyrimidine oxidized lesions and 

strand breaks. If not repaired, it can result in gene mutations and larger chromosomal damages 

[35]. 

Secondary genotoxicity is considered to be the main mechanism of genotoxicity of NMs and 

is mediated by extracellular ROS via the inflammatory responses of immune cells such as 

macrophages and neutrophils [35,36,39,40]. NMs can activate phagocytes to produce 

inflammation as an initial defense mechanism involved in clearance of microorganisms or 

foreign materials. If the clearance of NMs fails, it can cause a chronic immune cell response 

[35]. 

 

1.3. Model systems for nanomaterial hazard assessment  

Only a limited number of studies have investigated unintended health effects in human subjects 

caused by exposure to NMs without any medical component, due to the ethical implications 

arising from conducting studies on healthy human subjects and potentially toxic NMs.  Several 
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experimental studies on animals (in vivo) or cellular systems (in vitro) have shown that the 

interaction between biological environments and the NMs is dependent on the NMs’ 

physicochemical properties [7]. As an example, the shape of NMs influences uptake into cells 

[41], as well as mutagenic potential [42]. The mutagenic potential of silver NMs has also been 

shown to be dependent on surface coating and charge [43]. Thus, all toxicological studies on 

NMs should also include characterization of the physicochemical properties in the applied test 

system, to ensure we know what we are testing and to be able to compare with other results 

[10]. Although increasing numbers of studies focus on nanotoxicology, more investigations are 

required to better understand the responses and toxicity mechanisms following NM exposure 

[10], using appropriate models and methods to avoid unintended effects on humans and the 

environment. 

 

1.3.1. In vivo vs in vitro models 

Hazard assessment of NMs and other contaminants are normally performed by in vivo or in 

vitro studies. In vivo animal studies are highly beneficial to study systemic responses to 

exposures, however, structural differences to human anatomy are an issue making extrapolation 

from animals to humans difficult. In addition, there are important ethical considerations to 

make around animal experiments [44,45]. Thus, there is an ongoing shift in experimental 

toxicology and pharmacology, towards increased use of in vitro models in compliance with the 

3 Rs to reduce, replace and refine animal experiments. 

In vitro models give reproducible, higher-throughput results, are time- and cost effective, and 

ethically beneficial, compared to animal studies. They allow utilization of human cells, which 

might reflect human effects better than rodent models, and enable studies of underlying 

mechanisms of toxicity under controlled conditions [46–49]. To be used in toxicity assessment, 

it is critically important that the in vitro model reflects the in vivo situation as closely as 

possible. Standard in vitro models have several limitations, because of the simplicity of the 

cellular arrangements. They typically include cells grown in two dimensions on a flat surface 

with static submerged conditions, without the complexity and structural coordination as seen 

in vivo where cells are growing in three dimensions. This simplified cellular arrangement 

results in limited intercellular interactions and cell signaling, which is important for cellular 

effects of the test compound and other stimuli [29,47–49]. The communication between 

different cell types is not reflected in standard monocultured models, and consequently, they 

cannot be used to assess the ability of NMs to induce secondary genotoxicity [35]. 
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An important aspect of replacing animal experiments, is the development of new approach 

methodologies (NAMs). As part of this, there is a need for development of more advanced in 

vitro models better resembling the in vivo situation [46–48]. Application of new advanced in 

vitro models with cells arranged in a three-dimensional (3D) structure is likely to better reflect 

human responses, as this arrangement involves a cell environment where the cells are closer in 

contact and surrounded by an extracellular matrix [29,50], better resembling tissue and organ 

structure. Such new advanced models can be used for hazard assessment of any test substance, 

including NMs and drugs.  

Advanced in vitro models come in many forms, with cells cultured in mono- or multi-cultures, 

in planar structures or 3D, with and without scaffolds and/or matrix/hydrogels, and in static or 

dynamic conditions. Each advanced model has its own requirements for cell types and 

applications, and thus, all the advanced models have their own advantages and limitations 

[29,51,52].  

Several new in vitro models with different states of complexity are being developed. 

Establishment of a new alternative method starts with development and optimization, followed 

by validation and eventually regulatory acceptance [53]. From the 7th International Workshop 

on Genotoxicity Testing in November 2017, it was concluded that the advanced skin models 

have reached an advanced state of validation after over 10 years of development; while the 

advanced airway and liver models for genotoxicity assays are at an earlier stage of development 

[12,50].  

For hazard assessment of NMs, the models should be validated for suitability of testing of NMs, 

as the NMs for example can have limited permeation in hydrogels etc. [28]. This thesis is 

focused on two main models which are highly relevant for human exposure and applicable for 

NM testing, namely lung and liver 3D models. 

 

1.3.2. Advanced in vitro 3D models of lung and liver 

3D lung model at the air-liquid interface 

Respiratory cells cultured at the air-liquid interface (ALI), with air on the apical side and a 

microporous membrane with liquid supplying nutrients on the basal side, is a highly 

physiological relevant model for lung cells [44,50]. The same principle can be applied for cells 

from the eye and skin [50]. Lung models at the ALI can be made using immortalized cells, or 
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primary cells, such as bronchial epithelial cells obtained from bronchial brushings or organ 

donations of patients [45]. The early version of ALI culture was introduced in the 1970s by 

Voisin and colleagues, with a culture composed of alveolar macrophages of guinea pigs 

[19,54]. Although primary cells have high physiological relevance, primary cells may have 

unstable phenotypes and high inter-donor variations, making the use of immortalized cell lines 

more reliable. Application of cell lines has many advantages over primary cells, including no 

inter-donor variations, relatively easy culture procedures and low requirements for manual 

handling and manipulation, unlimited life span, more stable phenotypes, high availability, and 

low costs [45]. In the recent years, several studies on nanotoxicity assessment have been 

published on ALI models prepared from different lung cell lines, including alveolar epithelial 

A549 cells, bronchial epithelial BEAS-2B or Calu-3 cells [31,44,49,55–63]. 

In 2009 a model based on A549 cells in combination with controlled exposure to aerosolized 

gold (Au) and ZnO NMs (abstracts P-186 and P-187 in [64]) was reported. Due to toxicity of 

NMs being dependent on the physicochemical properties, this needs special attention during 

exposure. In submerged exposures, the NMs are submerged in the culture medium and thus 

covered by a biomolecule corona, which are biomolecules covering and evolving in a dynamic 

manner depending on the NMs’ physicochemical properties, the available components in the 

medium and time [65,66]. When the cells are exposed at the ALI to an aerosol of NMs, the 

particles are not covered by a biomolecule corona in the same way before being deposited on 

top of the cells. Thus, ALI exposure of NM aerosols is better mimicking human lung exposure, 

where the NMs are inhaled in humid air and deposited on the aqueous lining of the lungs, 

including surfactants or mucus on top of the epithelial cells [44]. Commercially available 

exposure instruments allow for exposure of NM aerosols (for example VITROCELL® and 

CULTEX®), in a practical and reproducible manner. In addition, the concentration of NMs 

delivered to the cells can be directly determined in a much easier manner compared to standard 

2D cultures or experiments on rodents [44]. 

In general, the cellular properties and responses have been shown to change when the cells are 

cultured and exposed at ALI conditions, compared to traditional submerged conditions. At the 

ALI, A549 cells produces surfactants, which is one of the physiological functions of this cell 

type (alveolar epithelial type II) that cannot be seen in submerged conditions [44], and they 

produce enough surfactants to decrease the surface tension to similar values as in the airways 

[55]. 
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The sensitivity to induced toxicity can change when cultured in ALI conditions, depending on 

the NMs and endpoints tested [44]. The sensitivity can also be dependent on the cell type(s) 

included in the model. The epithelial lung cells can be cultured using a single cell type alone 

(monoculture) as described for A549 cells, or in a mixture/combination with other cell types 

(coculture), such as endothelial cells, macrophages, and dendritic cells. This allows for cell 

signaling and communication between the different cell types, and separate analysis of the cell 

types at the end of the experiment is possible. For example, in a study by Wang et al (2019) 

different responses were seen in different models after exposure to PM2.5. A549/EA.hy926 

cocultures had a stronger inflammatory response than A549 monocultures. No cytotoxicity was 

seen in the cocultures, measured by the LDH assay, however, when increasing the complexity 

by adding macrophage-like THP-1 cells, a cytotoxic effect was seen at the highest tested 

concentration [67]. The addition of immune cells impacts the inflammatory effects by 

communication and cooperation between the epithelial cells and immune cells [68,69]. 

To find the most realistic model relevant for human hazard assessment of NMs, further 

optimization of the model(s) is needed as well as to investigate the impact of different layers 

of complexity.  

 

3D liver model 

There are several methods for culturing liver cell lines in 3D conditions to improve the 

longevity and differentiation of the cells into enhanced, fully functional hepatocytes in a more 

physiologically relevant setup [28,48]. Hepatocyte spheroids, or 3D tissues, are formed when 

the adhesion to the culture substrate is prevented and monodispersed cells are self-organized 

into a spherical conformation [48,70–72]. Spheroids can be prepared by spontaneous self-

assembly in non-adhesive wells under static conditions, with agitation, in microcavities or in 

hanging drops [29]. Preparation of liver spheroids by hanging drop technique uses the 

gravitational forces and is a robust, economical, and simple method, with high size 

reproducibility [29]. This model is shown to recapitulate the liver microenvironment well and 

facilitates the use of 3D model systems in high-throughput toxicity screening [28]. 

Spheroids can be formed from either primary cells or cell lines. Use of primary human 

hepatocytes (PHHs) are considered as the “gold standard” for studying metabolism and toxicity 

of chemicals [29,48], however, much research has been directed towards using hepatic-derived 

cell lines instead due to difficulties associated with culturing of PHHs, including de-
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differentiation of cells during long-term culture, costs, and inter-donor variation [48]. The 

human hepatocellular carcinoma cell line HepG2 is one of the most frequently studied cell lines 

for 2D and 3D hepatotoxicity studies and may represent an alternative to PHHs when cultured 

in an advanced setup [28]. Compared to HepG2 2D cultures, 3D HepG2 spheroids show 

enhanced liver-like functionality by formation of bile canalicular-like structures and tight cell-

cell interactions [29,48], and high activity of liver-specific functions including albumin, urea 

synthesis, and CYP expression [73–76]. 

Hepatocyte spheroids have been applied for toxicity studies with NMs and other chemicals, 

where different sensitivities of the 3D model have been found in the various studies. HepG2 

spheroids were more resistant than 2D cultures to NM-induced cytotoxicity, after exposure of 

Ag, SiO2, and ZnO NMs [75]. The micronucleus assay has been applied on HepG2 spheroids 

for detection of chromosomal damage, showing higher sensitivity of the 3D model than 

standard 2D model to acute exposures of benzo(a)pyrene and 2-amino-1-methyl-6-

phenylimidazo(4,5-b)pyridine [77]. Micronucleus assay has also been applied to HepG2 

spheroids after longer-term exposures to TiO2, ZnO, Ag, BaSO4 and CeO2 NMs [78,79]. Using 

a commercially available spheroid model with primary liver cells, the effect of single or 

repeated exposure of NMs of Ag, ZnO, TiO2, and multi-walled carbon nanotubes, was 

investigated. All NMs at high concentrations induced DNA SBs in the spheroidal cells 

evaluated by comet assay, with Ag and ZnO NMs most potent, and with similar responses as 

previously reported in a related study on C3A cells which are clonal derivative cells of HepG2 

cells [80,81].  

 

1.4. Next generation risk assessment of nanomaterials  

Hazard and risk assessment of environmental contaminants is needed for the regulatory bodies 

to avoid unintended adverse outcomes on human health and environment. Knowledge on both 

hazard characterization and exposure data are needed for risk assessment. As an increasing 

number of NMs are produced and used, acquiring this knowledge is challenging. NAMs is an 

approach to overcome this challenge involved in the so-called next generation risk assessment 

(NGRA) of NMs. The development of advanced in vitro models is part of NAMs, in addition 

to safe-and-sustainability-by-design approaches, in silico modeling by grouping of NMs’ 

physicochemical properties and read across, to assess the risk more easily and realistically. 

Usage of advanced models, which are more physiological relevant than traditional models and 
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with medium throughput, will make the risk assessment more relevant and aid to better 

understand the NMs’ behavior and protect the humans and environment. 

At present, the development of advanced 3D models is at a relatively early stage. No in vitro 

models for inhalation toxicology, with or without ALI approaches, are currently validated from 

a regulatory perspective [44]. During the developmental stage, it is important to optimize the 

model and its reproducibility [53]. For advanced models of lung and liver, the differences in 

toxic responses compared to traditional models or humans are not yet clear. In addition, limited 

studies have focused on genotoxicity assessment with the advanced 3D models [28]. In the 

process of development and validation of these advanced models, the toxicological responses 

and results should be compared to traditional 2D models, to evaluate potential differences and 

challenges. Use of the similar endpoints and statistical comparisons will enhance the 

applicability of the results from such studies [44]. Such model optimization is needed before 

the advanced models can further be validated against human data and regulated to be used in 

hazard characterization and risk assessment of NMs.  
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2. Aims of the study 

The main hypothesis of the present study was the following: hazard assessment sensitivity to 

NM exposure changes when going from standard submerged monocultures to advanced in vitro 

cellular models of lung and liver. Therefore, the overall aim of this thesis was to contribute to 

the development, optimalization and characterization of advanced in vitro models for lung and 

liver, and more specifically to apply these models for cyto- and genotoxicity testing of NMs 

and compare the results between the models and with results from standard 2D monoculture 

models (Fig. 6). 

 

The specific objectives were: 

Lung model: 

• Establish and characterize advanced alveolar (Paper I, II) and bronchial cell models 

(Paper III). 

• Compare the cyto- and genotoxic responses in lung cells at the ALI and in submerged 

monocultures after exposure to two reference Ag NMs with different physicochemical 

properties (Paper II). 

• Compare cyto- and genotoxic responses of mono-, co- and triculture lung models at 

the ALI after reference Ag NM exposure (Paper I, III). 

• Investigate differences between advanced bronchial and alveolar cell models (Paper 

III). 

 

Liver model: 

• Establish and characterize an advanced 3D hepatocyte model (Paper IV). 

• Compare the cyto- and genotoxicity responses in advanced liver spheroids with 2D 

monolayers after exposure to chemicals (Paper IV). 

• Compare the cyto- and genotoxicity responses in liver spheroids and monolayers after 

exposure to NMs (Paper V). 
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Figure 6: Graphical presentation of the aims of this thesis. Created with BioRender.com. 
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3. Methodological considerations 

This chapter will provide a general description and justification of the most important materials 

and methods used in this study, which are summarized in Table 1. 

Table 1: Overview of the nanomaterials, cell lines, cell culture conditions, exposure systems, and test 

methods used in this work. ALI: air-liquid interface, MN: micronucleus, NM: nanomaterial, TB: trypan 

blue, TEM: transmission electron microscopy. 

 

 

Conditions 
Paper 

I II III IV V 

NMs 

Ag (NM-300K) X X X - X 

Ag (NM-302) - X - - - 

TiO2 - - - - X 

ZnO (NM-110) - - - - X 

Cell lines 

A549 X X X - - 

BEAS-2B - - X - - 

EA.hy926 X X X - - 

THP-1 X - - - - 

HepG2 - - - X X 

Culture 

model 

Traditional 2D monolayer - X X X X 

3D spheroid - - - X X 

ALI X X X - - 

Monoculture X X X X X 

Coculture X X X - - 

Triculture X - - - - 

Exposure 

system 

Submerged - X X X X 

Aerosol X X X - - 

Test 

methods 

alamarBlue assay X X X X X 

TB exclusion - - X X - 

Live/dead staining - - - X X 

Comet assay X X X X X 

MN assay - - X - - 

TEM/confocal (NM uptake) X X - - - 
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3.1. Nanomaterials, dispersions, and physicochemical characterization 

 

Nanomaterials  

A group of NMs representing broad applications and high production numbers were selected 

(Fig. 7). Two silver (Ag) NMs, NM-300K and NM-302, and one zinc oxide (ZnO) NM, NM-

110, were selected as well-characterized reference NMs and thus appropriate for benchmarking 

and development of new model systems. NM-300K and NM-302 were selected based on 

toxicity seen in our previous studies [42,82], and NM-110 due to its expected toxicity and 

dissolution in culture medium. Titania NMs were also included as stable non-dissolving 

particles and were synthesized according to the procedure in Paper IV by a collaborating 

project partner (Catalan Institute of Nanoscience and Nanotechnology (ICN2), Spain).  

 

 

Figure 7: The NMs used within this work. A) Spherical NM-300K, B) rod-shaped NM-302, C) quasi-

spherical TiO2 NMs, and D) irregularly shaped NM-110. Figure A, C, and D with scale bars 100 nm 

were obtained by electron microscopy as described in Paper V, by Oscar H. Moriones (Catalan 

Institute of Nanoscience and Nanotechnology (ICN2) and Universitat Autonòma de Barcelona, Spain). 

Figure B with scale bar 1 µm was obtained by optical microscopy and adapted from [42]. 
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Nanomaterial dispersion protocol  

Nanomaterials are synthesized as powder or in suspension form, and to prepare stable 

dispersions for use in toxicity studies, sonication may be required. There are several protocols 

for dispersion of NMs, such as the NANOGENOTOX protocol [83], protocols from the EU-

project NanoDefine [84], and the “DeLoid” protocol [85]. The NANOGENOTOX protocol has 

been validated under several projects, including European Union’s FP7 NanoReg, and Horizon 

2020 NanoReg2 and PATROLS. This protocol is commonly used for dispersing reference 

materials from JRC. Briefly explained, the NMs are mixed with water added 0.05 % wt/vol 

bovine serum albumin (BSA) to a final NM concentration of 2.56 mg/ml and are sonicated on 

ice with a probe sonicator giving a total of 7056 J ± 103 J per 6 ml volume. The BSA and water 

solution needs sterile filtration before use, which causes about 28 % loss of BSA. Thus, the 

final BSA concentration is 0.036 % wt/vol, however, 0.05 % is stated in the procedures [83]. 

The main principles of the Nanogenotox protocol were followed for NM-300K, NM-302 and 

NM-110 in this work, to ensure reproducibility of data and comparability between studies. 

Aerosol exposures in Paper I-III required a modification of the dispersion protocol for NM-

300K and NM-302 to achieve a higher concentration of the NM dispersion for application in 

the aerosol system. Some modifications on sonication energy were also performed, and all 

details can be found in the papers.  

TiO2 NMs synthesized and provided by ICN2 were dispersed according to their own protocol 

as described in detail in Paper V. The NMs were provided in an aqueous dispersion of 

tetramethylammonium hydroxide (TMAOH) and were mixed directly with serum (1:1 vol/vol) 

before addition of serum-free medium, with a final proportion of 1:1:9 of NMs, serum and 

medium, respectively. No sonication was performed.  

 

Characterization of NMs’ physicochemical properties 

It is necessary to perform characterization of the NMs’ physicochemical properties in parallel 

with toxicity testing, as even small changes in physicochemical properties can cause big 

changes in toxicity and hazardous potential of the NMs [17], and proper physicochemical 

characterization is needed to use the toxicity data in grouping and risk assessment of NMs. 

Some of the most important characteristics are described below and were focused upon in this 
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work. A summary of the physicochemical characteristics of the NMs is given in Table 5 in the 

General discussion. 

 

Pristine diameter 

The diameter of the synthesized NM, often measured by electron microscopy, x-ray diffraction 

or atomic force microscopy. The pristine diameter is an intrinsic property of the NM. 

 

Hydrodynamic diameter 

Particles dispersed in a liquid will be in constant movement due to Brownian motion. By 

irradiating the dispersion with a laser beam, the light will be scattered by the particles. The 

scattered light can be detected over time and analyzed to give information about the 

hydrodynamic diameter of the particles. The hydrodynamic diameter is the diameter of a sphere 

with the same diffusion speed as the particle being measured [86] and includes the potential 

biomolecule corona surrounding the particle. This is the basis for two commonly used methods 

for hydrodynamic diameter evaluation; dynamic light scattering (DLS) and nanoparticle 

tracking analysis (NTA).  

In a DLS analysis, the scattered light beams will interfere with each other to produce a so-

called speckle pattern with light and dark areas due to constructive or destructive wave phase 

additions. The speckle pattern changes over time as the particles are in constant Brownian 

motion. Smaller particles move faster, and larger particles move more slowly, which influences 

the correlation of the detected light scattering over time. By measuring this intensity 

fluctuation, the particle diffusion coefficient and hydrodynamic diameter can be calculated. 

DLS is based on an ensemble measurement (signal from the whole sample) and gives an 

intensity weighted distribution. This can be re-calculated to a number and volume distribution 

if providing relevant parameters [86]. 

In NTA, the particles are illuminated by a laser beam, and the scattering objects are observed 

under a microscope and camera. The trajectories of individual scattering objects are recorded 

by the camera, operating at approximately 30 frames per seconds, to track the scatter from 

particles moving under Brownian motion. The trajectories are used to identify the diffusion 
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coefficient and then the hydrodynamic diameter. NTA provides a particle-by-particle 

measurement and gives a number-based distribution [87,88]. 

In both techniques, the hydrodynamic diameter is derived from the particle diffusion coefficient 

and calculated from the Stokes-Einstein equation. For perfectly monodisperse samples the 

results from both techniques would be expected to be very similar [88,89]. 

 

Zeta potential 

Charged particles in suspension attract ions to the particle surface, forming an electrical double 

layer around each particle. The liquid layer of ions contains two parts; the inner region or Stern 

layer with strongly bound ions, and the outer diffuse region with less firmly associated ions. 

The liquid layers will move together with the particle. There is a boundary in the diffuse layer, 

called the slipping plane, where the ions inside form a stable entity with the particle while the 

ions outside stay with the bulk dispersant. The electric potential between the particle surface 

and the dispersing liquid varies with distance from the particle surface. The potential at the 

slipping plane is the zeta potential. The magnitude of the zeta potential gives an indication of 

the stability of the colloidal suspension; the particles will repel each other if all particles have 

a large negative or positive zeta potential, while there will be no force to prevent agglomeration 

and flocculation if all particles have low zeta potential values [90,91].  

The zeta potential can be determined by measuring the particle velocity while the particles are 

moving in an electric field. The moving particles cause fluctuations to the light beam which 

passes through the sample cell, and the fluctuation frequency of the scattered light is detected 

and proportional to the particle velocity [90,91].  

 

Stability 

In addition to zeta potential analysis as described above, stability of NMs can be determined 

by measuring the size distribution over time, which will give indication in changes in the NM 

dispersion such as aggregation. Particle or colloidal stability can also be analyzed by 

ultraviolet-visible light spectroscopy (UV-vis). The spectra show which wavelengths of light 

that are absorbed by the sample. By comparing the spectra of the NMs in different media or at 
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different time points, the changes/shift in absorbance can be indicative of stability change, 

aggregation, or presence of protein corona.  

 

Concentration and dissolution 

In cases where metal or metal oxide NMs are dissolving, the amounts of dissolved species can 

be determined by filtering the sample through a 3kDa filter during centrifugation. NMs will 

remain in the filter, but dissolved species will pass through in the filtrate. The amounts of 

dissolved species in the filtrate can then be measured by elemental analysis by ICP-MS. By 

analyzing the total amount of the element of interest in the sample before and after filter 

centrifugation, the total concentration and the proportion of dissolved species can be 

determined. Additionally, information on sample impurities can be determined by measuring 

other elements. 

 

Nanomaterial dosimetry 

Nanomaterial concentrations applied for cell exposure are normally expressed as mass, surface 

area or number of particles, per cell culture volume or area. The relationship between the units 

depends on the NMs’ properties (mass – surface area – number ratio) and cell culture conditions 

and will typically vary between different culture dishes or plates showing the need for reporting 

detailed information for facilitation of data comparisons.  

In this work, the surface area of most of the NMs was unknown, and the NM concentrations 

are expressed as NM mass per dish culture area. The NM concentrations in the range of 0.01-

100 µg/cm2 were applied for cell exposures and were selected based on publications [82,92–

94] and discussions from previous projects (for example NanoTEST, NanoReg, Nanosolution). 

These concentrations are higher than expected in realistic exposure scenarios, which has been 

estimated to 7.5x10-4 µg/cm2 [69], and instead represent high concentration acute exposures. 

The concentration metrics reflects the total mass of NMs per culture area, however, for 

submerged conditions the delivered concentration to the cells is dependent on the colloidal 

stability or sedimentation of the NMs in the culture media at the given concentration. For 

exposures at the ALI (section 3.3), the NMs are directly delivered to the cells and do not need 

to cross the medium.  
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3.2. Negative and positive controls 

As positive controls, commonly used and commercially available chemicals with known toxic 

mechanisms were used: 

• Colchicine binds to tubulin and inhibits cell division (mitosis) causing reduced 

proliferation activity [95]. 

• Chlorpromazine hydrochloride is the hydrochloride salt form of chlorpromazine, 

which is a traditional antipsychotic drug. It also has other actions and therapeutic 

uses, for example revealing nausea and vomiting, by blocking the dopamine receptors 

in the chemical trigger zone of the brain. Chlorpromazine is widely distributed in the 

body after intake, with metabolism in the liver to >100 metabolites, and is over time 

excreted in urine and feces. Chlorpromazine can induce liver cholestasis and hepatic 

necrosis; thus, it can be toxic to the liver [96,97]. 

• Methyl methanesulfonate (MMS) is a DNA alkylating agent commonly used as a model 

compound in genotoxicity studies. It methylates guanine to 7-methylguanine and 

adenine to 3-methyladenine, causing base mispairing and replication blocks, 

respectively [98,99]. This leads to DNA SBs, chromosome breaks, micronucleus 

formation and finally cell death [100,101]. 

• Hydrogen peroxide (H2O2) is a commonly used oxidant agent in the comet assay. H2O2 

crosses the plasma membrane through aquaporins (water channels), enters the nucleus 

and generates hydroxyl free radicals (OH•) by reactions with iron or copper ions. The 

OH• attacks the sugar residue of the DNA backbone, leading to base loss and single 

SBs [102–104]. 

• Mitomycin-C is a cross-linking agent causing DNA adducts and DNA inter-strand and 

intra-strand cross-links by alkylation of guanine residues [105]. 

 

For submerged experiments, negative control was cell culture medium without any test 

substances. For experiments with ALI cultures, an incubator control received the same 

treatment as the other samples except for the aerosol exposure and was the main negative 

control. An additional negative control for aerosol exposure, receiving exposure to PBS 

without NMs, was included in Paper I and III. In Paper II, incubator control was included 

only in comet assay and not in the alamarBlue assay.  
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Solvent control was included for the NMs (Paper I-III, V) and the positive control chemicals 

in characterization of the HepG2 spheroids (Paper IV).  For NMs, the solvent control was the 

dispersion media of NMs prepared in the same manner as the NMs equivalent to the highest 

tested concentration or a range of concentrations. For chlorpromazine hydrochloride and 

colchicine, sterile water at equivalent concentration was used as solvent control. For MMS, 

DMSO in PBS at equivalent concentrations was used as solvent control. No solvent control 

was used for H2O2 and mitomycin-C. 

 

3.3. Advanced and standard cell culture models 

 

Cell lines and culture medium 

Use of human cells (cell lines or primary cells) is a great advantage of in vitro models for 

studying toxicity, compared to in vivo animal studies. Five human cell lines were used in this 

work: 

 

• Alveolar carcinoma cells, A549: Epithelial cells isolated from the lung tissue of a 58-

year-old Caucasian male with lung cancer [106,107]. The cells are derived from 

adenocarcinoma, representing type II pneumocytes, and are accepted and commonly 

used as a model cell line in nanotoxicology [55,69]. 

• Bronchial epithelial cells, BEAS-2B: Epithelial cells isolated from normal human 

bronchial epithelium from non-cancerous individuals [108]. 

• Endothelial cells, EA.hy926: Established by fusing primary human umbilical vein cells 

with a thioguanine-resistant clone of A549 by exposure to polyethylene glycol (PEG) 

[109,110]. 

• Monocytes, THP-1: Monocytes isolated from peripheral blood from an acute 

monocytic leukemia patient. This cell line can be differentiated to macrophage-like 

cells [111,112]. 

• Hepatocellular carcinoma cells, HepG2: Cells with epithelial-like morphology, isolated 

from a hepatocellular carcinoma of a 15-year-old Caucasian male with lung cancer 

[113]. 
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Each cell type was cultured in its own cell culture medium, either Dulbecco’s Modified Eagle’s 

Medium DMEM (A549, HepG2), Roswell Park Memorial Institute RPMI (THP-1), or LHC-9 

(BEAS-2B). DMEM and RPMI media were supplemented with fetal bovine serum (FBS) and 

antibiotics (penicillin-streptomycin). For use with THP-1 cells, the serum was heat-inactivated 

in order to inactivate components of the complement system in the serum. The described 

culture details above are for experiments performed at NILU, and some differences were seen 

in protocols for cell culture at the collaborating laboratories. Cell cultures of all cell models 

(described below) were imaged in daily cell culture work with a standard inverted microscope, 

to confirm cell density, growth, and morphology similar to what is stated by the provider. 

 

Cell culture models and nanomaterial exposure 

Cells can be cultured in different arrangements and localizations. Standard cell cultures include 

cells cultured in 2D arrangements on a flat culture surface, submerged in medium on the apical 

side. In some cases, special coating is necessary to ensure appropriate contact between the cells 

and the surface. More advanced cultures include the use of scaffolds, gels (extracellular 

matrix), hanging cultures, ultra-low attachment plates, or/and permeable membranes, and with 

cells in mono- or coculture with other cell types. Following, exposure to test substance can be 

performed in different ways, in submerged or aerosolized conditions, for different time lengths 

including acute, chronic, spiked, repeated exposure (time), and with different concentrations 

(low, high). The following culture types were included in this work (Fig. 8): 

• Submerged cells: Monoculture of cells at the bottom of a flat dish or plate. Submerged 

exposure to chemicals or NMs dispersed in cell culture medium in static conditions for 

3 and 24h before end-point analysis.  

• Air-liquid interface: Culture of lung cells on porous membrane inserts, with the 

basolateral side of the cells and membrane submerged in medium, and the apical side 

at the ALI. Exposure to NMs in VITROCELL® Cloud system with AeronebLab 

nebulizer (Fig. 9), and incubation for 20-24h before end-point analysis. Positive control 

exposure was performed via the basolateral medium.  

o Monoculture: Monoculture of lung epithelial cells at the apical side of a porous 

membrane, at the ALI. No cells on the basolateral side of the membrane. 

o Coculture: Monoculture of lung epithelial cells at the apical side and 

monoculture of endothelial cells at the basolateral side of a porous membrane.  
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o Triculture: Coculture of lung epithelial cells and macrophages at the apical side 

and monoculture of endothelial cells at the basolateral side of a porous 

membrane. 

• Spheroid: Monoculture of cells growing in a hanging drop at the bottom-side of a petri-

dish lid. The cells form a spheroid due to gravitational forces. After some days the 

spheroid is transferred to a cell culture plate with a cell-repellent coating (ultra-low 

attachment, ULA) to facilitate spheroid formation, with additional medium and 

convenient handling. Formation of spheroids directly in the ULA plates is also possible, 

however, a low reproducibility of shape in initial experiments were observed and this 

was not continued. Spheroids are exposed in the well, submerged, for 24h before end-

point analysis. 

 

 

Figure 8: Cell culture models and exposure methods used in this work. Illustration, size not to scale. 

ALI: air-liquid interface; COL: colchicine; CHLO: chlorpromazine hydrochloride; MMS: methyl 

methanesulfonate. Created with BioRender.com. 
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Figure 9: VITROCELL® Cloud 6, with A) AeronebLab nebulizer, in total six positions for cell culture 

inserts and/or quartz crystal microbalance(s) (QCM), and a temperature controller. B) A cloud of 

phosphate buffered saline is formed in the chamber after nebulization. 

 

3.4. Cytotoxicity testing of NMs 

Cell viability and cytotoxicity of cell cultures can be investigated by different methods and 

assays, which measure loss of some cellular or intercellular structure or functions. Typical 

assays include: 

• Trypan blue exclusion test: Staining of cells with permeable plasma membranes in blue, 

thus, the viability can be determined by microscopy investigation [114]. 

• alamarBlue assay: In living cells, the non-fluorescent resazurin which is the active 

ingredient in alamarBlue solution, is reduced to a highly fluorescent compound 

resorufin. Thus, the assay detects metabolically active cells and is used for the 

quantitative analysis of cell viability and proliferation. The results are normalized to the 

negative control sample [115,116]. 

• Lactate dehydrogenase (LDH) assay: LDH assay is a colorimetric assay for 

quantification of extracellular LDH, which is a stable cytoplasmic enzyme that is 

rapidly released into the surrounding cell culture medium upon damage of the plasma 

membrane. This occurs in cells undergoing apoptosis, necrosis, and other forms of 

cellular damage. In the LDH assay, LDH catalyzes lactate to pyruvate and produces 
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NADH, and NADH reduces a yellow tetrazolium salt into a red dye. The absorbance is 

determined and is directly proportional to the amount of LDH in the culture [117,118]. 

• Staining of live/dead cells: Staining with live cell markers and evaluating the viability 

by fluorescence microscopy or flow cytometry. Fluorescein diacetate (FDA) is a cell-

permeant esterase substrate, which is hydrolyzed by intracellular esterases to yield 

fluorescein which can be detected by its fluorescence. Thus, intracellular detection of 

fluorescein measures both enzymatic activity for activation of the fluorescence and cell-

membrane integrity [119]. Propidium iodide (PI) is permeant only in dead cells and is 

used as a fluorescent nuclear and chromosome stain which binds to DNA by 

intercalating between the bases with little or no sequence preference [120]. Evaluation 

of live/dead cells in the intact spheroids and cells in the microfluidic cartridge was 

performed using a confocal microscope. The confocal microscope is constructed to 

study a narrow section of the sample at the time, giving a detailed and high resolved 

image of the sample. Several scans will give detailed information about the differences 

in depth. For spheroids we were only able to scan about 150 µm deep into the spheroid, 

mainly on the outer region. Laser and imaging settings were optimized, using the same 

settings for all samples within each experiment. Separate control samples were included 

to control for fluorescence detection in correct channel. 

 

Cytotoxicity testing should always be performed as part of all genotoxicity testing strategies, 

to avoid potential false positive effects in the genotoxicity assays. Positive results in 

genotoxicity testing may not always be due to genotoxicity but can instead represent an indirect 

effect of general cellular toxicity. Thus, cytotoxicity testing is needed to identify an appropriate 

concentration range for the genotoxicity testing, to avoid reporting of false positive results 

[121,122]. 

 

3.5. Genotoxicity testing of NMs 

Genotoxicity is a critical endpoint in hazard and risk assessment of NMs, chemicals and 

environmental contaminants. Information on genotoxicity is crucial information for risk 

assessment of NMs performed by regulatory bodies and it is recommended to follow the OECD 

test guidelines whenever possible. Information on in vitro genotoxic mechanisms and effect 

level gives an indication on the possible genotoxicity and the carcinogenicity ability of the 
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compound. Positive genotoxicity results in standard 2D models indicate a need for the 

genotoxic endpoints to be investigated by read across to in vivo studies with similar materials, 

or a need for genotoxicity studies to be performed in vivo [123]. Possibly can advanced 3D 

models replace the needs for in vivo studies in future.  

In vitro genotoxicity assays are commonly used in combination as a test battery to detect 

damage at different levels of the genome: 

 

DNA damage 

The comet assay, or alkaline single cell gel electrophoresis, has been strongly recommended 

for regulatory purposes and is the most common test for detecting DNA damage after NM 

exposure [9,36,114,123], although there is no OECD test guideline for the in vitro comet assay 

yet. The comet assay requires a low quantity of sample and is a sensitive and cost-effective 

method for the identification of DNA strand breaks and oxidized or alkylated base lesions 

[123–130]. This can be an early prediction of the mutagenic and carcinogenic potential of the 

compound [131,132].  

In comet assay, the cells are embedded in agarose on a microscope slide and lysed to remain 

only DNA as series of supercoiled loops. Then alkaline conditions are introduced to let the 

DNA unwind before running the electrophoresis, where the negatively charged DNA migrates 

towards the anode. DNA strands with break(s) will migrate further in the gel, due to relaxed 

supercoiling allowing the loop to extend under the electrophoretic field, forming shapes 

appearing as comets by staining and microscopic investigations (Fig. 10). The comet head 

represents the former nucleus, and the loops of DNA moving out of the DNA are in the tail. 

The comets are scored to give % DNA in tail (between 0 and 100), which is nearly linearly 

proportional to the number of breaks [36,114]. 

Oxidized or alkylated DNA bases, which can be formed by genotoxic agents but also in 

oxidative stress with excess presence of ROS, can be detected in the comet assay by using a 

modified version of the procedure. Oxidized or alkylated bases can be detected by incubation 

of samples directly after lysis with lesion-specific endonucleases, such as endonuclease III and 

formamidopyrimidine DNA glycosylase (Fpg) that recognize oxidized pyrimidines and purines 

respectively [36,43,125]. These endonucleases will repair the damage but leave a break in the 

strand, which normally will be repaired in a living cell but not in the assay. Thus, the sample 
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with oxidized damage and enzyme treatment will have an increase in level of SBs. The oxidized 

damage can be measured as the net value: % DNA in tail of sample without enzyme treatment 

subtracted from % DNA in tail of sample with enzyme treatment.  

 

Figure 10: Principle of comet assay, modified from [122]. Created with BioRender.com. 

 

Chromosomal damage 

Chromosomal damage in mammalian cells in vitro can reliably be measured by the cytokines-

blocked micronucleus test (OECD test guideline 487). In micronucleus test the ability of the 

NMs or other test substance to induce structural chromosome damage (clastogenic effect) or 

numerical chromosome alterations (aneugenic effect) is measured [114]. 

During mitosis, fragments of chromosome or chromatid, or whole chromosomes can be 

excluded from the nuclei of daughter cells and will form single or multiple micronuclei in the 

cytoplasm. The micronuclei can be detected by microscopic examination after DNA staining. 

The cytokinesis can be blocked by addition of cytochalasin B, which inhibits actin assembly, 
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and lead to formation of binucleated cells. This will allow scoring of cells that have completed 

mitosis during or after treatment [114], and investigation of chromosomal damage (Fig. 11).  

In this work, a (semi-)automatic fluorescence microscopy system (Metasystems) was used for 

micronuclei evaluation. Camera and imaging settings were optimized, using the same settings 

for image collection of all samples within each experiment. The classifier was constructed to 

identify and image the cells with the 10x objective using specific settings for size etc., and 

score them in three categories: mononucleate cells, binucleated cells, and binucleated cells with 

micronuclei. Then, all binucleated cell images were checked manually to confirm/change 

category. All suspected micronuclei were checked using a 40x objective. Slides were coded to 

avoid scoring bias. 

 

 

Figure 11: Principle of the cytokinesis-block micronucleus assay. Created with BioRender.com. 

 

Gene mutations 

Mammalian gene mutation tests measure mutations at a specific locus, for example the HPRT 

(hypo-zanthine phosphoribosyltransferase) or TK (thymidine kinase) genes, according to the 
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OECD test guidelines 476 and 490, respectively. The assays require specific cell types, which 

makes the assays incompatible with investigations on NMs’ hazard potential on specific 

organs. Thus, investigation of gene mutations was not included in this work. 

 

3.6. Statistical analysis 

Results are presented as mean value with standard deviation, calculated from n independent 

biological repeats/experiments (each with a specified number of technical repeats), unless 

otherwise explained. Mathematical calculations were conducted in Windows Excel, and 

statistical analysis was performed in GraphPad/Prism. Most of the tests were performed by 

one-way ANOVA with multiple comparisons Dunnett, compared to the negative control. Level 

of significance was set to p < 0.05. The same statistical tests were performed in traditional and 

advanced models of each type (lung or liver).  
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4. Summary of papers and results 

 

4.1. Main results of Paper I 

Advanced respiratory models for hazard assessment of nanomaterials – performance of 

mono-, co- and tricultures 

The three cell lines were identified at the intended locations in the tricultures, with epithelial 

A549 and macrophage-like dTHP-1 cells in apical side and endothelial EA.hy926 cells in the 

basolateral side of the permeable membrane. The dTHP-1 cells were observed with variable 

densities and morphologies, in between or on top of the A549 cells, with a ratio of 8-39 A549 

cells per dTHP-1 cells similarly to the lungs in vivo (10:1 ratio of pneumocytes and 

macrophages). Some tight junctions were identified between A549 cells, however, the culture 

models did not form a complete barrier as both fluorescein sodium salt and Ag from NM-300K 

were identified in the basolateral culture medium. 

The cellular viability after NM-300K exposure was compared between mono-, co- and 

tricultures in two laboratories, and the results changed by adding complexity when introducing 

several cell types. In monocultures, NM-300K at 10 µg/cm2 (nominal conc.) induced a strong 

reduction in the relative viability of A549 cells compared to the untreated control. At the same 

exposure concentration in co- and tricultures, a slight non-statistically significant reduction in 

viability of apical and basolateral cells was seen compared to the PBS control sample, which 

also had reduced relative viability, indicating a higher sensitivity of the co- and tricultures to 

air exposure or sample manipulation compared to the monocultures.  

No significant increase in DNA damage (SBs or oxidized lesions) was seen after NM-300K 

exposure in the apical cells in either of the models. A high increase in DNA SBs was seen in 

EA.hy926 cells from cocultures after exposure at the highest concentration of NM-300K.  

Although no significant effects were seen on viability or DNA damage levels of tricultures, 

uptake analysis showed that single particles (5-20 nm) or small aggregates (about 100 nm) 

appeared to be internalized in lamellar bodies, vesicles specialized in cell surfactant production, 

in the apical cells. No NMs were found in the endothelial cells. 
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4.2. Main results of Paper II 

Hazard assessment of spherical and rod-shaped silver nanomaterials by an advanced 

lung model at the air-liquid interface 

In this paper, the effect of two Ag NMs (NM-300K and NM-302) were compared to each other 

after exposure of A549 and EA.hy926 cocultured at the ALI, using a slightly different 

procedure from Paper I, and monocultured in traditional submerged cultures. 

Exposure of A549/EA.hy926 cocultured at the ALI to NM-300K induced a concentration-

dependent reduction in cell viability in both A549 and EA.hy926 cells. In contrast, NM-302 

exposure only affected the EA.hy926 cells which were indirectly exposed. No significant 

increase in IL-8 level, effect on cell layer integrity, or translocation of Nrf2 (important mediator 

in the antioxidant defense mechanisms) was found after exposure. 

Similar results on viability as for ALI cocultures were found for submerged monocultured cells. 

Higher toxicity was measured of NM-300K than NM-302, with similar results in both cell types 

after short (3 h) exposure and with EA.hy926 cells being slightly more sensitive after long (24 

h) exposure. AgNO3 induced stronger reduction in viability than both NMs, with higher 

sensitivity of EA.hy926 cells than A549 cells. This indicates that the measured effect of the 

NMs might be related to dissolution or ion release. 

Increased level of DNA SBs was measured only in A549 cells after exposure to the highest 

NM-300K concentration. However, at this concentration the exposure was also cytotoxic, with 

cell viability below the cut-off for use for comet assay (≤ 60 %). No increase in oxidized base 

lesions was found.  

In submerged A549 cultures, NM-300K exposure was genotoxic after 3h and 24h and increase 

in oxidized base lesions was detected after 24h exposure. No genotoxic effect of NM-302 was 

seen.  Genotoxic effects of the NMs on submerged monocultured EA.hy926 were not tested. 
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4.3. Main results of Paper III 

Different sensitivity of advanced bronchial and alveolar mono- and coculture models for 

hazard assessment of nanomaterials 

An advanced bronchial model was established and compared to the alveolar mono- and 

cocultures from Paper I.  

Cell growth, confluency and permeability in the advanced models changed when going from 

mono- to coculture of bronchial BEAS-2B cells with EA.hy926 cells.  

The effect of NM-300K was dependent on the cell types and culture models. The cellular 

viability of both BEAS-2B and A549 cells in monocultures was reduced after NM-300K 

exposure at the highest tested concentration (10 µg/cm2), but not when each of the cells were 

cocultured with EA.hy926 cells. A trend towards increased levels of IL-8 was found after NM-

300K exposure of all models, and an increase in IL-8 was seen also after PBS exposure.  

NM-300K induced DNA damage in BEAS-2B cells in monoculture and also in EA.hy926 cells 

from coculture, however, only when in coculture with A549 cells and not with BEAS-2B cells.  

The cytokinesis-block micronucleus assay was applied to NM exposed cells from mono- and 

cocultures at the ALI, as one of the first studies to our knowledge. No effect of NM-300K was 

seen on micronuclei induction, in neither of the models.  

This study indicates that the four advanced models based on BEAS-2B, A549 and EA.hy926 

cells have different characteristics, and that the sensitivity of the cells to NM-300K exposure 

is dependent on the culture conditions. 
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4.4. Main results of Paper IV 

The comet assay applied to HepG2 liver spheroids 

The preparation of an advanced HepG2 spheroid liver model was established in two 

independent laboratories and characterized before used for toxicological studies. Spheroids 

with initial 2500 live cells were growing to a dense structure with more than 35.000 live cells 

per spheroid at the day of exposure to test substances. A necrotic core was observed and 

reflected in the average viability of 79 %. The spheroid size increased up to 800 µm in a 

reproducible manner, as shown by the inter-laboratory comparison.  

Differences were found in the metabolic status of the spheroids and corresponding monolayers. 

Spheroids had lower levels of albumin compared to 2D cultures, possibly related to the late 

time point of sampling or large spheroid size. 

After 24 h exposure to chlorpromazine hydrochloride and methyl MMS, reduced relative 

viability was seen in both 2D and 3D cultures, with higher sensitivity of 2D cultures.  

The comet assay was successfully applied to HepG2 spheroids for the first time to our 

knowledge. Background levels of DNA SBs in HepG2 cells from spheroids were similar to 

that of monocultures. Spheroids were more sensitive to MMS exposure (24 h) than 2D cultures, 

with higher levels of DNA SBs and SBs + Fpg compared to 2D cultures.  

H2O2 exposure of 2D and 3D cultures showed that the 2D cultures were more sensitive to 

induction of SBs than 3D cultures, likely related to limited exposure of cells in the spheroid 

interior and possibility of repair during sample preparations. The opposite trend was seen with 

3D cultured cells, being more sensitive than 2D if exposed after embedded into gels, which 

ensures exposure of all cells and limited time for repair.  

These results show that the HepG2 spheroid model can be successfully applied for genotoxicity 

testing by the comet assay and represent a promising advanced in vitro model for hazard 

assessment of chemicals.  
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4.5. Main results of Paper V 

Hepato(geno)toxicity assessment of nanoparticles in a HepG2 liver spheroid model 

The spheroid model established in Paper IV was exposed to NM-300K, NM-110, and TiO2 

NMs for 24h and applied for cyto- and genotoxicity studies, in parallel with monolayer 

cultures. The cellular viability and DNA damage of HepG2 cells in 2D and 3D cultures were 

affected by 24h exposure to NM-300K and NM-110. The effects of the NMs on viability of 2D 

cultures were compared to their corresponding salt solutions, silver nitrate AgNO3 and zinc 

chloride ZnCl2. 

After exposure to NM-300K and AgNO3, the viability measured by alamarBlue assay 

decreased in a concentration-related manner in 2D cultures. The EC50 value of AgNO3 was 

lower than that of NM-300K, showing higher toxicity of the salt solution than the NMs in this 

test system. In 3D cultures, the decrease in viability after NM-300K exposure was not 

statistically significant. However, most cells on the spheroid surface were identified as dead by 

fluorescent staining in confocal microscopy after exposure to the highest concentration of NM-

300K.  

In both 2D and 3D cultures, the viability measured by alamarBlue assay decreased in a 

concentration-related manner after NM-110 exposure, giving EC50 values in the same range as 

each other and as for ZnCl2 exposure to 2D cultures. 

An apparent trend with concentration-dependent increase in level of DNA SBs was seen after 

exposure to NM-300K and NM-110 in both 2D and 3D cultures. The effect was statistically 

significant only in 2D cultures and at cytotoxic concentrations (<60 % viability). No effect on 

viability or DNA damage was seen after exposure of 2D and 3D cultures to TiO2 NMs.  

Combined, these results show that the spheroids and monolayers can give different or similar 

responses, depending on the different test substances. 
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4.6. Comparisons of the toxicity responses of different cell models 

The responses of the applied cell models after exposure to the test substances were summarized 

to give a better overview of the major observations from the performed works.  

In Table 2, all EC50 values from traditional cell models and advanced liver models were 

summarized. In Table 3, all cytotoxicity results on ALI cultures from Paper I-III were 

summarized. EC50 values for advanced lung models are not applicable due to use of only two 

exposure concentrations. In Table 4, the main results from comet assay were summarized. The 

responses were classified as positive (+) if the effect was statistically significant compared to 

the negative control at non-cytotoxic concentration(s), potentially positive ((+)) if the effect 

was statistically significant compared to the negative control at cytotoxic concentrations only, 

and negative (-) if no statistically significant effect compared to the negative control was found.  

 

Table 2: Summarized EC50 values after 24 hours exposure of NMs and chemicals in all cell types tested. 

EC50: effective concentration giving 50 % reduction in viability, reported as mean with standard 

deviation (SD) calculated from at least n=3 independent experiments.  For nanomaterials, the unit is 

mass per area of the 2D culture plate. For NM-300K in A549 cells, result is shown as mean with 

standard error of the mean and not SD. 

Model 
Lung model Liver model 

Traditional Traditional Advanced 

Cell line A549 BEAS-2B EA.hy926 HepG2 HepG2 

EC50 

(µg/cm2) of 

NMs and 

correspondi

ng salts 

NM-300K 37 ± 15 16.4 ± 6.0 22.5 ± 8.2 3.8 >30 

NM-110 - - - 10.1 16.2 

TiO2 NMs - - - >75 >75 

NM-302 57.9 ± 4.9 - 27.4 ± 4.0 - - 

AgNO3 5.0 ± 1.5 - 2.8 ± 0.7 0.8 - 

ZnCl2 - - - 8.4 - 

EC50 (µM) 

of chemicals 

COL - - - >750 >750 

CHLO - - - 93 227 

MMS - - - 417 >750 

Paper II III II IV, V IV, V 
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Table 3: Summarized results from alamarBlue assay after NM-300K exposure to cell cultures at the 

air-liquid interface using the VITROCELL® Cloud System in different laboratories. Results are 

presented as mean relative viability with standard deviation, normalized to incubator control (Paper I, 

III) or control with BSA-water and PBS exposure. Control: exposure to PBS (Paper I, III) or exposure 

to BSA-water and PBS (Paper II). Low/High: lower and higher NM-300K concentrations applied in 

ALI system, about 1 and 10 µg/cm2, respectively. BSA: bovine serum albumin, PBS: phosphate buffered 

saline.  

Model and sample Relative cell viability (%) 

Alveolar model 
Apical side - A549 Basal side - EA.hy926 

Paper I lab 1 Paper I lab 2 Paper II Paper I lab 1 Paper I lab 2 Paper II 

Monoculture 

Control 93 ± 23 93 ± 26     

Low 72 ± 13 81 ± 18     

High 59 ± 26 25 ± 7     

Coculture 

Control 62 ± 22 77 ± 15 100 ± 0 69 ± 19 93 ± 52 100 ± 0 

Low 57 ± 20 75 ± 21 93 ± 3 67 ± 21 92 ± 16 76 ± 8 

High 59 ± 29 51 ± 27 54 ± 1 68 ± 21 70 ± 41 66 ± 6 

Alveolar model 
Apical side - A549 and dTHP-1 Basal side - EA.hy926 

Paper I lab 1 Paper I lab 1 Paper II Paper I lab 1 Paper I lab 2 Paper II 

Triculture 

Control 68 ± 12 85 ± 26  86 ± 15 108 ± 8  

Low 67 ± 19 74 ± 26  93 ± 21 101 ± 10  

High 51 ± 18 66 ± 23  66 ± 18 90 ± 18  

Bronchial model 

Apical side - BEAS-2B Basal side - EA.hy926 

Paper III Paper III 

Monoculture 

Control 91 ± 9  

Low 92 ± 15  

High 57 ± 2  

Coculture 

Control 67 ± 17 94 ± 10 

Low 85 ± 21 81 ± 34 

High 60 ± 8 100 ± 9 
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Table 4: Summarized results on genotoxicity evaluated by the comet assay (DNA strand breaks (SBs)) 

in the specified cell lines after 24 hours exposure. Positive response is indicated by +, positive response 

at cytotoxic concentrations only is indicated by (+), and negative response is indicated by -. In cases 

where several models have positive result (in horizontal lines only), an extra + is indicated to the model 

with strongest response. For triculture, results on A549 represent mixture of A549 and dTHP-1 cells. 

H2O2 exposure was performed on single cells embedded in gels (5 min, 4°C). 

Model Cell types 
Test 

substance 

Traditional 

model 
Advanced model 

Paper 

Monoculture Monoculture Coculture Triculture 

Lung 

(alveolar) 

A549 

NM-300K  - - - I 

NM-300K +  (+)  II 

NM-302 -  -  II 

EA.hy926 

NM-300K   + - I 

NM-300K   -  II 

NM-302   -  II 

Lung 

(bronchial) 

BEAS-2B 
NM-300K (+) + -  III 

H2O2  + ++ +++  III 

EA.hy926 
NM-300K   -  III 

H2O2 +  ++  III 

Liver 
HepG2 

NM-300K (+) -   V 

NM-110 (+) -   V 

TiO2 NMs - -   V 

MMS + ++   IV 

 H2O2 + ++   IV 
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5. General discussion 

This work focused upon the establishment and characterization of advanced in vitro models of 

lung and liver, and their use in hazard assessment of NMs. Published protocols on lung and 

liver advanced models differ when it comes to type of cell lines, cell densities, droplet volumes 

(for spheroids), culture medium, and culture conditions and durations. Thus, to find the most 

optimal in vitro model for human hazard assessment, it is of interest to compare the different 

models and their reproducibility/reliability in different laboratories. The reproducibility of 

NM-induced effects on viability in lung cells at the ALI with three levels of complexities was 

compared in two independent laboratories. Similarly, the reproducibility of liver spheroid 

preparation and cultivation was compared in two independent laboratories, giving reproducible 

results. The suitability of these advanced models for toxicity studies of NMs, with focus on 

genotoxicity studies, was investigated, and the advanced models were found to give some 

differences in responses compared to traditional cell culture models. Although some challenges 

with use of advanced models for regulatory purposes are needed to be solved, the development 

of lung models at the ALI and liver spheroids combined with genotoxicity assessment is in-

line with the 3R concept and supports the ongoing effort to implement NAMs and in vitro 

models with realistic in vivo-conditions for regulatory purposes. 

 

5.1. Toxicity responses in advanced and traditional models  

We wanted to compare the cyto- and genotoxicity responses, induced by chemicals or reference 

NMs, of the different advanced models to each other and to corresponding traditional models.  

As expected, the relative cell viability of monocultured traditional cell cultures decreased after 

24h exposure to most of the test substances, with the toxicity being dependent on both the test 

substances and cell lines (Table 2). All cell lines in traditional culture were exposed to NM-

300K, where HepG2 was the most sensitive cell line, followed by BEAS-2B, EA.hy926, and 

A549, and with HepG2 spheroids showing least sensitivity (Table 2). Monocultured A549 and 

BEAS-2B cells at the ALI had similar or stronger decrease in viability after NM-300K 

exposure compared to submerged cells (Paper I, II, III). Comparing the viability results from 

all exposures, the advanced lung model had higher or similar sensitivity as the traditional 

model, while the advanced liver model had lower or similar sensitivity as the traditional model.  

Cocultures are generally considered as physiologically more relevant for in vivo or human 

modeling of the respiratory system than monocultures as a more realistic complexity is 
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introduced. When going from mono- to cocultures (Paper I and III) and further to tricultures 

(Paper I), changes occurred in the properties of the model and the sensitivity to a toxic 

exposure. Going from mono- to cocultures, the barrier integrity of the model changed. In A549 

models, the coculture seemed to be more permeable to Ag from the NM-300K compared to 

monocultures. In BEAS-2B models, higher permeation was seen and thus weaker barrier 

integrity, compared to the A549 models. BEAS-2B cocultures appeared to have higher 

permeation than the BEAS-2B monocultures (Paper III).  

The viability of both alveolar and bronchial monocultures was reduced after exposure to NM-

300K. However, by introducing endothelial cells the apical cells seemed to be unaffected to 

the NM-300K exposure, compared to the PBS control. Apical cells of both coculture types, as 

well as of alveolar tricultures, were affected by the PBS control. The responses of the 

endothelial cells seemed to be dependent on the cocultured cell type, as they were affected by 

PBS only when in coculture or triculture with A549, but not in coculture with BEAS-2B (Table 

3, Paper I, III). 

 

Genotoxicity testing by the comet assay showed some differences between the models (Table 

4). NM-300K induced DNA SBs in both traditional submerged A549 and BEAS-2B cells, 

however, for BEAS-2B SBs were seen only at cytotoxic concentrations. In advanced models, 

a genotoxic effect was seen in BEAS-2B in monoculture but not in coculture, and no significant 

effect was seen in the alveolar models. It should be noted that the analysis of triculture apical 

cells in Paper I was performed on a mixture (coculture) of both A549 and dTHP1 cells, and 

further experiments may be needed to determine if this may have influenced the results. 

Similarly to the epithelial cells, the genotoxic response of EA.hy926 cells in coculture or 

triculture models seemed to depend on the other cell types. A genotoxic effect of NM-300K 

was seen when in coculture with A549 only, and not with BEAS-2B nor in triculture with 

A549/dTHP1.  

Paper IV was the first study to apply the comet assay to HepG2 spheroids, showing a higher 

sensitivity to MMS exposure of the HepG2 spheroids compared to the traditional 2D model. 

Shortly after, Stampar et al (2019) published a work where they applied the comet assay to 

HepG2 spheroids prepared by a different technique, and in consistence with our paper, they 

found an improved sensitivity of the HepG2 spheroids over 2D cultures for detection of 

genotoxicity [133]. In Paper V we found that the advanced liver models had similar or less 



General discussion 

 

___ 

45 

sensitive responses to the tested NMs (Table 4), suggesting that the model’s response and 

sensitivity may be dependent on the type of test substance, possibly related to the NMs’ 

physicochemical properties and uptake in the spheroids. 

Interesting differences in genotoxic response between the models were seen when using the 

positive control chemical, H2O2, with exposure to single cells in gels. The cells from the 

advanced models were more sensitive to the induced DNA damage than cells from standard 

2D models, and this was seen for both BEAS-2B and EA.hy926 in the bronchial models (Paper 

III) and for HepG2 cells from the liver model (Paper IV). In the H2O2 experiments there was 

limited or no time for DNA strand repair, in contrast to the other exposures where repair can 

occur during cell harvest and embedding in gels. DNA repair is a major cellular defense 

mechanism against DNA damage, and the DNA damage is fixed in the genome only when the 

DNA repair capacity is exceeded [134]. The cells in these lung and liver advanced models are 

cultured at higher confluency and density than in corresponding traditional models, and this 

may affect the replication rates and potentially the DNA repair and other processes in the cells. 

Further investigations are needed to determine if the repair activity and capacity are different 

between the models. 

For investigation of chromosomal damage, the MN assay is frequently used, and is a required 

test method in a genotoxicity testing strategy from a regulatory point of view. The MN assay 

has already been applied in several studies in the advanced liver model [28,77,79,135]. Limited 

studies are available on the micronucleus assay in combination with advanced human lung 

models at the ALI, especially in cocultures. At the time of writing, only six publications on the 

topic are available, applying the micronucleus assay to A549 monocultures [136], BEAS-2B 

monocultures [137] or primary nasal epithelial cells [138–141]. To our knowledge, Paper III 

is the first study applying micronucleus test to A549 and BEAS-2B cocultures at the ALI. No 

effect of NM-300K on micronuclei induction was found in either of the cell types in the 

advanced lung models. These results are in contrast to the genotoxic effect detected in other 

studies on BEAS-2B in standard 2D conditions [142,143], and further studies are needed to 

investigate potential differences between the advanced and submerged models. After exposure 

to the mutagenic control chemical mitomycin-C, a significant induction of micronuclei was 

seen in BEAS-2B cells and A549 cells in both mono- and cocultures, showing the successful 

performance of the test system. The response of the endothelial cells to mitomycin-C was 

significant only when in coculture with BEAS-2B cells and not with A549, and further 

investigations are needed to determine the reasons for this. Nevertheless, although some 
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modifications are needed for further optimalization of the protocol, these results show that the 

MN assay successfully can be applied to both mono- and cocultures at the ALI and supports 

the development of advanced models (Paper III). 

 

5.2. Reproducibility of advanced models’ performance in different laboratories 

The reproducibility of the NM-induced cytotoxicity in alveolar lung cells at the ALI, in mono-

, co- or tricultures in two laboratories, was investigated in Paper I. In general, similar trends 

were seen although the strength of the responses was different and dependent on the treatment 

type. The toxic response of exposure to NM-300K was more pronounced in Lab 2 than in Lab 

1, possibly due to differences in physicochemical properties of the NM (discussed in section 

5.3.).  

In Paper II, a similar protocol for coculture model as in Paper I was applied. In Paper II, a 

stronger effect of NM-300K was found on both the apical and basal cells compared to the effect 

detected in both of the laboratories in Paper I (Table 3). It is likely that the difference in 

sensitivity to NM exposure is dependent on both the culture properties and the applied 

concentrations of the NMs. Between the laboratories, there may be variations in both nominal 

and deposited NM concentrations, which will influence the results of the experiments. 

Exposure to a toxic chemical with a more reliable effect compared to NMs being dependent on 

physicochemical properties, as well as more detailed characterization of cell numbers and 

barrier integrity in all laboratories, could have given further insights into the differences 

between the cultures prepared in the three laboratories.  

The seeding and cultivation of HepG2 spheroids were performed in two independent 

laboratories. Although the HepG2 cells were from different providers and cultivated in 

different cell culture media, the spheroids were giving reproducible sizes indicating the use of 

a robust protocol (Paper IV). Further, after exposure of both spheroids and monolayers to three 

chemicals the viability was compared in the laboratories. A more pronounced effect of the 

chemicals was found by the alamarBlue assay in Lab 1 than by flow cytometry in Lab 2. The 

different results were most likely caused by unintended removal of damaged or dead cells 

during the washing steps before analysis, which impacted the measured viability in the flow 

cytometry but not in the AB assay due to different assay principles (Paper IV). Thus, to better 

understand the reproducible behavior of the cell models in further experiments, either the same 

assays should be used, or the protocols should be optimized.  
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Other studies on A549 cells at the air-liquid interface or liver spheroids report high 

reproducibility [144–146]. Barosova et al (2021) concludes that the use of cells, reagents, and 

other consumables from the same providers, as well as detailed standard operating procedures 

(SOPs) and training of personnel, are critical to obtain reproducible results across independent 

laboratories [146]. 

 

5.3. Challenges to resolve to improve the quality of studies on advanced models  

The work in this thesis has gained new insight into the characteristics and responses of the lung 

and liver models. However, as identified in this work and as pointed out in literature, some 

challenges need to be considered in further investigations and use of the advanced models. 

These are addressed below. 

 

Human handling of advanced models – sensitivity and variations 

Advanced models are complex and thus more vulnerable to variabilities in performance to 

human handling. In Paper I-V we observed that there seems to be more variability between 

the technical and biological replica in advanced models compared to standard 2D models. Thus, 

there is a need for adequate training and highly detailed SOPs to ensure minimum variability 

in the results caused by the operator so that the variations reflect the biological effects.  

The procedure for preparing spheroids in hanging drops (Paper IV and V) is similar to other 

studies [77,79,135,147]. Uniform spheroids were produced by using relatively low costs and 

equipment needs. In recent studies, spheroids have been seeded directly in the lid of normal 

plates coated with agarose, allowing for centrifugation of spheroids to the well instead of 

manual transfer [79,135]. This reduces the need for manual handling prone to errors, as well 

as it reduces the costs and increases the throughput. The spheroids can also be seeded directly 

in the wells of the spheroid plate without first being seeded as hanging drops, however, our 

preliminary experiments resulted in non-uniform sizes, in contrast to in literature [133]. 

 

Viability of cells and availability of nutrients 

In advanced models such as spheroids and multi-layers of cells, the cells have uneven access 

to the culture medium with supply of critical nutrients and oxygen. This may affect the cellular 
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viability of advanced models and are in contrast to the more homogenous distribution of cells 

in traditional 2D cultures.  

In spheroids, transport of nutrients, effective oxygenation, and waste removal occur through 

diffusion or zonation. This results in limited oxygen and nutrient diffusion towards the core, in 

combination with an accumulation of waste. Consequently, three zones are formed: the 

proliferating cell zone (towards the surface), the quiescent viable cell zone, and a necrotic core 

in the middle [28]. Similar metabolic zonation occurs in the in vivo liver as well, however, the 

complex vascular structures ensure sufficient nutrient supply and waste removal [148]. The 

development of the necrotic core in spheroids is dependent on the cultivation time (age), cell 

type and 3D conformation including size. A small necrotic core was seen in our spheroids with 

a spheroid diameter of 800 µm. The culture conditions (including the number of seeded cells, 

medium change, and cultivation duration) were selected based on initial experiments with 

multiple conditions (Paper IV). After one week in culture, all spheroids had a diameter above 

300 µm which has been reported to be the lower limit for development of a necrotic core [48].  

The presence of a necrotic core can be beneficial in cancer research, where the zones resemble 

the cellular heterogeneity of solid in vivo tumors, however, it is an undesirable characteristic 

in genetic toxicology where the model should recapitulate an in vivo-like liver 

microenvironment [149]. In Paper IV and V, all cells from the spheroid were pooled, but the 

core and rim of the spheroid can also be separated using other protocols [150]. Further 

improvements of the protocol for preparation and cultivation of the spheroid are needed to 

increase the longevity which is limited by the progression of necrosis.  

In ALI cultures with multiple cell layers, such as co- or tricultures on permeable membranes, 

the apical cells have less contact with the culture medium compared to the endothelial cells or 

when in monoculture. There may also be a higher number of cells in total than in monocultures, 

such as seen for BEAS-2B cells (Paper III), influencing the amount of nutrients per cell. These 

differences between co- or tricultures and monocultures may explain the dry spots occasionally 

seen in the apical side of the ALI cultures (Paper III) and the increased sensitivity of co- and 

tricultures to buffer exposure (Paper I, III). It may also be related to the increased sensitivity 

of the BEAS-2B cells from cocultures to H2O2 exposure compared to monocultures (Paper 

III). The mono- and cocultured BEAS-2B cells were cultured in different media, however, we 

found no effect of medium type on viability or H2O2 sensitivity in BEAS-2B cells, and further 

investigations are needed to determine the reasons for the different H2O2 sensitivity (Paper 



General discussion 

 

___ 

49 

III). Nevertheless, using the appropriate medium is important and as there is no culture medium 

commercially available for cocultures of epithelial and endothelial cells, the medium should be 

optimized for each model to ensure appropriate cultivation conditions.  

Models that stay viable over long periods of time are needed for further research on advanced 

models, moving further from acute exposures that have been used in this thesis, to long-term 

exposures at lower concentrations. The HepG2 spheroids had a stable size and circularity 

measured for 21 days (Paper IV). Although the full longevity of the advanced models was not 

investigated in this work, other studies have showed that both HepG2 spheroids [78] and lung 

cultures at the ALI can be cultured for long term exposures [56,58]. This supports further 

investigations on the HepG2 spheroids and alveolar and bronchial ALI models, for long term 

exposures at concentrations relevant for occupational exposures.  

 

The use of reference nanomaterials and characterization of physicochemical properties 

The use of reference NMs is highly useful to ensure comparability with other studies. In total 

four different NMs were used in this work (Table 5), with three of them being reference 

materials (NM-300K, NM-302 and NM-110). From these, NM-300K was the only NM used 

in both the liver and lung models and the physicochemical properties were measured in several 

laboratories (Paper I-III, V). As explained above, NM-300K induced variable responses in 

the alveolar cocultures in three laboratories, and this may be related to differences in the 

cultures. Another explanation may be that these differences are related to small differences in 

the NMs’ physicochemical properties. Differences were seen in the hydrodynamic diameter of 

NM-300K measured in the two laboratories of Paper I and in the other studies (Table 5). The 

spectroscopic stability analysis of NM-300K indicated that there were not enough BSA 

proteins available in the stock dispersion to cover all Ag NMs completely, leading to 

agglomeration of the NMs (Paper V). By increasing the concentration of Ag while keeping 

the BSA concentration the same as in Paper V, we observed more agglomeration, in Paper I 

lab 1 and Paper III. However, this we did not see in Paper I lab 2, where the size was instead 

the same as measured at lower concentration (Paper V).  
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Table 5: Physicochemical characterization of the four NMs applied in Paper I-III and V. PD: pristine 

diameter, Concentration: nominal concentration of stock dispersions (A and B), Dissolution: <3 kDa 

fraction in stock dispersion compared to measured total concentration (Paper I) or in culture medium 

compared to the nominal total concentration (Paper V), HD: hydrodynamic diameter in laboratory 1 

and 2 measured by NTA or DLS, NTA: nanoparticle tracking analysis, DLS: dynamic light scattering, 

PDI: polydispersive index, a.u.: arbitrary unit, ZP: zeta potential. 

Nanomaterial NM-300K NM-302 NM-110 TiO2 

Paper I II III V I V V 

PD (nm) <20 [151] 
50x3000  

[42,152,153] 

147 ± 149 

[154] 
5.5 ± 1.0 

Polymorph    Metallic Metallic Zincite Anatase 

Morphology    Sphere 
Wires, 

particles [42] 
Variable Quasi-sphere 

Concentration 

(mg/ml) 
10 

A: 24 

B: 2.56 
10 2.56 

A: 14 

B: 2.56 
2.56 0.455 

Dissolution 

(%) 
3.6   <1  3-23  

HD (nm), 

NTA 
 

A: 50 ± 4 

B: 65 ± 11 
  

A: 244 ± 8 

B: 168 ± 34 
  

HD (nm), 

DLS 

1: 130.7 ± 23.2 

2: 57.5 ± 5.7 
 149.3 ± 42.5 54.2 ± 3.48  378.8 ± 21.5 193.6 ± 6.2 

PDI (a.u.) 
1: 0.380 ± 0.037 

2: 0.343 ± 0.067 
 0.331 ± 0.062 

0.364 ± 

0.023 
 0.199 ± 0.046 

0.262 ± 

0.013 

ZP (mV) -17.1 ± 2.8 B: -22.65 -17.1 ± 2.8 -9.84 ± 3.94 B: 0.57 -15.8 ± 0.70 -16.1 ± 1.80 

 

The dispersion and stability of the NMs may be linked to the sonication process, as the 

sonication was performed to properly disperse the NMs by acoustic energy. Temperature 

increase was avoided by keeping the dispersion on ice during sonication. The sonication energy 

may affect the resulting hydrodynamic diameter [155]. In this case, no obvious relationship 

between hydrodynamic diameter and estimated delivered energy or time was found for NM-

300K (Fig. 12). The different physicochemical properties between the laboratories point to the 

importance of using a highly detailed dispersion protocol for reference NMs which is important 

for reliable results.  
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Figure 12: Relationship between hydrodynamic diameter of NM-300K (x-axis) and estimated delivered 

energy per suspension volume (A), estimated delivered energy per sample (B), and sonication time (C) 

(y-axis). No linear relationship was seen between hydrodynamic diameter and any of the other 

parameters. Data obtained at NILU from a total of 18 stock dispersions from Paper I, III, and 

additional unpublished data (Elje, 2022). 

 

 

Characterization of NMs in the exposure system 

Control of NMs’ physicochemical properties are important for understanding the link to 

toxicity and the usefulness of the results. This is important both in stock dispersion and in 

culture medium or other exposure system. In Paper I-III, the characterization of the NMs was 

performed before nebulization and usage in the Cloud system. Preliminary experiments 

collecting NMs deposited in PBS in a petri dish on top of the Cloud base followed by size 

measurement by DLS, showed a similar hydrodynamic diameter before and after nebulization 

and deposition in the cloud system (details not shown). In contrast, when submerged in LHC-

9 medium for submerged experiments, the size increased (Paper III). If the size of NMs 
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without culture medium remains the same before and after nebulization, it allows for better 

control of the exposure, which is a great benefit for the ALI models. 

 

Avoiding interference between the nanomaterial and the test system 

Avoiding interference between the test substance and the test method, caused by a high 

adsorption capacity and optical activity of some NMs, is crucial to avoid reporting false 

negative or positive results. This is a general challenge for both traditional and advanced cell 

models. Sufficient control samples should be included to control for potential interference. In 

this work, potential interference of NMs and the following test methods was tested, and no 

interference was found for alamarBlue (Paper I-III), comet assay (Paper I, V), and ELISA 

(Paper III). Interference was detected between NM-300K and the LDH assay, as also seen in 

other studies on Ag [59,156], and the results on LDH assay were excluded from the Paper I 

due to this issue. In LAL endotoxin test, no endotoxins were detected in the NM-300K 

dispersions at low concentrations, however, at higher concentrations the NMs interfered with 

the read-out of the assay due to an absorbance peak of NM-300K at similar wavelength as the 

measurement wavelength in the assay (Paper II). As no endotoxins were found by the HEK 

endotoxin test (Paper I), it is likely that there were no endotoxins present in the samples. No 

interference control was included for micronucleus assay or cell counting with trypan blue, 

which is a limitation of the study design and should be improved for further studies. 

 

Dosimetry in traditional vs advanced models 

The concentration or number of NMs located in close enough proximity to interact with the 

cells, will depend on the experiment design as well as the NMs’ physicochemical properties. 

During submerged exposure, the NMs may remain in a stable colloidal dispersion or sediment 

in the dish (Fig. 13), which is likely to have occurred with NM-300K at high concentrations 

due to agglomeration. The colloidal stability or sedimentation will highly influence the number 

of NMs available for cell-NM interaction. A strong advantage of using cultures at the ALI for 

NM experiments, is the deposition of NMs directly on the apical side of the culture which is 

without medium. This deposited concentration can be measured in semi-real time by use of 

microbalances (quartz crystal microbalance) or by elemental analysis which was performed in 

Paper I and III. When comparing results between exposure at the ALI and submerged, it is 
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most relevant to use the concentrations directly delivered to the cells. In this work, the 

deposited NM concentration in the submerged cultures was not measured and the total applied 

concentration was used. It should also be noted that in ALI exposures only the apical cells will 

be directly exposed while the basolateral cells are indirectly exposed. 

The behavior of NMs in submerged cultures may also be influenced by the applied culture dish 

type, as NMs can stick to the walls [49] and may also be influenced by the coating of the dish. 

In Paper V, where the toxic responses of three NMs were compared between HepG2 spheroids 

and submerged cultures, different culture plates were used. Due to the ultra-low attachment 

coating of the spheroid plates, the spheroids do not attach to the surface and “swims” in the 

middle of the well. However, without cells present, NM-300K was also observed to be located 

mainly in the middle of the well (Elje, unpublished results, 2022). Depending on the NM 

concentration and interaction with the coating, the concentration delivered to the spheroid 

surface may either be increased, if centered around the spheroid, or decreased if sedimentation 

occurs (Fig 12). In addition, in the spheroidal cultures only the cells on the surface are directly 

exposed, in contrast to 2D cultures where all cells are exposed to the NMs. As there are many 

variables affecting the delivered concentrations of NMs to the cells, it was important to keep 

the applied concentration the same. HepG2 spheroids and 2D cultures were exposed in 100 µl 

media with NMs, giving the same final concentrations (mass per volume) in the wells. Use of 

100 µl exposure media has been applied also for other studies with HepG2 spheroids [79,135]. 

Submerged experiments with lung cells (A549, BEAS-2B, EA.hy926) were performed in 200 

µl media, thus giving a half mass per volume concentration but the same mass per culture 

surface area concentration when compared to exposures for liver models. 
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Figure 13: Potential fates of the nanomaterials (black dots) in cell culture systems, affecting the 

delivered nanomaterial concentration to the cells, in A) submerged 2D cultures, B) submerged spheroid 

cultures, and C) air-liquid interface (ALI) cultures. Illustration not to scale. Created with 

BioRender.com. 
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6. Future perspectives  

 

6.1. Further developments of the advanced models  

 

Lung cultures with dynamic forces of breathing 

With every inhalation and exhalation, the lungs are changing its volume by stretching the 

tissues in addition to be exposed to changing air pressures. This is not reflected in the models 

of this thesis, as the culture plates and inserts have relatively high stiffness. By simulating 

breathing patterns, by use of mechanically tunable substrates for cell culture, the experimental 

conditions could be even more realistic to the human scenario [157–159].  

 

Coculture spheroids 

Coculture of hepatocytes and other liver cells would increase the physiological relevance of 

the spheroid model and could possibly change the sensitivity to NM or chemical exposures. 

Coculture of HepG2 and macrophage-like cells, dTHP-1, was tested at variable HepG2:dTHP-

1 cells ratios in spheroid plates. Preliminary results showed that the dTHP-1 cells were able to 

form spheroids alone, although after longer incubation times than for HepG2. The coculture 

spheroids had similar shape and size as HepG2 spheroids, with the macrophage-like cells 

spread in the spheroid identified by fluorescent labeling (Fig. 14A). Other studies on liver 

spheroids with HepG2 and additional cells, including coculture with Kupffer cells [28] and 

tricultures with EA.hy926 cells and stellate cells [160], show different metabolic viability and 

sensitivity compared to spheroid monocultures.  

 

Microfluidic systems and body-on-chip  

To further increase the physiological relevance of an in vitro model, the cell culture model can 

be cultured under a dynamic flow of culture medium (or other physiological solution) to 

simulate shear forces and in vivo-like conditions, in contrast to the traditional static culture 

media conditions. This normally occurs in miniaturized microfluidic systems, often referred to 

as organ-on-chip systems, or body-on-chip systems if different cell types are integrated. During 

the last two decades, a lot of developments have been made within microfluidics for cell 
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culturing, giving highly beneficial and physiologically relevant culture models with integrated 

sensors providing real-time results of cellular responses. 

Such a microfluidic platform/device was developed within the HISENTS project and described 

in Kohl et al 2021. HepG2 and A549 cells were cultured attached to a porous membrane 

submerged in culture medium on both sides, in separate microfluidic circuits with dynamic 

flow of culture medium. The viability of both cell lines and DNA damage levels of HepG2 

were similar as were seen in traditional submerged cultures. Different models can be combined 

in the same medium circuit, moving towards the body-on-chip concept, as demonstrated with 

HepG2 and kidney (TH-1) cells [161].  

Combination of lung and liver models in the microfluidic platform would enhance the 

relevance of the submerged monolayer models. By exposing the lung cells in the microfluidic 

platform to for example NM-300K, and indirectly exposing the HepG2 through conditioned 

medium, the responses could be compared to effects in monocultured cells under static 

conditions (Paper I, V). We have performed preliminary experiments on HepG2 cells under 

dynamic conditions, with 24 h exposure to NM-300K before evaluation of viability and DNA 

damage (Fig. 14B). Although the effect of NM-300K on DNA damage was not statistically 

significantly different from the control, it was similar to the static conditions in Paper V. 

Miniaturization of advanced models and culturing under dynamic flow of medium or other 

biological fluids, is an interesting and highly relevant step forward for the advanced models. 

Preliminary experiments were conducted with A549 cells at the ALI under dynamic conditions, 

in a microfluidic vessel with an open reservoir on top and dynamic flow of medium below the 

cells. The cells were exposure to aerosolized MMS which induced DNA damage as evaluated 

by the comet assay. We observed high inter-experimental variation, which may be caused by 

leakage of medium through the chip membrane (Elje, unpublished results). For further 

experiments on ALI models in microfluidic systems, the design of the system should allow 

control of pressure from the medium to the cells to ensure reproducible conditions.   

Preliminary experiments were conducted also with HepG2 spheroids inside a microfluidic 

vessel. However, the spheroids attached to the membrane and lost their initial shape. Seeding 

and culture of spheroids inside microfluidic systems require further optimization such as 

different dimensions of the system, because of the larger size and the need for retaining the 

shape of the advanced model. 
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Additional toxicity assays 

Most of the cytotoxicity assays used in this study requires the treatment to be stopped, which 

limits the use of the sample for other endpoints measurements. A good alternative, or 

supplement, could be to measure the trans-epithelial electrical resistance (TEER) across the 

cell layer(s). TEER is a real-time, non-invasive quantitative technique to measure the integrity 

of tight junction dynamics in cell culture models of endothelial and epithelial monolayers. 

TEER measurements are generally performed by measuring ohmic resistance or impedance 

across a wide spectrum of frequencies, of cells in static or dynamic conditions [162,163]. TEER 

measurements are commonly integrated in an organ-/body-on-chip setup [161,162] and have 

also been used in ALI cultures [58,60,67]. Inclusion of TEER measurements in the ALI 

experimental setup could increase the throughput and give valuable insights into the model 

performances and mechanisms of NM-induced toxicity. 

Comet assay is the most widely used genotoxicity assay for in vitro toxicity experiments with 

NMs. Another genotoxicity assay, the novel γH2AX assay, measures DNA double strand 

breaks by analyzing the phosphorylation of the H2AX histone using specific antibodies [123]. 

Thus, γH2AX is a biomarker for DNA double strand breaks with relatively high specificity and 

sensitivity [36,164], and this can be detected by different methods (western blot, ELISA, flow 

cytometry or microscopy). This assay was tested on ALI cultures giving promising preliminary 

results (Fig. 14C), using a similar protocol as previously published on cells at the ALI [165]. 

The assay can also be applied to spheroids after cutting to thin slices. 
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Figure 14: Preliminary results of A) coculture spheroid of HepG2 cells (in white) and differentiated 

THP-1 cells (in green), B) DNA damage levels in HepG2 cells induced by NM-300K in a dynamic 

exposure system, C) detection of DNA double strand breaks in A549 cells at the air-liquid interface by 

γH2AX assay.  

 

6.2. Implementation of the advanced models in next generation risk assessment 

For advanced lung and liver models together with other NAMs to be used in NGRA by 

regulatory bodies, the use of the models for toxicity testing should be approved as OECD test 

guidelines, as this will ensure optimal and reproducible conditions. The process of 

implementation of alternative test methods can be divided into three main parts; 1) 

development, optimization, and standardization of new model protocols, 2) validation across 

laboratories and against in vivo animal or human data, and 3) regulatory approval resulting in 

an OECD test guideline [53]. For advanced lung and liver models, further work is first needed 

at the first phase where the work in this thesis contributes.  

As seen in this work, the sensitivity of the advanced models to toxic compounds and NMs 

seems to be dependent on both cell types and culturing conditions, and protocols should be 

harmonized across laboratories to ensure reproducible results and robust SOPs. In this 

harmonization process, it should also be further explored how strict the SOPs need to be in 
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order to ensure proper sensitivity of the models without being highly biased by operator/human 

handling. Additionally, further studies should investigate how complex the models have to be, 

as higher complexity also may cause higher costs and variations.  

To replace all animal studies with NAMs in the future, it will be necessary to combine multiple 

sources of information and contribute to NGRA by integrated approaches to testing and 

assessment (IATA). Multiple advanced in vitro models may be needed. Each model would 

need its own set of criteria optimized for a specific endpoint. Traditional submerged monolayer 

cultures may be beneficial for cytotoxicity screening approaches to identify environmental 

contaminants and NMs to apply for further investigations by use of advanced models. 
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7. Concluding remarks 

This thesis presents advanced in vitro models of the lung and liver, with characterization of the 

models, application in cyto- and genotoxicity studies with NMs, and comparisons between the 

models and to traditional culture models.  

 

The following were the main conclusions regarding lung model: 

• The model characterization showed that cell growth and permeability were dependent 

on both cell types (alveolar or bronchial) and culture models (mono- or coculture). 

• Lung cells at the ALI were compatible with cyto- and genotoxicity testing after NM 

exposure, and mono-, co- and tricultures were successfully applied for the comet and 

micronucleus assays. 

• The cyto- and genotoxicity responses induced by Ag NMs were dependent on both cell 

types (alveolar or bronchial) and culture model (mono-, co-, triculture, submerged).  

• The reproducibility of the toxicity responses in ALI cultures was tested in different 

laboratories and gave some differences in the sensitivity, showing the importance of 

use of harmonized protocols. 

 

The following were the main conclusions regarding liver model: 

• The liver model was established in two laboratories, with reproducible results on size 

development. 

• HepG2 spheroids were compatible with genotoxicity testing of chemicals and NMs and 

were successfully applied for the comet assay for the first time. 

• The response of HepG2 cells to a toxic insult was dependent on the culture conditions 

(2D or 3D culture). 

 

General conclusions: 

Human responses and toxicity mechanisms to NM or chemical exposure are complex. The 

advanced models may be physiologically more relevant to humans than traditional models, but 

have some limitations, including higher variability due to the complexness. The model for a 
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specific question should be carefully selected with the limitations considered in the 

experimental design and results interpretation. The following is suggested: 

• Studies on particle exposures should be performed at the ALI for both cytotoxicity and 

genotoxicity studies. In this way, the cultures are more representative for the 

physiological conditions in the human respiratory system, and the exposure is more 

realistic with better control, without the influence of culture medium on the 

physicochemical properties of the NMs such as in traditional submerged exposures. 

• Monocultures at the ALI may be most beneficial for cytotoxicity screening purposes 

due to their higher sensitivity to NM exposures compared to co- and triculture models. 

Monocultures could together with co- and tricultures be used for more detailed 

investigations including genotoxicity studies by the comet and micronucleus assays. 

• Traditional 2D liver models can be beneficial for cytotoxicity screening as they 

reflected concentration-dependent responses better than advanced models. Advanced 

3D models are more useful for genotoxicity studies and detailed investigations due to 

their higher sensitivity.  
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Abbreviations 
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3D Three-dimensional 
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NM Nanomaterial 

NTA Nanoparticle tracking analysis 
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Abstract: Advanced in vitro models are needed to support next-generation risk assessment (NGRA),
moving from hazard assessment based mainly on animal studies to the application of new alternative
methods (NAMs). Advanced models must be tested for hazard assessment of nanomaterials (NMs).
The aim of this study was to perform an interlaboratory trial across two laboratories to test the
robustness of and optimize a 3D lung model of human epithelial A549 cells cultivated at the air–liquid
interface (ALI). Potential change in sensitivity in hazard identification when adding complexity, going
from monocultures to co- and tricultures, was tested by including human endothelial cells EA.hy926
and differentiated monocytes dTHP-1. All models were exposed to NM-300K in an aerosol exposure
system (VITROCELL® cloud-chamber). Cyto- and genotoxicity were measured by AlamarBlue and
comet assay. Cellular uptake was investigated with transmission electron microscopy. The models
were characterized by confocal microscopy and barrier function tested. We demonstrated that this
advanced lung model is applicable for hazard assessment of NMs. The results point to a change
in sensitivity of the model by adding complexity and to the importance of detailed protocols for
robustness and reproducibility of advanced in vitro models.

Keywords: 3D lung model; air–liquid interface; nanotoxicology; NM-300K; tricultures

1. Introduction

The exponential rise in production and use of NMs is increasing the risk of human
and environmental exposure. Upon inhalation of particulate and chemical environmental
pollutants, the respiratory system is the first-line target for adverse health effects [1,2]. This
is emphasizing the importance of developing and validating advanced respiratory models
for hazard identification and characterization of NMs to ensure safe use and reduced
concern for public health. Development of new alternative methods (NAMs), including
advanced three-dimensional (3D) in vitro models, are needed for next-generation human
hazard and risk assessment, moving from in vivo animal experiments towards in vitro
testing and in silico modeling, in compliance with the 3R principle to reduce, replace and
refine animal experiments and as part of an integrated approach to testing and assessment
(IATA) for regulatory use of in vitro data.

A large fraction of the NMs (diameter ≤ 100 nm) has been shown to deposit in the
alveolar region of the lungs [3,4]. The interaction of the reactive NMs with the large
surface area of the lungs is of importance for cellular uptake, and thus for the local and
systemic effects [5]. Both environmental and engineered NMs have been shown to induce
adverse health effects, such as pulmonary, cardiovascular, neurological, and reproductive
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disorders [6–8]. A direct association between exposure to diesel exhaust particles (DEPs)
in exhaust fumes and lung cancer has been demonstrated [9–12]. Engineered NMs, (e.g.,
metallic nanoparticles, quantum dots, carbon nanotubes) have also been shown to cause
toxicity after inhalation exposure [13–15]. At the cellular level, NMs can provoke oxidative
stress, inflammatory responses, and/or genotoxicity. These molecular events play key roles
in the development of adverse health effects of NMs [16].

The potential hazardous health effect of inhaled NMs depends on the interaction of
deposited nanoparticles at the lung surface with the cells of the air–blood barrier [3,17–20].
Most of the pulmonary in vitro studies have been conducted using cell lines in submerged
conditions, which is far from the in vivo situation. Additionally, the cell medium can
influence the status and the properties of the NMs [21–23]. Therefore, it is important to
establish robust and optimized in vitro models closer to the real-life inhalation exposure
situation that can give a more realistic judgment regarding the hazardous potential of
compounds, including particulate matters and NMs [24].

Closer to the scenario in vivo is the exposure of cells at the air–liquid interface (ALI),
where cells cultivated on porous membranes are in direct contact with the air on one side
and cell culture media on the other [9,25–28]. The aim of this work was to test for potential
change in sensitivity for toxic insults when going from mono- to tricultures, and to test the
robustness of and optimize an advanced 3D lung model in combination with an aerosol
exposure system (VITROCELL® cloud-chamber), to feature the air–blood barrier in the
alveoli of the lower respiratory tract by performing and an interlaboratory trial across
two laboratories. This advanced respiratory model, closer to the in vivo situation, can
be used to study pulmonary processes and responses and as a valuable tool for hazard
identification and characterization of NMs and environmental pollutants in the lungs after
inhalation exposure.

We included in the model several human cell lines relevant for lung exposure, to
advance from standard 2Ds to 3D cell cultures. We compared the response and sensitivity
of mono-, co-, and tricultures of human lung epithelial cells (A549), endothelial cells
(EA.hy926), and human differentiated monocytes (dTHP-1), respectively, after exposure
in a VITROCELL® cloud-chamber, to the JRC repository silver NMs NM-300K. Moreover,
we aimed to establish a harmonized protocol and experimental design by performing an
interlaboratory trial across two laboratories to strengthen the robustness of this advanced
respiratory model for future applications for toxicity testing of NMs exposure.

2. Materials and Methods
2.1. Cell Cultures

The same batch of the cells were used for the inter-laboratory comparison studies
performed at Laboratory 1 (NILU) and Laboratory 2 (STAMI). The human alveolar type II
lung epithelial A549 [29], monocytic THP-1 [30], and endothelial EA.hy926 cells [31] were
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cell
lines were cultured in DMEM or RPMI supplemented with 9–10% fetal bovine serum (FBS,
product no. 26140079, ThermoFisher Scientific, Oslo, Norway; FBS, ultra-low endotoxin
product no: S009Y20008, Biowest, vwr, Oslo, Norway) and 1% penicillin/streptomycin
(Pen-Strep, product no. 15070063, ThermoFisher Scientific) (Table S1) and maintained in
an incubator with humidified atmosphere at 5% CO2 and at 37 ◦C. A549 and EA.hy926
cells were cultured at a density of approximately 1.3 × 104 cells/cm2 in vented cell culture
flasks. The cells were sub-cultured twice a week by dry trypsinization (0.25% for 2–4 min
at 37 ◦C). THP-1 cells were maintained in suspension at a density of 3–9 × 105 cells/mL for
a maximum of 6–8 weeks.

For differentiation of THP-1 from monocytes to macrophage-like cells, phorbol-12-
myristat-13 acetate (PMA, Sigma-Aldrich, St. Louis, MI, USA, product no. P8139, EU)
was prepared as a stock solution (1 mg/mL) in DMSO. The stock solution was diluted
in Milli-Q (MQ) to 10 µg/mL, and aliquots were kept at −20 ◦C in the dark. PMA at
20 ng/mL was added to undifferentiated THP-1 cells for 3 days. Differentiated THP-1 cells
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(dTHP-1) were cultured for 48 h in RPMI complete medium. Mature macrophages were
evaluated by upregulation of the marker CD11b [32] by confocal laser scanning microscopy
(LSM) (Section 2.10). dTHP-1 cells were harvested by incubation with 5 mL Accutase®

(Merck, Rahway, NJ, USA) for 10–15 min. In some cases, cell scraping was necessary in
addition to Accutase® incubation to detach the cells. Accutase® was neutralized by adding
complete cell culture medium. The cell suspension was centrifuged at 200× g for 5 min
and resuspended in fresh complete medium.

A549, EA.hy926, and THP-1 were used at passages (P) 2–25, 3–19, and 3–15, respec-
tively. Detailed information on passage numbers for each cell type is shown in Table S2.
All cell lines were tested regularly for mycoplasma contamination.

2.2. Advanced In Vitro 3D Lung Models

Monocultures of A549, cocultures of A549 + EA.hy926, and tricultures of A549 +
EA.hy926 + dTHP-1 (Figure 1) were seeded at specified concentrations (Table S3) on inserts
of polyethylene terephthalate (PET) with 1 µm pore size and with a surface area of 4.2 cm2

(Falcon, BD Biosciences, San Jose, CA, USA) or 4.5 cm2 (Millicell, Merck). The choice of
inserts with 1 µm pore size was to allow for spatial interaction between the cell types and at
the same time to create compartmentalization between the cells. Mono-, co-, and tricultures
were cultured in submerged conditions in 6-well plates (Falcon, BD Biosciences) for 48 h
to let the cells grow to confluency. The cultures were transferred to ALI conditions by
removing the apical medium and placed in the incubator for 24 h before exposure to the
VITROCELL® cloud system.
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Figure 1. Scheme of mono-, co-, and triculture lung models of A549, EA.hy926, and differentiated
THP-1 (dTHP-1) cells cultivated at the air–liquid interface (ALI) on membrane inserts.

2.2.1. Monocultures of A549

A549 cells were seeded at the density of 1.1 × 105 cells/cm2 on the apical side of the
cell insert in a 6-well plate, with 1 mL medium at the apical side and 3 mL medium at
the basolateral side. The cells were incubated for 48 h before the basolateral medium was
replaced by 1.5 mL fresh culture medium, and the apical medium was carefully removed
to place the cells in ALI conditions before exposure.

2.2.2. Cocultures of A549 and EA.hy926

EA.hy926 cells were seeded at the density of 1.1 × 105 cell/cm2 on the basolateral side
of cell inserts and placed in the incubator for 4 h. The inserts were then turned and placed
inside of a 6-well plate with 3 mL of medium/well. A549 cells were seeded on top of the
membrane insert in 1 mL medium, as described for monocultures.

2.2.3. Tricultures of A549, EA.hy926 and dTHP-1

Tricultures were prepared as described for cocultures, but with inclusion of dTHP-1
cells. After 48 h incubation of the cocultures, the apical medium was removed. dTHP-1
cells were seeded at the density of 1.1–2.2 × 105 cell/cm2 (4.9–10 × 105 cells/insert) in
1 mL medium on top of the A549 cell layer. The same number of cells was seeded for all
inserts within each experiment. After 4 h incubation, the basolateral medium was replaced
by 1.5 mL fresh medium, and the apical medium was carefully aspirated to remove non-
attached dTHP-1 cells and to place the cells in ALI conditions for 24 h.
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2.3. NM-300K Dispersion and Characterization
2.3.1. NM-300K Nanoparticles (Ag NMs)

The JRC Repository NM NM-300K and its dispersant NM-300K DIS were purchased
from Fraunhofer IME, Germany. NM-300K are engineered spherical silver NMs with
pristine size < 20 nm [33] and were chosen as a reference NM based on our previous work,
including the work in NanoREG, showing toxicity of these NMs [34–36]. NM-300K DIS is
a colloidal dispersion medium of deionized water (85%) containing 7% stabilizing agent
(ammonium nitrate) and 8% emulsifiers (4% Polyoxyethylene Glycerol Trioleate and 4%
Polyoxyethylene Sorbitan Monolaurate, Tween 20). NM-300K has a nominal silver concen-
tration of 10% (w/w) [33]. The same batch of NM-300K was used by both laboratories.

2.3.2. NM-300K Dispersion

A stock dispersion of NM-300K at nominal concentration 10 mg Ag/mL was sonicated
in a solution of 0.05% bovine serum albumin (BSA) and MQ water to avoid agglomera-
tion of silver particles, following the NANOGENOTOX protocol [37] with modifications.
The dispersion was sonicated on ice and thereafter kept on ice for 10 min before use. At
Lab 1, the sonication was conducted using a Labsonic®P sonicator and a 3 mm probe
(product no 853 5124, Sartorius Stedim Biotech, Göttingen, Germany) at 50% amplitude
for 5 min (100% cycle), or with a Q500 sonicator and a 3 or 6 mm microtip probe (Qsonica
L.L.C, Newtown, PA, USA) at 30–35% amplitude for 7–8 min. At Lab 2, the sonication was
conducted using a 400-Watt Branson Sonifier S-450D (Branson Ultrasonis Corp., Danbury,
CT, USA) equipped with a standard 13 mm disruptor horn (Model number: 101-147-037),
for 5 min and 10% amplitude. The sonicators were calibrated to give a delivered energy of
390–1090 J/mL of NM dispersion. The dispersion medium NM-300K DIS solvent control
was prepared using the same procedure as for stock dispersion of NM-300K. For cell expo-
sure at the lowest concentration, NM-300K stock was diluted in phosphate-buffered saline
(PBS) without CaCl2/MgCl2.

2.3.3. Dynamic Light Scattering Analysis of NM-300K

The hydrodynamic size and size distribution of NM-300K stock dispersion and diluted
dispersion (in PBS) was measured at both laboratories using dynamic light scattering
(DLS). The stock and diluted dispersions were diluted 1:100 in ultrapure water, mixed
by pipetting, transferred to a disposable cuvette (DTS0012), and placed in the Zetasizer.
At Lab 1 a Zetasizer Ultra Red (Malvern Panalytical Ltd., Malvern, UK) was used, with
3–5 measurements with automatic number of sub-runs at a fixed measurements angle
of 174.4◦. At Lab 2 a Zetasizer Nano ZS (Malvern Panalytical Ltd.) was used, with
3 measurements with 11 sub-runs at a fixed measurements angle of 173◦. Analysis was
performed at 25 ◦C with 120 s equilibration time, automatic attenuation, and no pause
between repeats. Data were processed in the ZS Explorer software (Lab 1) or Zetasizer
Nano software (Lab 2), using general purpose model, refractive index 1.59, and absorption
0.01. Results were presented as Z-average (Z-ave) which is the intensity weighted mean
hydrodynamic size of the ensemble collection of particles, the polydispersity index (PDI),
and hydrodynamic diameter (by intensity) of individual peaks in the size distributions.

Zeta potential (ZP) was also measured. The dispersion was diluted at 1:100 in ultrapure
water, transferred to a disposable folded capillary cell (DTS1070) pre-wetted with ethanol
and water, and placed in the Zetasizer Ultra Red. The ZP was measured by mixed mode
measurement phase analysis light scattering (M3-PALS) at 25 ◦C.

For testing the stability of the NMs in different buffer solutions (PBS with and without
CaCl2/MgCl2, HBSS with and without CaCl2/MgCl2, DMEM D6046 with no supplements),
the dispersion was diluted 1:10 in the different buffers and further diluted 1:10 in ultrapure
water, before size analysis by DLS in Zetasizer Ultra Red as described above.
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2.3.4. Analysis of Total and Dissolved Ag

The concentration of total and dissolved Ag species in the NM-300K stock dispersion
(10 mg/mL) was measured by inductively coupled plasma mass spectrometry (ICP-MS).
Directly after preparation, 0.5 mL of the stock dispersion was transferred to an Eppendorf
tube and stored at room temperature (RT) until further processing for analysis of total Ag
content. In parallel, directly after preparation, 1 mL of the NM-300K stock dispersion was
transferred to Amicon Ultra centrifugal filter (3 kDa) unit tubes (Millipore, product no
UFC900324) [36,38]. The filter was preconditioned with ultrapure water at 3900 g for 30 min
before use. To separate Ag-NMs and dissolved Ag species, the samples were centrifuged at
3900 g for 45 min. Ultrapure water was used as control. The dissolved Ag in the filtrate
(<3 kDa fraction) was stored at RT until further processing (Section 2.6). The proportion
of dissolved Ag was calculated by dividing the measured Ag in the ultracentrifuged
samples by the measured total Ag in the stock dispersion. The total Ag was measured
from 7 independent experiments, each with one stock dispersion (n = 7), and the dissolved
fraction was measured from two independent experiments, each with one dissolved fraction
(n = 2).

2.3.5. Endotoxin Testing of NM-300K

The NM-300K and NM-300K DIS were tested for possible endotoxin content with two
different methods: HEK293 colorimetric test (InvivoGen) and the Limus Amebocyte Lysate
(LAL Kinetic QCL) test.

HEK293 Endotoxin Test

The human embryonic kidney (HEK) 293 cell line endotoxin colorimetric test is based
on the ability of the HEK293 toll-like receptor (TLR) 2 and TLR 4 transfected cells to
recognize lipoteichoic acid (LTA) and lipopolysaccharide (LPS), respectively, from gram-
negative bacteria (lipid A). These cells are engineered to be extremely sensitive to TLR-
receptor agonists and further activation of the NF-κB pathway. HEK293 hTRL2 and hTLR4
cells co-express the NF-κB-inducible reporter gene secreted embryonic alkaline phosphatase
(SEAP). The presence of the agonists LPS or LTA, starting as low as 0.03 ng/mL, will
activate the HEK293 TLR2 and TLR4 receptors, respectively, and further the NF-κB pathway.
NF-κB activation can be quantified using the dye HEK-Blue™Detection and reading the
absorbance (OD) at 650 nm. The measured absorbance is directly proportional to the
endotoxin concentration in the solution, where one endotoxin unit/mL (EU/mL) equals
approximately 0.1 ng endotoxin/mL of solution.

Cells and reagents for the HEK293 endotoxin colorimetric test were purchased from
InvivoGen. HEK293 hTLRnull, hTLR2, and hTLR4 cells were grown and maintained in
DMEM high glucose, 10% FBS, and the antibiotics 10U penicillin/streptomycin (Gibco,
Waltham, MA, USA) and Normocin (InvivoGen). Zeocin (InvivoGen) was additionally
added to the cell medium for HEK293 hTLRnull, and HEK-Blue selection antibiotics (In-
vivoGen) were added to the cell medium for the maintenance of HEK293 hTRL2 and
hTRL4 cells. HEK293 hTLRnull, hTLR2, and hTLR4 cell lines were exposed to NM-300K at
concentrations of 1 µg/mL and 10 µg/mL for 24 h. Four replica exposures were conducted
for each cell line. Cell viability was examined with the AlamarBlue assay as described in
Section S1.2. (Supplementary Materials). The absorbance was measured using a Spectrome-
ter Gen 5 microplate data acquisition system and quantified using the analysis software
(BioTek, Winooski, VT, USA). HEK293 hTLRnull cells were used as a negative control.

Limulus Amebocyte Lysate (LAL Kinetic QCL) Endotoxin Test

The LAL chromogenic endotoxin test (Lonza, EU) is based on a reaction between gram-
negative bacterial endotoxin present in the analysis sample and a pro-enzyme, pro-factor
C. The activation of the enzyme releases p-nitroaniline (pNA) from a synthetic substrate,
producing a yellow color. The time required before the appearance of the yellow color is
inversely proportional to the amount of endotoxin present. The yellow color from pNA
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is measured photometrically at 405 nm throughout the incubation period (30 min). NM-
300K was tested for endotoxin with the LAL test at Lab 2, at the concentration of 0.5 and
50 µg/mL following the kit protocol. The concentration of endotoxin was calculated from
its reaction time by comparison to a standard curve made by E. coli endotoxin. The LAL
colorimetric test is extremely sensitive and detects as little as 0.1 EU/mL (approx. 0.01 ng
endotoxin per mL).

2.4. Cell Exposure

The commercially available VITROCELL® 6 Cloud System (VITROCELL® Systems
GmbH, Waldkirch, Germany) was used to expose the cells to NM-300K and controls.
The system is equipped with an Aerogen Pro® vibrating membrane nebulizer, which
generates a dense cloud of droplets with a median aerodynamic diameter of 4–6 µm that
are deposited at the bottom of the exposure chamber (area 145 cm2) [39] and is maintained
at 37 ◦C in a laminar flow hood.

Transwell inserts with mono-, co- or tricultures were transferred to the VITROCELL®

6 Cloud system, which was filled with an 18 mL cell culture medium/well to let the baso-
lateral side of the insert be in contact with medium. A total volume of 300 µL (2 × 150 µL)
of 10 mg/mL and 1 mg/mL of NM-300K dispersion was nebulized, to obtain, respectively,
a nominal deposition concentration of 10 µg/cm2 and 1 µg/cm2 for exposure of the cells.
See Supplementary Materials (S1.3.) for calculations on nominal deposition concentration.
The same volume was used for exposure with the negative control PBS w/o CaCl2/MgCl2
and the solvent control NM-300K DIS. Exposures were performed in the same order in
each experiment (PBS, NM-300K DIS, NM-300K 1 mg/mL, NM-300K 10 mg/mL) to avoid
cross-over of solutions to the samples. Between each exposure, the nebulizer was rinsed
with PBS, and the outlet and the box were wiped with a tissue. The plate was also wiped
with tissue with ethanol between each exposure. The same nebulizer was used for all
experiments at each laboratory, and was rinsed with PBS for several minutes, and wiped
with a tissue between experiments.

For experiments performed at Lab 1, the nebulizer was rinsed with 150 µL PBS directly
after the exposure to make sure a minimum of the NM dispersion was left in the nebulizer.
Thus, the cultures were exposed to total volume of 300 µL sample and 150 µL PBS.

The cloud was allowed to settle (5–8 min) before the box was opened and the inserts
transferred to new plates with a 1.5 mL fresh culture medium. Unexposed cultures (incuba-
tor control) were also transferred to new plate with fresh culture medium. The cultures
were placed in the incubator for 24 h before processing for further analysis.

To defy the suitable control buffer in the experiment, cell cultures were exposed to
several aerosolized buffer solutions. The buffer solutions of interest were PBS without
CaCl2/MgCl2 (D8537 Sigma), PBS with CaCl2/MgCl2 (D8662 Sigma), Hank’s balanced
salt solution (HBSS) without CaCl2/MgCl2 (14175-046 Gibco), HBSS with CaCl2/MgCl2
(14025-050 Gibco), and DMEM D6046 without supplements. Exposure of cell inserts to
buffer solutions was performed using 3 × 150 µL buffer solution. The cloud settled for
8 min before the box was opened and the inserts were transferred to new culture plates
with 1.5 mL fresh culture medium. The cultures were placed in the incubator for 24 h before
processed for further analysis. Between exposures, the nebulizer was rinsed using the next
buffer to test, with the order PBS without CaCl2/MgCl2, PBS with CaCl2/MgCl2, HBSS
without CaCl2/MgCl2, HBSS with CaCl2/MgCl2, and DMEM without serum.

2.5. Deposition Efficiency and Barrier Integrity
2.5.1. Fluorescein Measurements

To measure deposition efficiency in the VITROCELL® cloud system, a fluorescent
water-soluble fluorescein sodium salt (product no. 46960, CAS 518-47-8, BioReagent,
Sigma-Aldrich) was used. At Lab 1, transwell inserts with 1 mL PBS were exposed to
150 µL aerosolized fluorescein (10 µg/mL). Aliquots of the PBS-fluorescein solution were
transferred to a black 96-well plate for reading of fluorescence in a microplate reader at
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excitation 480 nm and emission 525 nm. The amount of fluorescein in each sample was
quantified from a seven-point standard curve (0.625–100 ng/mL). Background fluorescence
from the cell culture medium was subtracted from the measurements. The deposited
fluorescein concentration per area was calculated by dividing the total amount of fluorescein
in each sample by the area of the insert. The deposition efficiency of fluorescein in the
VITROCELL® system was calculated by dividing the deposited fluorescein (µg/cm2) by
the maximum deposition per total area (1.5 µg/145 cm2), multiplied by 100%. This protocol
for determination of deposition efficiency was similar to the VITROCELL® protocol [40–42]
that was used at Lab 2, where 200 µL of 15 µg/mL fluorescein in PBS was applied.

In parallel with deposition efficiency analysis, the cellular barrier integrity was in-
vestigated by measuring the break-through of fluorescein to the basolateral side of the
cocultures. Cocultures of A549 and EA.hy926 were exposed at ALI to 150 µL aerosolized
fluorescein (10 µg/mL). After incubation overnight, aliquots of the cell culture medium
from the basolateral compartments were transferred to a black 96-well plate, with a stan-
dard curve, for fluorescence reading, as described above. Background fluorescence from the
cell culture medium was subtracted from the measurements. The proportion of fluorescein
transferred to the basolateral side of the membrane was calculated by dividing the amount
recovered in the cell culture medium at the basolateral side of the membrane by the total
deposition of fluorescein.

The deposition efficiency of the nebulizer used in the experiment was measured with
3 independent experiments, and the results were used to determine the required volumes
and concentrations of NM-300K to obtain the nominal concentrations.

2.5.2. ICP-MS Analysis of Ag

The amount of NM-300K deposited on the cells (mono- and cocultures) was quantified
by ICP-MS to obtain precise information on the Ag amount delivered to the cells, and to
determine the amount of Ag crossing the cellular barriers during exposure.

For deposition measurements, the well of the VITROCELL® plate was filled with
10 mL PBS, ensuring no contact between the insert and the liquid, but keeping the system
humid. NM-300K was nebulized as explained above for exposure of cells (Section 2.4) onto
cell-free inserts, which after exposure were dried overnight in a 6-well plate (RT in the
dark). The next day, the porous membrane filter was removed from the insert walls using
scalpel and tweezer and transferred to a 5 mL Eppendorf tube. Blank, unexposed filters
were included as control. The filters were stored in dark conditions at RT before further
processing (Section 2.6). Deposition of NM-300K was calculated by dividing the total Ag
amounts per filter by the membrane area. For the lower concentration, 2 independent
experiments with each 2 inserts were used for the lower concentration, and 4 independent
experiments with each 2–3 inserts for the higher.

The amount of Ag crossing the cellular barrier was also measured by collecting the
basolateral medium into an Eppendorf tube, which was stored at RT before further process-
ing. Results were calculated from 3 independent experiments (n = 3) each with 1–2 inserts
(except for monocultures lower concentration where n = 2 experiments). Medium was
also collected from dry, cell-free inserts with deposited NM-300K, incubated with 1.5 mL
medium (DMEM D6046) below the insert for 24 h, to determine the maximum transfer
of Ag through the insert (n = 2 independent experiments each with 1 insert). The relative
amount of Ag crossing the cellular barrier was calculated by dividing the transferred Ag
amount by the total deposited Ag.

2.6. Elemental Analysis of NM-300K by ICP-MS

The amount of Ag was measured by ICP-MS in liquid solutions (NM dispersions,
water, cell culture media) and in filters from transwell inserts. Liquid samples were vortexed
vigorously for at least 10 s before use. Approximately 0.25 g solution or complete filters were
transferred to a Teflon container (18 mL) and subjected to microwave-assisted digestion
with concentrated ultrapure distilled nitric acid mixed with ultrapure deionized MQ-water
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(2 mL water and 1 mL nitric acid). The samples were digested in an UltraCLAVE single
reaction chamber microwave oven (Milestone, Italy) according to a 60 min stepwise heating
program, with a hold time for maximum temperature (250 ◦C) at 15 min. The samples
were allowed to cool down to RT in their vessels after digestion, before being transferred
to 10 mL test tubes (VWR, polycarbonate) and diluted with deionized ultrapure water to
a final volume of approximately 10 mL. Two blank samples, containing only ultrapure
water and nitric acid, and one reference material were included in each digestion run.
The reference material Oyster Tissue (1566b) from National Institute of Standards and
Technology (NIST) containing 0.666 ± 0.009 µg/g Ag, was subjected to similar microwave-
assisted digestion to assess the recovery of Ag. Mean recovery of Ag in the NIST Oyster
Tissue was 0.642 ± 0.010 µg/g. The samples were analyzed for 107Ag by ICP-MS type
Agilent 7700x (Agilent, Santa Clara, CA, USA), using the method accredited according to
requirements of NS-EN/IEC 17025 (NILU-U-110).

2.7. Cytotoxicity Testing by the AlamarBlue Assay

Cytotoxicity was measured by the colorimetric assay AlamarBlue (AB) after 22–24 h ex-
posure. This fluorometric assay is based on measuring cell viability by cellular reduction of
the cell permeable, non-toxic dye resazurin into fluorescent resorufin in metabolically active
cells. The fluorescence intensity is proportional to the number of living cells. The inserts
were added to medium containing 10% v/v AB solution (Sigma-Aldrich) (1 mL on apical
side, 1.5 mL on basolateral side) and incubated for 1–1.5 h. The plates were swirled gently
to ensure proper mixing of the solution before aliquots of 40 µL or 100 µL (constant volumes
within experiment) were taken from both compartments and transferred into a 96-well
plate to measure the fluorescence intensity (ex.530 nm, em.590 nm). Blank values (medium
with 10% v/v AB solution without cells) were subtracted from the measured fluorescence
intensities. Cell viability was measured relative to unexposed incubator control (set to
100%). A minimum number of 3 independent experiments were performed with single
or duplicate cell cultures. The inserts were not washed with PBS after exposure before
addition of AB-medium, to minimize the loss of damaged/dead cells in the sample.

Control for interference between the NM-300K and read-out of the assay was included:
cell-free inserts exposed to NM-300K were added 1 mL medium containing 10% v/v AB
solution on the apical side and incubated for 1–1.5 h. Aliquots for fluorescence reading
were performed as described above. Fluorescence intensity was compared to blank values
(AB solution without NMs), and no differences were found (results not shown).

2.8. Genotoxicity Testing by the Comet Assay

The miniaturized 12-gel enzyme-modified version of the comet assay was performed
to determine DNA damage (strand breaks, SBs) and oxidized base lesions, as described
previously [35,43,44]. The first step was to harvest/collect the cells from the cell culture
inserts. Directly after performing the AB assay, the cell cultures were washed twice with
PBS (1 mL on apical side, 2 mL on basolateral side). The cells were wet trypsinized
for 3–5 min in the incubator. For monocultures, 200–300 µL trypsin (0.25%, Sigma) was
added to the apical side (dry basolateral side) and gently mixed after incubation to ensure
proper disaggregation of the cell layer, before addition of 1 mL cell culture media for
neutralization. For cocultures and tricultures, 200–300 µL trypsin (0.25%) was used on the
apical side, while 1.5 mL trypsin (0.05%, Sigma) was used on the basolateral side of the
membrane. The trypsin on the apical side was neutralized by 1 mL medium and on the
basolateral side with 3 mL. The cells were resuspended by gently pipetting and transferred
to Eppendorf tubes.

The cell suspensions were diluted in cell culture media to give approximately
200.000 cells/mL. Aliquots of the cell suspension were mixed 1:4 with low melting point
agarose (0.8% w/v, Sigma-Aldrich, 37 ◦C) to a final agarose concentration of 0.64% w/v.
Minigels (10 µL) with approximately 400 cells were made on cooled microscopic slides
pre-coated with 0.5% standard melting point agarose (Sigma-Aldrich), with a maximum
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of 12 gels per slide. Slides were placed in Coplin jars and submerged in lysis solution
(2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% v/v Triton X-100, pH 10, 4 ◦C) for 1–3 days. As a
positive control for DNA strand breaks (SBs), separate slides were submerged in 100 µM
H2O2 (in PBS, 4 ◦C) for 5 min, rinsed twice with PBS for 2 min, and then submerged in a
separate Coplin jar with lysis solution.

For detection of oxidized or alkylated bases, the modified comet assay was used
with the bacterial repair enzyme formamidopyrimidine DNA glycosylase (Fpg, gift from
NorGenoTech, Oslo, Norway), which converts oxidized or alkylated bases to SBs [45]. After
lysis, separate slides with cells embedded in gels were washed twice for 8 min in buffer F
(40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8, 4 ◦C), added Fpg diluted
in buffer F (final 60.000 × dilution), and covered with a polyethylene foil before incubation
at 37 ◦C for 30 min in a humid box. Positive control for function of Fpg was performed
regularly in the laboratory, by using a photosensitizer Ro 19-8022 (kindly provided by
Hoffmann La Roche, Switzerland) with light to induce oxidized purines, mainly 8-oxoG,
which is detected by the Fpg [46–48]. A549 cells were exposed to the photosensitizer Ro
19–8022 (2 µM) and irradiated with visible light (30 cm distance from cells, 250 W) on ice
for 4 min, before embedding into gels. The positive control gave expected response based
on historical controls (>20% DNA in tail for net Fpg).

The slides were placed in a horizontal tank submerged in electrophoresis solution
(0.3 M NaOH, 1 mM EDTA, pH > 13, 4 ◦C) to let the DNA unwind for 20 min. Electrophore-
sis was run for 20 min at 25 V (1.25 V/cm, around 350 mA, Consort EV202, 4 ◦C). The gels
were neutralized for 5 min in PBS and dH2O and dried horizontally overnight.

For quantification of DNA SBs, the gels were stained with SYBR gold (1:2000, Sigma-
Aldrich), covered with a coverslip, and imaged in Leica DMI 6000 B (Leica Microsystems)
equipped with a SYBR®photographic filter (Thermo Fischer Scientific). Comets of relaxed
loops of DNA, withdrawn from the nuclei when subjection of DNA to the electrophoretic
field after introducing breaks in the DNA, were scored using the software Comet assay
IV 4.3.1 (Perceptive Instruments, Bury St Edmunds, UK). Median DNA tail intensity,
proportional to the number of SBs, was calculated from 50 comets per gel as a measure of
DNA SBs. Medians were averaged from 2–6 gels per cell culture. A total of 3–5 independent
experiments were performed with single or duplicate exposure wells per experiment.

Control for possible interference between the NM-300K and analysis of comets was
included. A sample of A549 control cells was mixed directly with NM-300K suspended in
cell culture medium (140 µg/mL), just before embedding with LMP-agarose. The slides
were handled in parallel with the other slides, as described above. The results from A549
cells analyzed with NM-300K present were compared to A549 control cells.

2.9. Uptake Analysis by Transmission Electron Microscopy

Engulfing of NM-300K by cells on the apical side of the insert (A549 and macrophage-
like cells) was investigated by transmission electron microscopy (TEM). At 24 h after ALI
exposure with 0.5 µg/cm2 NM-300K, the cells were washed twice with PBS, fixed with 2.5%
glutaraldehyde in PBS for 20 min, washed with PBS, and postfixed with 1% OsO4 solution
for 1 h. The cells were dehydrated in a series of ethanol with increasing concentrations
and embedded in Epon–Durcupan resin. After polymerization for 72 h at 56 ◦C, ultrathin
sections were cut at 70–80 nm using a Leica Reichert Ultracut Ultratome and Diatome knife
and collected on 200 mesh size copper grids. Sections were contrasted with 2% uranyl
acetate for 4 min and rinsed in MQ water. Contrast in lead citrate was avoided not to
create deposition and interference during the microscopical investigation. Sections were
examined with a Tecnai-12 transmission electron microscope operated at 80 kV.

2.10. Immunofluorescence and Confocal Microscopy
2.10.1. Antibodies Staining

At 24 h postexposure, unexposed and ALI exposed tricultures were washed in
PBS and fixed with a solution of 4% paraformaldehyde (PFA) in PBS for 15 min at RT.
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The membranes were removed from the plastic holder with a blade and kept in a 1:10
solution of fixative and PBS. The cells were permeabilized with a solution of 0.01% Triton-X
100 in PBS for 10 min. Unspecific epitopes were saturated in 2% BSA in PBS for 30 min.
Cells were incubated overnight in a humidified chamber with primary antibodies directed
toward cell markers specific to the air–blood barrier (Table S4). The primary antibodies
were diluted in 2% BSA in PBS. The membranes were washed in PBS and incubated with
secondary antibodies conjugated to a fluorescent probe (Table S4). Cells were stained with
the nuclear staining DAPI for 5 min, washed in PBS and mounted on a microscopy slide
with a mounting medium solution (Invitrogen), and covered with a coverslip. The cells
were examined with a confocal Zeiss L-10 inverted microscope.

2.10.2. Staining with Live Cell Markers

To identify differentiated THP-1 cells in tricultures, dTHP-1 cells were stained with
CellTracker Green CMFDA (CTG, Invitrogen) which is a non-toxic dye that remains in
the cell for 3–6 generations. dTHP-1 cells were incubated with 10 µM CTG in serum-free
medium for 30 min, washed twice with PBS, before detached and seeded on top of the
A549 cells on the apical side of the transwell insert. For tricultures, plasma membranes
were stained with CellMask Deep Red Plasma Membrane Stain (Invitrogen), 1:750 dilution
in serum-free medium for 15 min at 37 ◦C.

The cells were then washed in PBS and fixed in 4% formaldehyde for 15 min at RT.
The transwell inserts were rinsed again with PBS and processed by carefully detaching
the membrane with cells from the plastic walls. The membranes were then mounted
between two glass coverslips with the mounting medium ProLong Gold Antifade Reagent
with DAPI (Cell signaling Technology) for nuclei counterstaining. The samples were
left to dry overnight at RT in the dark and later stored at 4 ◦C in the dark. Confocal
microscopy was performed using a Zeiss LSM 700 (lasers 405, 488, and 639 nm; objective
40x). Image acquisition and processing were performed with the Zeiss Software ZEN.
Z-stack acquisition was performed with 27–44 µm thickness, with 44 images for each stack.

The cell densities of A549 and dTHP-1 were estimated by manually counting the
number of cells per image and dividing with the image area. The densities were compared
to the seeding densities, and the A549 to dTHP-1 ratio was also calculated. A549 analysis
was performed on 6 samples with a total of 25 images (2–10 images/sample) within three
independent experiments (n = 3). dTHP-1 analysis was performed on 4 samples with a
total of 17 images (2–10 images/sample) within two independent experiments (n = 2), with
seeding densities 0.82–1.67 × 105 cells/cm2. EA.hy926 cells were not counted.

2.11. Statistical Analysis

Results are presented as mean with standard deviation (SD) of at least 3 independent
experiments (n = 3) with 1–2 replica inserts unless otherwise stated. Statistical analysis
of AB and comet assay results was performed by comparing the mean of each sample to
the mean of negative control (inserts exposed to PBS), by one-way ANOVA with multiple
comparisons and post-test Dunnet using GraphPad Prism version 9.3.1 for Windows,
GraphPad Software, San Diego, CA, USA. Level of significance was set to p < 0.05.

3. Results
3.1. Characterization of the Advanced 3D Lung Model

The orthogonal confocal pictures of the triculture model (Figure 2) show A549
(Figure 2a,c–e) and EA.hy926 cells (Figure 2b) growing at opposite sides of a transwell
transparent membrane inserts, with cell membranes in red stained with cell mask red and
nuclei in blue stained with DAPI. The A549 and EA.hy926 cells were evenly distributed
on the membranes; however, some spots with fewer cells were also observed. A549 had
a density of about 3.8 × 105 cells/cm2 (SD: 0.3 × 105 cells/cm2, n = 3). The dTHP-1 cells
were located on the apical side of the transwell insert (in green), on top of the A549 cells.
The dTHP-1 cells had a variable density and morphology (Figure 2c–e). Approximately
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30% of the dTHP-1 cells seemed to be necrotic or damaged with irregular structures,
although this was highly variable between images and samples. The proportion of dTHP-1
cells adhering and remaining in the culture compared to the seeded number of cells was
estimated to be 25–38% (n = 2) by microscopic evaluation. The ratio between A549 and
dTHP-1 cells in the tricultures was estimated to be 8–39 A549 cells per dTHP-1 cell (n = 3).
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Figure 2. Triculture model investigated by confocal microscopy. (a,b) Z-stack image series (2D x-y
view and respective side views) showing the distribution of A549, EA.hy926, and dTHP-1 (*, green)
cells on the opposite sides of a transwell insert (arrow). (a) The 2D x-y view from the A549 and
dTHP-1 side (z-stack thickness 44.5 µm). (b) The 2D x-y view from the EA.hy926 side (z-stack
thickness 27.5 µm). (c–e) dTHP-1 cells in different morphologies on top of the A549 cells. Red:
cellular membranes stained with Cell Mask red dye, blue: nuclei counterstained with DAPI, green:
dTHP-1 cells stained with Cell tracker green dye. Magnification: 40×. Scale bar 10 µm (a,b) and
50 µm (c–e). dTHP-1: differentiated THP-1.

TEM analyses of tricultures showed cells compartmentalized in the apical and in the
basolateral side of the insert with a 1 µm pore size (Figure 3a). EA.hy926 endothelial cells
were localized at the bottom of the cell insert and the alveolar type II A549 cell on the upper
side (Figure 3a). Cells that resemble the round morphology of THP-1 were seen on top
of the epithelial A549 cells (Figure 3b), which were recognized by the presence of small
microvilli (arrows) and lamellar bodies (LM). To further characterize the triculture lung
model, dTHP-1 cells were stained with the mature macrophage marker CD11b (Figure 3c).
The formation of tight junctions between A549 cells was visualized by labeling of ZO-1
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protein in the cell membrane using LSM (Figure 3c). Distorted ZO-1 protein was found in
the A549 cytoplasm (Figure 3c).
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Figure 3. Transmission electron microscopy micrographs (a,b) and confocal picture © of unexposed
triculture with A549 and dTHP-1 cells at the apical side and EA.hy926 cells at the basolateral side
of a cell insert with 1 µm pore size membrane. LM: lamellar bodies; v: vesicles; N: nuclei; black
arrows: microvilli. (a) Scale bar: 5 µm. (b) Scale bar: 1 µm. (c) Confocal image of the apical side.
A549 were stained with ZO-1 antibody (green) and differentiated THP-1 with CD11b (red). White
arrows: tight junctions. **: cytoplasmic ZO-1. Nuclei are stained in blue (DAPI). Scale bar: 50 µm;
Magnification: 40×.

3.2. Characterization of AgNM-300K

The stock dispersions were characterized by Ag content (total and <3 kDa frac-
tion), endotoxin content, hydrodynamic diameter, and zeta potential (Table S5 and S1.2).
The concentration of Ag in the stock dispersion was measured by ICP-MS to be 7.2 mg/mL
± 0.9 mg/mL (n = 7), which was lower than the expected nominal concentration of
10 mg/mL. A small amount of Ag (1.9 ng/mL ± 1.3 ng/mL, n = 3) was measured also
in the dispersant control (NM-300K DIS). The amount of dissolved Ag in the dispersion,
defined as <3 kDa fraction, was measured to be about 3.6% (n = 2). The NM-300K and
NM-300K DIS stock dispersions were confirmed to be endotoxin-free by both HEK293 and
LAL assays, being <1 EU/mL and <0.1 EU/mL, respectively (S1.2 and Figure S1).

The hydrodynamic diameter of NM-300K, measured by DLS, was found to be poly-
disperse with a Z-ave of 130.7 nm ± 23.2 nm with PDI of 0.380 ± 0.037 measured at Lab 1,
and a Z-ave of 57.5 nm ± 5.7 nm with PDI of 0.343 ± 0.067 measured at Lab 2 (Table S5).



Nanomaterials 2022, 12, 2609 13 of 26

The hydrodynamic size of the NMs measured by Lab 1 was in general higher than at Lab 2,
while the PDI was nearly the same in the dispersions from both laboratories, indicating
a moderately polydisperse distribution type. The dispersions showed 2–3 peaks, where
about 95% of the particles (by intensity) were in the peak of 202 nm ± 39 nm (Lab 1) or
89 nm ± 13 nm (Lab 2). The other peaks, with less intensity, were similar between both
laboratories with NM diameters measured to be 5–18 nm and 1600–4600 nm, the latter
peak indicating some aggregation (Table S6). The dispersions had a ZP of −17.1 ± 2.8 mV,
indicating the high stability of Ag NMs in the stock dispersions (Table S5).

The size distribution of the diluted dispersion applied for cloud exposure was con-
firmed to be similar to the stock dispersion (Table S6). The hydrodynamic diameter of
the Ag NMs was measured in other buffer solutions and was found to be similar in all
solutions (Table S7).

3.3. Deposition of Fluorescein and Ag in the Cloud System and Permeation through the Cell Barrier

Mean deposition efficiency of fluorescein reaching the surface of the cells after expo-
sure in the VITROCELL® cloud system was very consistent between the labs and calculated
to 53.0% (±2.2% SD) at Lab 1 and 52.9% (±1.5% SD) at Lab 2.

The amount of Ag NMs deposited on cell culture inserts was measured by ICP-MS
analysis to be 0.83 µg/cm2 and 6.02 µg/cm2, for low and high concentration, which is
lower than the respective nominal concentrations 1 and 10 µg/cm2 (Table 1). Compared to
the applied concentration, this results in a deposition efficiency of Ag of 41–56%. No Ag
was detected in the blank samples (culture insert membrane without deposition).

Table 1. Deposition and permeation of Ag in mono- and cocultures exposed to an aerosol of NM-
300K. Control was exposed to NM-300K DIS. Results are presented as mean with SD. Deposition was
measured in 2 or 4 independent experiments with 2–3 replica inserts in each experiment. Permeation
was measured in 2–3 independent experiments, each with 1–2 replica inserts. Maximum permeation
of NM-300K at high concentration through empty inserts was 7% (11 µM, n = 2). * Control was insert
membranes without Ag deposition. LOD, limit of detection; SD, standard deviation.

Unit Solvent Control Low Concentration High Concentration

Nominal deposited
concentration µg/cm2 0 1 10

Measured deposited
concentration µg/cm2 <LOD * 0.83 ± 0.05 (n = 2) 6.02 ± 0.84 (n = 4)

Deposition efficiency % of nebulized - 56 (n = 2) 41 (n = 4)
Permeation of Ag

through monoculture
cell model

µM
(% of deposited) 0.069 ± 0.025 (n = 2) 1.9 ± 0.56 (n = 2)

(8%)
14.5 ± 1.4 (n = 3)

(9%)

Permeation of Ag
through coculture cell

model

µM
(% of deposited) 0.030 ± 0.017 (n = 2) 3.3 ± 0.5 (n = 2)

(14%)
15.4 ± 1.2 (n = 2)

(9%)

After 24 h exposure of mono- and cocultures, a substantial amount of Ag was found on
the basolateral side of the membrane, showing a permeation of Ag through the cell layers.
For monocultures, the permeation was about 8% for the lower and 9% for the highest
concentration of Ag NMs, corresponding to around 2 and 15 µM Ag in the basolateral
media, respectively. For cocultures, the permeation was similar to monocultures for the
highest concentration, but enhanced to about 14%, corresponding to 3 µM, for the lowest
concentration. The maximum permeation of Ag through empty inserts without cells was
estimated to be 11 µM or 7% of the high concentration, under the experimental conditions,
which is at similar levels as for the mono- and coculture cell models. However, a very small
amount of Ag (<0.1 µM) was in some experiments found also in the basolateral media of
solvent control cells exposed to NM-300K DIS (dispersion media).
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Permeation of fluorescein was in addition, measured in the coculture of A549 and
EA.hy926 showing that approximately 18% of the deposited fluorescein passed through
the cell barrier and was recovered on the basolateral side of the membrane separating the
two cell lines in the coculture model (Figure 4). No significant differences between the
treatments were observed.
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Figure 4. Permeation of fluorescein through the cellular layers. Shown is mean recovery of fluo-
rescein ± SD in the basolateral compartment relative to the total deposition of fluorescein at the
apical side of the membrane after exposure of cocultures in the cloud system to phosphate buffered
saline (PBS), dispersant NM-300K DIS, or NM-300K at 1 or 10 µg/cm2. The results are based on
4 technical replicates in n = 3 independent experiments. No statistically significant difference was
seen between PBS treatment and the other samples, analyzed by ordinary one-way ANOVA with
multiple comparisons, post-test Dunnett’s, p > 0.05. SD: standard deviation.

3.4. Cell Viability

The cell viability of mono-, co-, and tricultures was measured at 20–24 h after NM-300K
exposure using AB assay. The cell viability is presented relative to unexposed incubator
control (NC), set to 100%. NM-300K exposure at the highest concentration significantly
reduced cell viability in the monocultures compared to the PBS exposure control (Table 2
and Figure 5). A nonstatistical reduction in cell viability was seen in both the apical
and basolateral cells in co- and tricultures after exposure to NM-300K at the highest
concentration, and in Lab 2 also for the low concentration in tricultures, compared to
the PBS exposed control. PBS exposure slightly reduced the viability of the apical cells
in co- and tricultures in both labs; however, the effect was statistically significant only
for tricultures in Lab 1. Cell viability after NM-300K DIS exposure was similar to in the
PBS-exposed cells. No interference between NM-300K and read-out of the AB assay was
found in cell-free inserts with NM-300K and AB solution (results not shown).
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Table 2. Cell viability (%) relative to incubator control (set to 100%) measured by the AlamarBlue
assay after exposure of monocultures, cocultures, and tricultures of A549, EA.hy926, and dTHP-1
cells to NM-300K (1 and 10 µg/cm2) or control solutions (PBS, dispersant (NM-300K DIS)) at the
air–liquid interface (ALI). Results are presented as mean with standard deviation from a total of
n = 6–9 (Lab 1), n = 3 (Lab 2) for monocultures, for cocultures n = 4–5 (Lab 1), n = 3 (Lab 2), and for
tricultures n = 4 independent experiments with each 1–2 replica cell culture inserts, corresponding
to results in Figure 5. Statistically significant differences compared to PBS or NC incubator controls
were analyzed by one-way ANOVA with multiple comparisons post-test Dunnett’s and are indicated
by a p < 0.5 compared to PBS, and b p < 0.05 compared to NC. NC: negative control, PBS: phosphate
buffered saline, dTHP-1: differentiated THP-1 cells.

Relative Cell Viability (%)

Monoculture Coculture Triculture

Cells Treatment Lab 1 Lab 2 Lab 1 Lab 2 Lab 1 Lab 2

A549/
A549- dTHP-1

NC 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 a 100 ± 0
PBS 93 ± 23 93 ± 26 62 ± 22 77 ± 15 68 ± 12 b 85 ± 26

Dispersant 82 ± 17 81 ± 28 74 ± 25 80 ± 8 56 ± 17 b 87 ± 24
Ag 1 µg/cm2 73 ± 13 b 81 ± 18 58 ± 20 b 75 ± 21 67 ± 19 b 74 ± 26
Ag 10 µg/cm2 59 ± 26 ab 25 ± 8 ab 59 ± 29 b 51 ± 28 b 51 ± 19 b 66 ± 23

EA.hy926

NC 100 ± 0 100 ± 0 100 ± 0 100 ± 0
PBS 69 ± 19 93 ± 52 86 ± 15 108 ± 8

Dispersant 71 ± 21 94 ± 9 78 ± 15 96 ± 21
Ag 1 µg/cm2 67 ± 21 b 92 ± 16 94 ± 21 101 ± 10
Ag 10 µg/cm2 68 ± 21 b 70 ± 41 66 ± 18 90 ± 18
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Figure 5. Relative viability measured by the AlamarBlue assay after exposure of monocultures (a,d),
cocultures (b,e), and tricultures (c,f) of A549, EA.hy926, and dTHP-1 cells to NM-300K and control
solutions at the air–liquid interface (ALI). Experiments were performed at Lab 1 (a–c) and Lab 2 (d–f)
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for comparison. A reduction in viability was seen after exposure to control solutions and NM-300K at
ALI. Results are normalized against negative incubator control (NC, set to 100%) and presented as
boxplots with mean (+), median/50th percentile (line), 25th and 75th percentiles (box), and minimum
and maximum values (whiskers). A total of (a) n = 6–9, (b) n = 4–5, (c) n = 4, (d,e) n = 3, and (f) n = 4
independent experiments with each 1–2 replica cell culture inserts were performed. Statistically
significant differences compared to PBS control were analyzed by ordinary one-way ANOVA with
multiple comparisons post-test Dunnett´s, and are indicated by * p < 0.5, ** p < 0.1. NC: negative
control (incubator control), PBS: phosphate buffered saline, dispersant: NM-300K dispersion medium
(NM-300K DIS); dTHP-1, differentiated THP-1 cells.

The effect on cell viability of different buffer solutions, PBS, PBS added CaCl2/MgCl2
(PBS+), HBSS, HBSS added CaCl2/MgCl2 (HBSS+), and DMEM cell culture medium, was
investigated by exposure to cocultures of A549 and EA.hy926 at the ALI. The viability of
the A549 cells was reduced compared to the incubator control, NC, for all buffer solutions
tested (Figure S2). The viability of EA.hy926 cells was also reduced after exposure to the
buffers, but to a lower extent than for the A549 cells. The A549 cells had the highest relative
viability after exposure to PBS and HBSS+, while the EA.hy926 had the highest relative
viability after exposure to HBSS and HBSS+. No statistically significant differences were
found in the relative viability of cultures exposed to PBS compared to the other buffers.

3.5. Genotoxicity (DNA Strand Breaks and Oxidized Base Lesions)

DNA SBs and oxidized base lesions (SBs + Fpg) were measured by the enzyme-
modified version of the comet assay. NM-300K induced a statistically significant increase
in SBs and SBs + Fpg, measured as % DNA intensity in the tail, in the EA.hy926 cells in
the cocultures at the highest concentration (with 80% DNA in tail, p < 0.001), compared to
the two negative controls (NC, PBS). However, a slight, non-significant increase in both
SBs and SBs + Fpg was seen in all models after NM-300K exposure (Figure 6). The effect
of dispersant media NM-300K DIS was similar to NC (not shown). A rather high back-
ground level of damage was seen in the controls in the cocultures (NC, PBS, dispersant).
The positive control for DNA SBs, H2O2, gave the expected response based on historical
control (>80% SBs) (not shown). No interference between NM-300K and the performance
of the comet assay was seen (results not shown).

3.6. Cellular Uptake of NM-300K

Uptake and intracellular localization of NM-300K was investigated by confocal mi-
croscopy and TEM after exposure to the ALI. The apical side of tricultures was investigated
by confocal microscopy in unexposed cultures (Figure 7a) and after exposure to NM-
300K at 10 µg/cm2 (Figure 7b,c). A549 cells were in higher number in the control culture
(Figure 7a), and they all seemed to express pro-surfactant protein C. Rather few stained
dTHP-1 cells were found. In the Ag-exposed cultures (Figure 7b), A549 cells appeared to be
damaged and dTHP-1 cells highly expressed CD11b and had the appearance of activated
macrophages. The phase contrast image in combination with fluorescent markers shows
NMs agglomerates or aggregates in contact with A549 and dTHP-1 cells, and likely a
macrophage engulfing NM-300K in the cytoplasm (Figure 7c).

Electron micrographs of the apical side of triculture are shown in Figure 8. In the
cytoplasm of alveolar type II cells A549, vesicles specialized in the production of cell
surfactant, called lamellar bodies (LMs), were recognized. Strong electron dense LMs and
multivesicular bodies (MVB) [49] were identified in the A549 cells exposed to NM-300K, but
not in unexposed tricultures (Figure 8). NM-300K appeared to be localized inside of LMs
vesicles as single particles (5–20 nm) or in a small aggregate of about 100 nm (Figure 8d).
No NM-300K particles were found in the endothelial cells (data not shown).
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Figure 6. DNA strand breaks and oxidized DNA lesions, measured as DNA tail intensity, by the
comet assay with Fpg in cells exposed at the air–liquid interface (ALI) to NM-300K. Cells were
cultured as (a) monocultures, (b,d) cocultures, and (c,e) tricultures. Results are presented as mean
of median ± SD of (a) n = 3–5, (b–e) n = 3 independent experiments. From each experiment, the
median DNA tail intensity (%) was calculated from 50 cells per 2–6 gels from 1–2 cell culture inserts.
Significantly different effects on DNA damage compared to PBS control were analyzed by ordinary
one-way ANOVA followed by Dunnett’s post-hoc test (*** p < 0.001). SBs: strand breaks, NC: negative
control, PBS: phosphate buffered saline, SD: standard deviation.
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Figure 7. Confocal microscopy investigation of tricultures with and without NM-300K exposure.
Confocal pictures show the apical side of triculture model in (a) negative incubator control, and
(b,c) after exposure to NM-300K at 10 µg/cm2. A549 cells were stained with pro-surfactant protein
C (green) and dTHP-1 are marked with CD11b (red). DNA is stained with DAPI (blue). (c) Phase
contrast picture combined with immunofluorescence staining. (a–c) Magnification: 40×. Scale bar:
50 µm (a,b); 20 µm (c).
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Figure 8. Representative transmission electron micrographs of A549 cells on the apical side of the
triculture model. (a) Unexposed cells from incubator control (NC) showed no electron dense vacuoles.
(b) Electron dense vacuoles-like structure and lamellar bodies were seen in cells exposed to NM-300K
10 µg/cm2. (c,d) Higher magnification of the cells exposed to NM-300K 10 µg/cm2 showed that
NM-300K were found in the cell cytoplasm (c) or inside of a vacuole (d). (d) NM-300K were found
as single particles (5–20 nm) (1,2) or in small aggregate of 100 nm (3). Scalebar: 2 µm (a,b); 1 µm (c);
500 nm (d). N: nucleus, LM: lamellar bodies, v: vacuoles-like structure, p: NM-300K nanoparticles,
m: mitochondria.

4. Discussion

This study aimed at testing the robustness and sensitivity, characterizing, and opti-
mizing an advanced respiratory model built on human alveolar epithelial A549 cells and
evaluating its response to aerosol exposure of silver NM-300K. In more detail, we compared
the responses of A549 cells cultured at the ALI in monoculture, in coculture with EA.hy926
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cells, and in triculture with EA.hy926 cells and dTHP-1, and performed an interlaboratory
trial across two laboratories.

The A549 cell line is an alveolar epithelial type II cell line derived from the human
lung adenocarcinoma [29]. This is currently the best characterized and used model of
alveolar epithelia in in vitro studies [24,50,51]. A549 cells can partly mimic the property
of the alveolar epithelium and are suitable to be used at ALI and in the VITROCELL®

exposure system. These cells are of alveolar origin, in contrast to alternative bronchial cell
lines such as BEAS-2B, HBEC, and Calu-3.

In the alveolus, the epithelium is in close contact with the capillary endothelium.
Endothelial cells are considered a secondary target for inhaled NMs, such as diesel exhaust
particulate matters [52,53], and endothelial cell dysfunction is central in adverse cardiovas-
cular disorders, including atherosclerosis, myocardial infarction, and stroke [54]. We used
the lung adenocarcinoma-derived endothelial EA.hy926 cells [55,56], as they are closer to
the air–blood barrier in vivo situation and thus more relevant than alternative cell lines
such as HMEC-1 and hTERT-HDMEC [57–59].

Lung macrophages are, along with alveolar epithelial cells, the first line of defense
against inhaled particles. They can express a wide range of pro- and anti-inflammatory
cytokines and play a role in cellular uptake and internalization of particles [60,61]. We
saw, by confocal microscopy, the presence of NM-300K inside dTHP-1 cells, which are
commonly used macrophage cells [62,63] that are easy to cultivate and commonly used in
ALI models [25,26,64–66]. In the alveolar model proposed by Klein et al. [25,52], the cell
ratio between A549 and dTHP-1 does not correspond to the in situ situation where the
number of macrophages is ten times less than alveolar epithelial cells [67]. We used an initial
ratio of 2–4x A549/dTHP-1 cells (when at confluency), as some cells were removed during
the medium removal or damaged during the detaching procedure before the seeding. Thus,
the actual ratio of dTHP-1: A549 was much lower. The morphology of dTHP-1 cells was in
our triculture model found to be variable and some of the cells seemed to be damaged or
necrotic. The differential viability of the dTHP-1 cells in the tricultures can also be related
to the culture conditions where dTHP-1 and A549 cells were sharing the same space, as
well as the cell culture media composition in the tricultures, consisting of a mix of culture
media optimized for each of the cell lines.

Confocal and electron microscopy confirmed that the presence and localization of all
the cell types in the tricultures, with A549 and dTHP-1 cells in the apical compartment and
EA.hy926 in the basolateral side of the cell culture insert. A549 and EA.hy926 cells were
confluent, although some small holes or less cell dense areas could be observed, which may
lead to the increased permeation of substances as shown by the permeation of fluorescein
to the basolateral side of the cocultures (Figure 4). Tight junctions between the cells were
seen. After 4 days in the culture, tight junction proteins were found to a large extent in the
cytoplasm and to some extent in the plasma membrane of A549 cells in the triculture model.
Enhanced barrier function can be obtained by extending the culturing period, as A549 cells
in monocultures were expressing transcript of ZO-1 protein after two weeks at ALI [68–70].
Previous work by Rothen-Rutishauser et al. showed that epithelial alveolar cells formed
adherent junctions and peripheral tight junctions at day 7 in culture [62,69–71].

When cultured in the incubator, our mono-, co-, and tricultures were moist and covered
with a shiny film (results not shown). This was likely surfactant produced by the A549
cells, that were found to express surfactant proteins such as surfactant protein C [22,25,68].
Both barrier function and surfactant production may be related to cell batch, and this
can influence the results, sensitivity, and reproducibility of the data obtained with the
model [72,73].

Mimicking inhalation exposure in in vitro models is challenging, and the charac-
terization of both the cell culture model and exposure system is necessary. Most of the
in vitro inhalation studies have been conducted with cells in submerged conditions, which
is not reflecting the air–blood barrier in the lungs. Further, the cell medium can influ-
ence the properties of the NMs and thereby give a non-realistic judgment regarding the
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hazardous potential of NMs and other compounds. Enhanced predictiveness for human
effects after inhalation exposure is likely to be obtained with cells cultivated at the ALI,
and multicellular models are better mirroring organ-like structures. Thus, to compare
sensitivity to NM exposure when adding complexity to the ALI model, mono-, co-, and
tricultures were exposed in the VITROCELL® system, where the NM suspension or control
solution is nebulized to generate an aerosol which over a few minutes deposits onto the
cells. The deposited concentrations of Ag in the VITROCELL® system were found to be
0.8 µg/cm2 and 6.0 µg/cm2, which was lower than expected. We measured by ICP-MS
an Ag content of the stock concentration of NM-300K at 7.2 mg/mL, which was lower
than the nominal concentration at 10 mg/mL The presence of 3.6% dissolved species in
the stock dispersion was as expected [36,38,74] and the very low concentration of Ag
(1.8 ng/mL) found in the dispersion media was likely caused by contamination during
preparation/sonication. The deposition of Ag was measured only at Lab 1; however, as the
deposition efficiency of Ag was like that of fluorescein, and the same protocols were used, it
is likely that the results would be similar in both laboratories. Quartz crystal microbalance
(QCM) has been reported as a precise and sensitive device for quasi-real-time NM dosime-
try for the VITROCELL® system [39]. We experienced high inter-experimental variations
with the QCM (results not shown) and thus used other methods for the determination
of NM deposition. The uptake of NM-300K after aerosol exposure was shown in both
A549 and dTHP-1 cells on the apical side. It has been demonstrated that alveolar type II
cells can internalize NMs [4]. Ag NMs also appeared inside of dTHP-1 cells, recognizable
by the absence of lamellar bodies (LMs). The internalization of silver nanoparticles in
A549 and THP1 cells has previously been shown in several investigations [75,76]. LMs
are typical of the epithelial alveolar type II cells, and the electron micrographs showed
the presence of LMs in A549 cells. Several studies reported an altered quantity of LMs in
A549 cells after NMs exposure [60,77,78]. Ag-NMs were internalized in dTHP-1 cells as
single particles, and as agglomerates up to 100 nm size (Figure 8d). By confocal microscopy
analysis, dTHP-1 cells appeared to have a phagosome-like morphology typical of activated
macrophages [79]. Moreover, we observed that the dTHP-1 cells exposed to the highest
NM concentration phagocytosed particles which were visible inside of their cytoplasm.

NM-300K was chosen as the test substance for characterization of the different models
due to known cytotoxic properties [33,35], and the NM-300K stock dispersion was found to
be endotoxin-free, measured by both LAL and HEK293 assays. The large surface area and
other surface properties of NMs make them susceptible to endotoxin contamination during
the synthesis process. Endotoxin contamination may bias the results of toxicity testing by
false positive or negative results if not controlled for [80].

The cellular viability of the lung cells was affected by NM-300K exposure, but also by
buffer exposure. Viability was reduced after NM-300K exposure at the highest concentration
in monoculture (p < 0.01), while in cocultures and tricultures no significant decrease in
cell viability was observed. The effect on viability caused by NM-300K was strongest
at Lab 2, which may be related to the measured smaller diameter of the NMs used for
exposure of the cells. The NM sizes were relatively constant for all dispersions within
each laboratory, both measured in stock dispersion and in stock dispersion diluted in
physiological buffers. All dispersions showed, by DLS measurements, multiple peaks for
the size distribution of the NMs in the dispersion, but the dispersed NMs prepared at Lab 1
were larger than those prepared at Lab 2. To test if the difference in size was related to the
two different DLS instruments, three dispersions prepared at Lab 1 were tested in both
laboratories, but no significant differences were found (results not shown). This points to
the importance of measuring the size, size distribution, and stability of all dispersions used
for exposure of cells and toxicity measurements, as the toxic effect is strongly dependent
upon physicochemical properties, such as size, of the NMs. In the AB results from both
laboratories, we saw higher inter-experimental variation compared to studies with A549
cells in submerged conditions [35,73], which may be related to the complexity of the ALI
cultures and the experimental conditions. However, the effect seen on the viability of
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A549 monocultures after NM-300K exposure at the highest concentration was similar to
submerged experiments with A549 [35].

The monocultures were more sensitive to the induction of cytotoxicity by NM-300K
compared with the more complex models. However, the control exposure with PBS and
HBSS with and without CaCl2 and MgCl2 reduced the viability of the apical cells in both
co- and tricultures, but not in monocultures. This effect was strongest in Lab 1. The high
sensitivity of the co- and tricultures to aerosol exposure in general needs to be investigated
further. The effects of PBS exposure on the cell viability of the A549 cells could be influenced
by less contact with the basolateral media due to the introduction of EA.hy926 cells. High
confluency of the EA.hy926 cells would limit more strongly the access of the A549 cells to
the basolateral media and constitute an important factor to be aware of for the preparation
of the most optimal ALI model. The use of PBS diluted in water (1:10) can be an option
to improve the viability of the cells in the negative control (Figure S2), as this will reduce
the salts deposited on top of the cells when the water evaporates, while still making
a dense aerosol [26]. The choice of solvent will also depend on the solubility of the test
particles. Exposure to PBS did not induce an increase in DNA damage; however, the highest
concentration of NM-300K induced DNA SBs in EA.hy926 cells in cocultures. In tricultures,
no effect of NM-300K was seen on DNA damage in EA.hy926 cells. This might be linked to
the potential uptake of NMs by the dTHP-1 cells as previously shown [75,81] making the
material less available for cell exposure. One can even speculate if the exposed THP1 cells
trigger an inflammatory reaction that can promote DNA repair [82]. The cocultures also had
a slightly higher background level of DNA damage compared with mono- and tricultures.

The effect seen on the EA.hy926 cells in cocultures can be caused by signals from
the apical side or from the permeation of Ag ions or Ag particles through the cell culture
barrier into the basolateral side. In the coculture model, around 3 µM and 15 µM Ag for the
lower and higher concentration, respectively, was measured in the basolateral medium after
exposure, and it is unknown if this was in form of Ag NMs or dissolved species. Reduced
viability and increased DNA damage have previously been reported after exposure to Ag
NMs in standard submerged cell cultures [83–86] at concentrations in the same range as the
dissolved Ag we detected. The permeation of Ag was lower than that of fluorescein in the
cocultures of A549 and EA.hy926 cells, which was expected as fluorescein is a water-soluble
molecule. Permeation of Ag NMs or dissolved species into the basolateral medium is
more likely to be limited by cell adhesion/uptake or protein binding on cells on either side
of the membrane, as Ag has low solubility in physiological medium and high affinity to
thiol groups [87–89]. The maximum permeation of Ag through empty inserts without cells
was estimated to be around 20%, showing that a substantial amount of the Ag (NMs or
dissolved species) was remaining in the apical side or in the insert pores.

Interference between the tested NM and the assay is commonly seen with metallic
NMs. No interference was found between NM-300K and the AB and comet assays (results
not shown). In contrast, interference of NM-300K with the lactate dehydrogenase (LDH)
assay was found after analysis of the basolateral medium of the exposed ALI cultures
(results not shown), in line with previously reported data [26,90].

5. Conclusions

The advanced 3D lung model with aerosol exposure at the ALI in the VITROCELL®

Cloud chamber was shown to be a promising in vitro model for hazard identification and
characterization of NMs in relation to inhalation exposure. Thus, this work is supporting
the ongoing effort to implement NAMs and advanced in vitro methods for regulatory
purposes and to replace animal studies, in compliance with the 3Rs. This respiratory model
was shown to be compatible with different endpoints—cytotoxicity by the AlamarBlue
assay and genotoxicity by the enzyme-modified version of the comet assay. NM-300K
at the highest concentration tested was shown to be cytotoxic in the monocultures, and
induced DNA strand breaks and oxidized base lesions in the EA.hy926 cells in cocultures.
No interference of NM-300K with the AlamarBlue and comet assay was detected; however,



Nanomaterials 2022, 12, 2609 22 of 26

interference was detected for the LDH assay. Ag NMs were found to be taken up by the
A549 and THP-1 cells, and the deposition efficiency of Ag was measured by ICP-MS to
be 41–56%, which is comparable to the deposition efficiency of fluorescein (53%). A549
cells were found to express surfactant protein, as well as tight junctions. However, the
barrier was not complete, as Ag was found in the basolateral medium, at a comparable level
for both mono- and cocultures, and fluorescein in a substantial amount in the cocultures.
Adding complexity to the model, going from monocultures of lung epithelial cells to
cocultures with endothelial cells or tricultures by further adding immune cells, changed
the sensitivity for exposure to both NM-300K and PBS. This points to the importance of
the development and characterization of advanced multicellular in vitro models when
moving from monolayer cultures of human cells into 3D and from one type of cell into
advanced culture containing several cell types relevant to the organ of interest, as sensitivity
and effects can change. There will always be a question about which is the best model to
predict human effects. The application of human cells is considered to be advantageous, and
advanced 3D models, which are closer to tissue and organ structure, should be more reliable
for toxicity testing in vitro for human hazard assessment. More complex models are more
challenging to work with and will introduce more variation in the data, as expected and
shown by our inter-laboratory comparison study. Thus, detailed and optimized protocols
are important to increase reproducibility and robustness. For NGRA, models that are well
tested, robust, characterized, and standardized for validation are needed. We, therefore,
performed an interlaboratory trial across two labs to characterize the advanced models, test
their robustness, and optimize the protocol, and showed that adding realistic complexity
by including several cell types changed the outcome of the toxicity testing.
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S1.1. Cell cultures 
The formulation of the different types of culture medium is summarized 

in Table S1. The passage numbers used for cells in different culture models 
are summarized in Table S2, and the density of the cell types in Table S3. 

 

Table S1. Cell types and cell media with supplements used for mono-, co- and 
tricultures. DMEM: Dulbecco’s Modified Eagle’s Medium. FBS: Fetal bovine serum, 
hiFBS: heat inactivated FBS (56°C, 30 min), pen/strep: penicillin-streptomycin. RPMI: 
Roswell Park Memorial Institute Medium. 1% pen-strep equals 100 U/mL penicillin and 
100 µg/mL streptomycin. % given as v/v. 

Cell Type 
Cell Media 
Lab 1 

Cell Media 
Lab 2 

 Monoculture 
A549 epithelial 
(ATCC® CCL-185™)  

DMEM (Sigma, D6046)  
+ 9% FBS + 1% pen/strep 

DMEM low glucose (Gibco 31885023)  
+ 10% hiFBS + 1% pen/strep 

EA.hy926 endothelial 
(ATCC® CRL2922™)  

DMEM high glucose with pyruvate and L 
glutamine (Gibco 11995-065)  
+ 9% FBS + 1% pen/strep 

DMEM high glucose (Gibco 11965-092)  
+ 10% hiFBS + 1% pen/strep 

THP-1 monocytes  
(ATCC® TIB-202™)  

RPMI1640 (Gibco, A1049101-01)  
+ 9% hiFBS + 1% pen/strep 

RPMI1640 (Gibco, A1049101-01)  
+ 10% hiFBS + 1% pen/strep 

 Coculture/Triculture 

Coculture: 
A549/EA.hy926 
and 
Triculture:  
A549/EA.hy926/dTHP-1 

Apical side:  
DMEM low glucose  
+ 9% FBS + 1% pen/strep  
   
Basolateral side:  
DMEM high glucose  
+ 9% FBS + 1% pen/strep  
 
ALI conditions basolateral side:  
72 % DMEM high glucose +  
18 % DMEM low glucose +  
9% FBS + 1% pen/strep 

Apical side:  
DMEM low glucose 
+ 10% hiFBS + 1% pen/strep 
 
Basolateral side:  
DMEM high glucose 
+ 10% hiFBS + 1% pen/strep 
 
ALI conditions basolateral side:  
72 % DMEM high glucose +  
18 % DMEM low glucose +  
10% hiFBS + 1% pen/strep 

 

Table S2. Passage numbers of cells applied in the experiments. 

  Monoculture Coculture Triculture 

A549 
Lab 1 4, 5, 6, 9, 13, 15 2, 5, 9, 11, 12, 13, 15 13, 16, 19, 21 
Lab 2 5, 7, 9, 11  13, 15, 17 19, 21, 23, 25 

EA.hy926 
Lab 1 - 3, 5, 7, 8, 9, 10, 12 3, 14, 16, 19 
Lab 2 - 5, 7, 9, 11  13, 15, 17, 19 

THP-1 
Lab 1 - - 6, 9, 12, 15 
Lab 2 - - 5, 8, 11, 14 
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Table S3. Cell seeding densities in advanced lung models on PET 1 µm transwell 
inserts (BD Biosciences, Millipore, Falcon). Constant cell densities were used within 
each experiment. PET: polyethylene terephthalate. 

Cell type Seeding density (cells/cm2) 

 Monoculture Coculture Triculture 
A549   1.1 x 105  1.1 x 105  1.1 x 105  
EA.hy926   - 1.1 x 105  1.1 x 105  
dTHP-1   - - 1.1-2.2 x 105  

 

Table S4. Antibodies and staining for confocal microscopy. 

 Supplier  Dilution 
Primary antibodies Host species   
Anti- Prosurfactant Protein C antibody      rabbit ab90716 Abcam 1:250 
Anti- Zonula Occludens 1 (ZO-1)  rabbit 61-7300 Life technologies 1:250 
Anti- Cd11b mouse AM32402PU-N-Origene 1:200 
Secondary antibodies 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 

Life technologies  1:1000 

Donkey anti-Mouse IgG (H+L) highly cross-adsorbed secondary 
antibody, Alexa Fluor 596 

Life technologies 1:1000 

Nuclei staining 
DAPI Sigma 1:1000 

 

S1.2. NM-300K endotoxin testing  
The HEK endotoxin assay can detect as low as 0.01 EU/mL of endotoxin. 

A 1 unit/mL of endotoxin (EU/mL) is equal approximately 0.1 ng 
endotoxin/mL of solution. When HEK293 transfected with hTLR2 and hTLR4 
were exposed to NM-300K at a concentration of 1 and 10 µg/mL (Fig. S1), 
they released less than 1 unit/mL of endotoxin (EU/mL). This value is 
comparable with the HEK293 hTLRnull used as a negative control. On the 
contrary, HEK293 hTLR2 and hTLR4, showed an extremely high 
concentration of endotoxin released (positive control) when exposed to their 
respective agonists LTA and LPS (Fig. S1, left). Higher dosage of NM-300K is 
not vital for HEK 293 cells (data not shown). HEK293 TLRnull, HEK293 
hTLR2 and hTLR4 viability was measured by AB assay for validation of the 
assay (Fig. S1, right). HEK293 cell viability was affected by transfection of the 
hTLR2 and hTLR4 but this was independent of the chosen concentrations of 
NM-300K. Relative viability (%) was measured by AlamarBlue. The 
fluorescence intensity is proportional to the number of living cells. Cells were 
incubated with a volume of 200 µL/well of respective medium containing 10 
% v/v AB solution (Sigma-Aldrich) at 37°C and 5% CO2 for 1-1.5 h. Four replica 
wells were included per condition. Aliquots of 100 µL were taken from each 
well and transferred into a new 96 well plate to measure the fluorescence 
intensity (ex.530 nm, em.590 nm). HEK293, HEK293 hTLR2 and hTLR4 cells 
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viability was not influenced by 1 and 10 µg/mL NM-300K. A decrease in cell 
viability appears to be dependent by the different cell medium composition more 
than the exposure to NMs.  

 

Figure S1. HEK293 AlamarBlue (AB) and endotoxin test 24 hours postexposure with 
NM-300K. (Left) AB assay: HEK293, HEK293 hTLR2 and hTLR4 cell viability was not 
influenced by 1 and 10 µg/mL NM-300K. (Right) Exposure with NM-300K did not 
show any relevant endotoxin concentration (EU/mL) at a concentration of 1 and 10 
µg/mL. Endotoxin level followed by exposure showed a level comparable to the 
negative control cells (hTLRnull). Note the response of HEK293 hTLR2 and hTLR4 
when exposed to their respective agonist LTA and LPS. Results are presented as mean 
with standard deviation of 4 replica samples. 

 

NM-300K nanoparticles at the concentration of 0.5 and 50 µg/mL was 
also examined for endotoxins with LAL kinetic QCL endotoxin chromogenic 
test (Lonza). LAL assay is extremely sensitive and detect as little as 0.1 EU/mL 
(approx. 0.01 ng endotoxin per mL). No considerable endotoxin 
concentration was detected in any of the nanoparticles and dispersing 
medium analysed.   

NM-300K has a yellow-brown colour with absorbance peak at about 410 
nm (Elje et al 2020) and is likely to interfere with the LAL assay when tested 
at high concentrations, as the assay includes absorbance reading at 405 nm. 
Our results are at low concentrations, thus, endotoxin contamination cannot 
be completely excluded, as the sample could be too diluted and below the 
sensitivity of the test. 
S1.3. Calculation of nominal concentrations for exposure in the VITROCELL® 
system 

The deposition efficiency in the VITROCELL® system was estimated to 
50 % in preliminary experiments (results not shown). This was used for 
calculation of nominal concentrations of NM-300K according to the formulas 
below.  

Stock concentration, undiluted = Cstock = 10 mg/mL = 10 000 µg/mL 
Stock concentration, diluted = Cdiluted = 1 mg/mL = 1000 µg/mL 
Nebulizing volume of sample = Vsample = 300 µL 
Total deposition area = Atotal = 145 cm2 [39] 
Deposition efficiency (DE) = 50 % (preliminary experiments) 
Nominal concentration low = Cnominal low 
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Nominal concentration high = Cnominal high 
 

 

 

 

S1.4. Characterization of NM-300K 
The Ag concentration of NM-300K was measured by ICP-MS at Lab 1, 

and the size distribution of NM-300K was measured by DLS at both 
laboratories. A summary of the overall characterization is given in Table S5. 
DLS results per sample and laboratory are summarized in Tables S6 and S7 
showing the average size of stock dispersion and diluted dispersion (in PBS), 
respectively. The size of NM-300K was similar in stock dispersion and after 
dilution in PBS. For stock dispersions prepared at Lab 1, one dispersion had 
a smaller size compared to the others. No relationship was found between 
mean diameter and delivered energy during sonication (results not shown) 
and is not believed to be the explanation for differences in Z-ave. 

Table S5. Characterization of NM-300K dispersions. Measurements of NM-300K 
stock dispersion with nominal concentration 10 mg/mL performed at Lab 1 and Lab 
2. Ag content in stock was measured by ICP-MS. The dispersion was diluted 1:100 in 
pure water for size (by intensity) and ZP analysis. Presented are mean values with SD 
from three independent experiments (n=3), except for Ag concentration where n=7 
and n=2, and Z-ave (Lab 1) where n=9. DLS: dynamic light scattering, Z-ave: average 
hydrodynamic diameter, PDI: polydispersity index, ZP: zeta potential, ICP-MS: 
inductively coupled plasma mass spectrometry. 

  Lab 1 Lab 2 

Ag content (mg/mL)  
Ag concentration 7.20 ± 0.87 (n=7) - 

Ag < 3 kDa fraction 
0.29 ± 0.01 (n=2) 
3.6 % ± 0.1 % 

- 

DLS 
Z-ave (nm) 130.7 ± 23.2  57.5 ± 5.7  
PDI 0.380 ± 0.037 0.343 ± 0.067 
ZP (mV) -17.1 ± 2.8  - 
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Tab S6: Size distribution of NM-300K diluted 1:100 in ultrapure H2O, measured by 
DLS (by intensity) in two laboratories. A Zetasizer Ultra Red with measurement angle 
174.4° was used at Lab 1, and a Zetasizer Nano ZS with measurement angle 173° was 
used at Lab 2. Results are average of 3-5 steps per sample. The stock ID corresponds 
to Supplementary table 5. 

Laboratory Stock ID Z-Ave PdI 
Main 
peak 

Smaller 
peak 

Larger peak 
Main 
peak 

Smaller 
peak 

Larger 
peak 

  nm a.u. nm nm nm % % % 
Lab 1 Stock1 75.6 0.442 108.4 5.1 4353.0 92.9 1.8 5.3 
Lab 1 Stock2 146.7 0.413 216.8  4570.0 96.9  3.1 
Lab 1 Stock3 137.0 0.387 227.0 6.5  99.6 0.4   
Lab 1 Stock4 136.9 0.402 222.4 18.6 4591.0 95.1 2.6 2.2 
Lab 1 Stock5 128.2 0.388 203.1 10.5  98.6 1.4   
Lab 1 Stock6 115.5 0.354 176.4 18.2  96.4 3.6   
Lab 1 Stock7 146.0 0.370 234.3   100.0    
Lab 1 Stock8 143.2 0.321 211.1  1596.3 99.1  0.9 
Lab 1 Stock9 147.6 0.345 215.0  3247.2 98.1  1.9 
 Average 130.7 0.380 201.6 11.8 3671.5 97.4 2.0 2.7 
 SD 23.2 0.037 38.7 6.4 1284.9 2.3 1.2 1.7 
Lab 2 Stock1 54.4 0.299 81.4 8.0   94.9 5.1   
Lab 2 Stock2 54.0 0.310 80.9 7.8 4566.0 94.4 5.4 0.2 
Lab 2 Stock3 64.1 0.420 103.8 10.6 4288.0 93.1 5.3 1.6 
 Average 57.5 0.343 88.7 8.8 4427.0 94.1 5.3 0.9 
 SD 5.7 0.067 13.1 1.6 196.6 0.9 0.2 1.0 

 

 

Table S7 Size distribution of NM-300K diluted 1:100-1:10 in PBS, measured by DLS 
(by intensity) in two laboratories. A Zetasizer Ultra Red with measurement angle 
174.4° was used at Lab 1, and a Zetasizer Nano ZS with measurement angle 173° was 
used at Lab 2. Results are average of 3-5 steps per sample. The stock ID corresponds 
to Table S4. 

Laboratory Stock ID Z-Ave PdI 
Main 
peak 

Smaller 
peak 

Larger 
peak 

Main 
peak 

Smaller 
peak 

Larger 
peak 

  nm a.u. nm nm nm % % % 
Lab 1 Stock1 76.0 0.434 117.4 1653.2 2451.4 91.3 2.9 5.8 
Lab 1 Stock8 144.5 0.359 224.0 0.0 1218.0 97.5 0.0 2.5 
Lab 1 Stock9 151.4 0.368 230.3 1231.7 1572.3 96.7 2.5 0.7 
Lab 2 Stock1 57.4 0.298 84.7 8.2 4694.0 96.0 3.8 0.2 
Lab 2 Stock2 60.9 0.382 92.4 9.6 4285.0 97.2 1.4 1.2 
Lab 2 Stock3 69.0 0.427 114.1 8.4 3591.0 93.9 2.2 3.9 
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S1.5. Stability of NM-300K in physiological buffers 
To compare the stability of NM-300K in different buffers to use in the cloud 
system, the NM-300K was diluted 1:10 in pure water, PBS and HBSS with 
and without CaCl2 and MgCl2, before dilution 1:10 in pure water and 
measurement of hydrodynamic diameter by DLS. The NMs were stable in 
size upon dilution in different buffers (Table S8).  

Table S8. Characterization of hydrodynamic diameter by DLS of NM-300K in 
different buffers (Lab 1). Results are shown as mean with SD of n=3 independent 
experiments. *n=2. PBS: Phosphate buffered saline. HBSS: Hank’s balanced salt 
solution.   -, without CaCl2 and MgCl2. +, with CaCl2 and MgCl2. PDI, polydispersity 
index. 

 Pure water PBS - PBS + (*) HBSS - HBSS + 

Z-ave (nm) 128.5 ± 30.7 123.9 ± 41.8 129.3 ± 33.7 120.6 ± 44.7 122.0 ± 42.9 

PDI (nm) 0.359 ± 0.075 0.385 ± 0.037 0.294 ± 0.062 0.435 ± 0.150 0.388 ± 0.057 

 

S1.6. AlamarBlue assay on cultures exposed to different physiological buffer 
solutions 

The relative cell viability of A549 and EA.hy926 cells in cocultures after 
exposure to aerosolized buffers, was investigated by the AlamarBlue assay. 
Results are shown in Fig. S2 and explained in the main document. 

Figure S2. Relative viability measured by the AlamarBlue assay in A549/EA.hy926 
cocultures exposed to buffer solutions at the air-liquid interface (ALI), performed at 
Lab 1 (left image) and Lab 2 (right image). The viability of A549 cells in cocultures was 
decreased after buffer exposure. Results are shown as mean with standard deviation 
(SD) of 3 independent experiments, each with duplicate cell culture inserts. 
Statistically significant differences compared to PBS were analyzed by ordinary one-
way ANOVA with multiple comparisons post-test Dunnet´s, and are indicated by * p 
<0.5, ** p<0.1, and *** p<0.01. NC: negative control (incubator control), PBS: phosphate 
buffered saline, HBSS: Hanks’ balanced saline solution, DMEM: Dulbecco’s modified 
Eagle medium, +: with CaCl2/MgCl2. 
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Abstract: For the next-generation risk assessment (NGRA) of chemicals and nanomaterials, new
approach methodologies (NAMs) are needed for hazard assessment in compliance with the 3R’s
to reduce, replace and refine animal experiments. This study aimed to establish and characterize
an advanced respiratory model consisting of human epithelial bronchial BEAS-2B cells cultivated
at the air–liquid interface (ALI), both as monocultures and in cocultures with human endothelial
EA.hy926 cells. The performance of the bronchial models was compared to a commonly used alveolar
model consisting of A549 in monoculture and in coculture with EA.hy926 cells. The cells were
exposed at the ALI to nanosilver (NM-300K) in the VITROCELL® Cloud. After 24 h, cellular viability
(alamarBlue assay), inflammatory response (enzyme-linked immunosorbent assay), DNA damage
(enzyme-modified comet assay), and chromosomal damage (cytokinesis-block micronucleus assay)
were measured. Cytotoxicity and genotoxicity induced by NM-300K were dependent on both the
cell types and model, where BEAS-2B in monocultures had the highest sensitivity in terms of cell
viability and DNA strand breaks. This study indicates that the four ALI lung models have different
sensitivities to NM-300K exposure and brings important knowledge for the further development
of advanced 3D respiratory in vitro models for the most reliable human hazard assessment based
on NAMs.

Keywords: NAMs—new approach methodologies; ALI—air–liquid interface; genotoxicity; BEAS-2B;
A549; NM-300K; DNA damage; chromosomal damage; cytokines

1. Introduction

The production and usage of nanomaterials (NMs) are rising, increasing the risk of
human exposure. Inhalation is the most important exposure route for airborne nanoma-
terials (NMs) and particulate matter (PM) in humans, making the respiratory system a
first-target organ [1]. The respiratory tract consists of the tracheobronchial region leading
into the alveolar region, where gas exchange with blood occurs across the thin lung–blood
barrier (0.4 µm) [1,2]. Besides gas exchange, a main function of the lower respiratory tract
is defense against inhaled toxicants [1]. Interaction with and deposition of inhaled NMs
are likely to occur in the bronchial and alveolar region. Particle deposition is dependent
upon the NMs’ physicochemical properties, such as size and solubility [2].

NMs and their dissolved compounds can cause primary effects in the respiratory
system, or secondary circulatory effects after crossing the lung–blood barrier and taken
up in the blood. A human study has shown the translocation of inhaled gold NM or
its dissolved species into the circulatory system and accumulation at sites of vascular
disease [3]. Gold was detected in blood and urine up to three months after inhalation
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exposure to gold NMs [3,4]. Translocation of silver NMs has been seen in in vivo studies in
rodents [5].

In order to comply with the 3R´s principle to reduce, refine and replace animal
experiments, new advanced in vitro models are developed to better simulate the complexity
of human lungs. Reliable in vitro models of the airway system are of critical importance
for the risk assessment and governance of NMs and other environmental pollutants [6,7].
Human cells cultured on a microporous membrane at the air–liquid interface (ALI) with cell
culture medium only at the basolateral side, represent a highly relevant model for inhalation
toxicity studies [8]. Human lung cell lines such as A549 and BEAS-2B are commonly used as
model cells in respiratory toxicology. A549 cells are alveolar type-II carcinoma cells, while
BEAS-2B cells are immortalized cells from normal human bronchial epithelia. Both A549
and BEAS-2B cells form monolayers when cultivated at the ALI [9,10]. In order to further
advance the models, cocultures with other cell types, such as macrophages, dendritic cells,
or endothelial cells, can be established. The ALI exposure model aims to better mimic the
physiology of the respiratory system and is regarded as a more relevant in vitro model
compared to submerged exposure. Aerosolized exposure to the particles on top of the cells
introduces less changes in the physicochemical properties of the test substance compared
with submerged exposure [8].

Inhalation exposure to NMs, PM or other compounds may lead to adverse human
effects. Genotoxicity is a critical endpoint in the hazard assessment of chemicals, including
NMs, and should be assessed both at the level of DNA/genes and chromosomes. The
comet assay is a widely used assay for determining DNA damage as DNA strand breaks
(SBs), and as oxidized or alkylated bases by the inclusion of a repair enzyme such as
formamidopyrimidine DNA glycosylase (Fpg) [11]. For the detection of chromosomal
damage, the most-used test is the micronucleus assay (OECD test guideline 487), which
detects the formation of micronuclei from chromosomes, chromatid fragments or whole
chromosomes that lag behind in cell division [12,13]. So far, a very limited number of
studies have addressed several genotoxicity endpoints in ALI models. Our approach,
combining advanced and more physiologically relevant in vitro respiratory models and
exposure systems with genotoxicity testing (by both comet and micronucleus assays), will
support the hazard characterization of NMs for risk assessment and safe use.

NMs can induce DNA damage by direct contact with DNA, or indirectly via NM-
induced oxidative stress or intermediate molecules and processes in cells (primary genotox-
icity). Secondary genotoxicity can be driven by an inflammatory response [14]. The airway
epithelium is an integrated part of the inflammatory defense response after inhalation ex-
posure to toxicants. Pro-inflammatory cytokines are considered biomarkers of NM-induced
toxicity and can be linked with adverse effects. The pro-inflammatory cytokines IL-6 and
IL-8 are among the cytokines predominately secreted by monocytes, and both are coupled
to lung injury and considered biomarkers of lung disease [15–17]. IL-8 can also act as a
chemokine [17]. The bronchial epithelium serves as a first-line defense system against
inhaled pathogens mainly by the release of chemokines, such as IL-8 [18]. The cytokines
IL-6 and IL-8 have been shown to be secreted by airway epithelial, including BEAS-2B cells,
and endothelial cells and be involved in lung inflammation responses [18–21]. IL-6 has
been shown to be released from BEAS-2B cells after exposure to particulate matter below 1
µm in size (PM1), and both IL-6 and IL-8 were induced in BEAS-2B cells after exposure to
the PM2.5 fraction [22,23]. Endothelial EA.hy926 cells were shown to release IL-6 and IL-8
after exposure to silica NMs [19].

The A549 cell line has frequently been used in coculture lung models and has been
shown to be useful in a range of applications for hazard assessment of NMs [24–35].
The non-cancerous origin of BEAS-2B cells may make the cell line more relevant for use
in risk governance of NMs, particularly as a bronchial respiratory model. Coculture
models with BEAS-2B in ALI conditions for hazard assessment are, however, much less
characterized than those with A549. The main aim of this study was to characterize
an advanced respiratory model with BEAS-2B bronchial cells cultivated in ALI models,
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after exposure to an aerosolized reference silver NM, NM-300K. The cells were cultivated
both as monocultures and in cocultures with human endothelial EA.hy926 cells. Cells
from ALI cultures were analyzed for cytokine secretion, cytotoxicity, barrier integrity,
DNA damage by the comet assay and chromosomal damage by the cytokinesis-block
micronucleus assay. Importantly, the responses obtained with the bronchial BEAS-2B model
were compared with the A549 alveolar model. The experimental design brilliantly allows
for the comprehensive analysis of several endpoints from the same sample, facilitating
increased throughput, better comparability, reduced costs, and sustainability by design to
support the development of new approach methodologies (NAMs) and next-generation
risk assessment (NGRA) of NMs.

2. Materials and Methods
2.1. Experimental Design

An experimental design combining the analysis of several endpoints from the same
sample was developed. The same inserts with cells at the ALI were used for the analysis of
cytokine secretion in basolateral media (enzyme-linked immunosorbent assay, ELISA), Ag
permeation (inductively coupled plasma mass spectrometry, ICP-MS), cell viability (alamar-
Blue assay), cell proliferation, DNA damage and oxidized base lesions (enzyme modified
version of the comet assay), and chromosomal damage (micronucleus assay) (Figure 1).
In parallel, additional experiments on ALI cultures were included to further characterize
the models, and experiments with traditional submerged cultures were performed for
comparisons. For each exposure condition, 1–2 culture inserts were included from both
mono- and cocultures, and at least 3 independent experiments were performed, in order to
allow for appropriate biological variation to be included in the results and analysis.
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2.2. Nanomaterials

The Ag NM NM-300K is listed on the representative manufactured NMs list of the
European Commission Joint Research Centre (JRC, Brussels, Belgium) and was selected
for this study based on its toxicity in our previous work [36–39]. NM-300K was provided
by the Fraunhofer Institute for Molecular Biology and Applied Ecology (Schmallenberg,
Germany). NM-300K is a silver colloidal dispersion with a nominal silver content of 10%
w/w. The NMs were dispersed in an aqueous solution with stabilizing agents, consisting
of 4% w/w each of polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan
mono-laurate (Tween 20). The pristine diameter of NM-300K is about 15 nm, and the size
distribution is narrow, where >99% of particles (by number) have a size below 20 nm. A
second peak of smaller NMs of about 5 nm has also been reported. The majority of the
NMs have a spherical shape [40].

Dispersed NMs were received in vials of approximately 2.0 g each, sealed under argon.
The vials were stored at room temperature (RT) in the dark before use. The dispersion
medium, NM-300K DIS, contained the aqueous solution with stabilizing agents at the same
concentrations as NM-300K, but without Ag. This was used as a solvent control.

2.3. Nanomaterial Dispersion and Characterization

Stock dispersions of NM-300K were prepared in accordance with the Nanogenotox
protocol [41]. The original vial of NM-300K was vortexed (>10 s), before approximately 1 g
was added to a scintillation vial (Wheaton Industries, Millville, NJ, USA). To this, water
with 0.05% bovine serum albumin (BSA) was added to yield a final nominal concentration
of 10 mg/mL Ag-NMs, in order to obtain a high enough concentration of Ag-NMs in
the ALI exposure system. The total Ag and dissolved Ag species (<3 kDa fraction) were
measured from the same samples in Camassa and Elje et al. (2022), revealing a silver
concentration of 7.2 ± 0.9 mg/mL with 3.6 ± 0.1% dissolved silver species [39].

The dispersion was sonicated in an ice bath using a calibrated Q500 sonicator with a
6 mm microtip probe (Qsonica L.L.C, Newtown, CT, USA), with amplitudes of 30–40% for 7–
13 min. The energy output of the sample was 1030–1285 J/mL dispersion (n = 10), similarly
to what is recommended by the Nanogenotox protocol (1176 J/mL [41]). Additional stock
dispersions were sonicated using lower energy (95–720 J/mL, n = 5), and were included in
the study as similar results were seen compared with the other dispersions. The NM stock
dispersions were kept on ice for 10 min before use, to let the NMs settle. Before use, the
vial was vortexed for approximately 10 s. The dispersion was kept on ice throughout the
experiment. The dispersion medium NM-300K DIS (without Ag) was prepared following
the same protocol as that for NM-300K.

The NMs were previously tested for endotoxins, with endotoxin contents below the
limit of detection [39]. Stock dispersions for use in the submerged exposure experiments
were diluted to 2.56 mg/mL in BSA-water before further dilution in culture medium
(Section 2.4) in order to ensure consistency with other studies on the same NM.

2.4. Physicochemical Characterization of Nanomaterials in Dispersion

NM-300K was subjected to measurement of hydrodynamic diameter and zeta potential
in a Zetasizer Ultra Red (Malvern Panalytical Ltd., Malvern, United Kingdom) immediately
after preparation and after 24 h. The hydrodynamic diameter was determined using
dynamic light scattering (DLS) by the particles in suspension. The measured particle size
is the diameter of a sphere that diffuses at the same speed as the particle being measured,
which is determined by measuring the Brownian motion of the particles by DLS and then
interpreting the size using the Stokes–Einstein equation.

The NM stock dispersion was vortexed and diluted 1:100 in sterile filtered MilliQ
water, and a 1 mL dispersion was transferred to a disposable cuvette (DTS0012) for size
analysis. The hydrodynamic diameter was measured by non-invasive back scatter at 174.7◦

with 3–5 steps. Analysis was performed at 25 ◦C with 120 s equilibration time, automatic
attenuation, and no pause between steps. Data were processed in the ZS Explorer software
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(version 2.0.0.98, Malvern Panalytical Ltd.), using general purpose model, refractive index
1.59 and absorption 0.01.

Measurement of size distribution of NMs diluted in culture medium was performed
directly after preparation and after 24 h incubation at 37 ◦C, 5% CO2. First, the stock
dispersion was vortexed, and mixed with serum-free LHC-9 medium (article no. 12680013,
ThermoFisher Scientific, Waltham, MA, USA) to give the highest tested concentration
(141 µg/mL or 100 µg/cm2 in submerged exposure). Then, the sample was diluted 1:10
in sterile filtered MilliQ water, transferred to a disposable cuvette and measured as de-
scribed above.

Results were presented as Z-average (Z-ave), which is the intensity-weighted mean
hydrodynamic size of the ensemble collection of particles, the polydispersity index (PDI),
and hydrodynamic diameter (by intensity) of individual peaks in the size distributions.

For zeta potential analysis, the NM stock dispersion was vortexed and diluted 1:100 in
sterile filtered MilliQ water, and 1 mL dispersion was transferred to a pre-wetted disposable
folded capillary cell (DTS1070). The zeta potential was measured at 25 ◦C using mixed-
mode measurement phase analysis light scattering (M3-PALS).

2.5. Cell Culture

BEAS-2B cells, an Ad12-SV40 hybrid virus-transformed human bronchial epithelial
cell line [42,43], were purchased from ATCC (Manassas, VA, USA) (SV40 immortalized,
CRL-9609, LN: 62853911). The cells were cultured in serum-free LHC-9 medium without
supplements, and they were maintained in an incubator with humidified atmosphere at
5% CO2 and at 37 ◦C. The cells were passaged two times a week at 80–85% confluency. To
facilitate detachment, the cells were incubated with trypsin-EDTA (0.25%, Sigma-Aldrich,
Saint-Louis, MO, USA) with polyvinylpyrrolidone (PVP, 0.5% wt/vol) for 3–5 min. Medium
was added, and the suspension was centrifuged to remove the trypsin/PVP before cells
were seeded at 1.3 × 104 cells/cm2 in Corning CellBind® cell culture flasks (Corning,
Corning, NY, USA). The cells were used at passages (P) 3–14 (details in Table S1).

The human alveolar type II lung epithelial A549 cells [44] were provided by ATCC,
and they were cultured in Dulbecco’s Modified Eagle’s Medium, DMEM, with low glucose
(D6046, Sigma-Aldrich) supplemented with 9% v/v fetal bovine serum, FBS (prod.no.
26140079, ThermoFisher Scientific), and 1% v/v penicillin–streptomycin (100 U/mL pen
and 100 µg/mL strep) (catalog no. 15070063, ThermoFisher Scientific). Human endothelial
EA.hy926 cells [45] were provided from ATCC and were cultured in DMEM with high
glucose (catalog no. 11960, ThermoFisher Scientific), supplemented with 9% v/v FBS,
1% v/v penicillin-streptomycin, sodium pyruvate (1 mM) and L glutamine (4 mM). The
cells were maintained in an incubator with a humidified atmosphere at 5% CO2 and at
37 ◦C. The cell lines were passaged two or three times a week at 85–90% confluency, using
phosphate-buffered saline (PBS, catalog no. 14190094, ThermoFisher Scientific) for washing
and semi-dry trypsinization using trypsin-EDTA (0.25%) incubation at 37 ◦C for 3 min. The
cells were seeded at 1.3 × 104 cells/cm2 in standard cell culture flasks. A549 cells were
used at P2–15 and EA.hy926 cells were used at P3–19 (details in Table S1). All cell lines
were regularly tested for mycoplasma contamination and found negative.

2.6. Cell Cultures at the Air–Liquid Interface

The seeding of mono- and cocultures were performed in a similar manner as previously
described [46,47] with some modifications. All cell types, epithelial A549 (P3–15) and BEAS-
2B (P3–14), and endothelial EA.hy926 (P3–16) (details on p numbers in Table S1), were
seeded at a density of 1.1 × 105/cm2. Mono- and cocultures were cultivated on permeable
cell culture inserts in 6-well plates with a porous membrane of polyethylene terephthalate
(PET) with a 1 µm pore diameter. Two insert types were used, with similar properties and
cell attachment results: Millicell (catalog no. MCRP06H48, Sigma-Aldrich) or ThinCert™
(catalog no. 392-0128, Greiner Bio-One, Kremsmünster, Austria). The same insert type was
used for all samples within an experiment.
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First, the basolateral side of the membrane was pre-wetted (dipped in media), and the
insert was placed upside down in the lid of a Falcon 6-well plate for inserts (catalog no.
353502, Corning). Then, 250 µL of EA.hy926 cell suspension was added to the basolateral
side to reach a cell density of 1.1 × 105/cm2. The lid with inserts was gently tilted to all
sides to ensure even distribution of the cell suspension to the whole membrane surface
before incubation for 3.5 h at 37 ◦C, 5% CO2. After incubation, the plate was turned in a
quick movement back to the original position, and 3 mL media (for EA.hy926 cells) was
added to the basolateral side. To the apical side, 1 mL of A549 or BEAS-2B cell suspension
(in their own media) was added to reach a cell density of 1.1 × 105/cm2. Monocultures
of BEAS-2B or A549 were prepared in the same way, where the basolateral compartment
was filled with 3 mL of media without cells. The medium volumes were optimized in
pilot experiments in order to avoid too great a pressure on the cells and the insert. The
cultures were incubated for 2–3 days (48–72 h) to let the cells grow to confluency. Two
days’ incubation was performed only for A549 mono- and cocultures for alamarBlue and
comet assay.

Epithelial and endothelial cells were seeded in their respective media. After 2–3 days
of incubation of mono- and cocultures, the basolateral medium was replaced by 1.5 mL of
fresh media, and the apical media was removed to place the cells in ALI conditions. For
BEAS-2B/EA.hy926 a 1:1 mixture of LHC-9 and DMEM high glucose with supplements
was used in the basolateral compartment, and for A549/EA.hy926 a 1:4 mixture of DMEM
low glucose and DMEM high glucose with supplements was used (Table S2). The mono-
and cocultures were incubated for 20–24 h in order to let the cells adapt to ALI conditions
before exposure (Section 2.7).

2.7. Exposure of ALI Cultures in the VITROCELL® Cloud System

The VITROCELL® Cloud system (6-well format) (VITROCELL®Systems GMBH, Wald-
kirch, Germany), was used for the aerosol exposure of mono- and cocultures at ALI condi-
tions to NM-300K and controls. A small volume of NM dispersion or control solution was
added to the Aeroneb Pro® vibrating membrane nebulizer, which generates a dense cloud
of droplets with a median aerodynamic diameter of 4–6 µm inside an exposure chamber.
After some minutes, the humid aerosol will deposit at the bottom of the exposure chamber
(area 145 cm2) with cell inserts [48].

Aerosol exposure was performed by aerosolizing 2 × 150 µL of sample, followed
by 150 µL PBS (details below), to the mono- and cocultures positioned at ALI in the
VITROCELL® Cloud system at 37 ◦C. After 8 min, the aerosol cloud had settled, and the
chamber was opened to transfer the cell inserts to 6-well plates (Falcon) with 1.5 mL fresh
culture media (for mono- or cocultures). The exposure of ALI cultures was performed in
the same sample order for all experiments: PBS (2 × 150 µL), NM-300K dispersion medium
(2 × 150 µL), NM-300K low concentration (2 × 150 µL of stock dispersion diluted 10× in
PBS or NM-300K dispersion medium), and NM-300K high concentration (2 × 150 µL of
stock dispersion). In order to reduce the amount of NMs left in the nebulizer, all samples
were immediately exposed to additional 150 µL PBS. Thus, all samples were exposed to a
cloud with a total volume of 450 µL. All solutions and dispersions were vortexed directly
before use. The nebulizer was rinsed with PBS between all exposures, and the cloud system
and chamber were wiped with a tissue with ethanol.

The relative amount of nebulized solution that is deposited on top of the cells, the
deposition efficiency, can be measured by comparing the amount of deposited substance
on the insert to the original solution, either by using a fluorescent compound or elemental
analysis. As the deposition efficiency can vary between different nebulizers, the same
nebulizer was used for all experiments in this study. We previously measured the deposition
efficiency of this nebulizer to be 53% [39]. Additionally, the deposition of Ag in NM-300K
was measured giving similar results [39]. This information was used to choose the exposure
volumes needed for achieving the intended nominal concentrations for cell exposure.
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2.8. Positive Control Exposures

Exposure of ALI cultures to positive controls were performed via the basolateral
culture media below the inserts in 6-well plates, for 20–24 h. First, stock solutions were
prepared and stored for use within all experiments before being diluted in sterile filtered
H2O directly before use and further diluted in culture medium. Chlorpromazine hydrochlo-
ride (catalog no. C8138, Sigma-Aldrich) was used as a positive control for cytotoxicity in
the alamarBlue assay, with a stock solution at 5 mM in H2O stored at 4 ◦C and exposure
concentration of 50–100 µM. Mitomycin-C (catalog no. A2190.0002, PanReac AppliChem
[VWR/Avantor]) was used as a positive control for micronuclei induction in the micronu-
cleus assay, with stock solution at 0.2 mg/mL in dimethyl sulfoxide (DMSO) stored at
−20 ◦C, and exposure concentration at 0.15 µg/mL, similarly to Reference [49]. In one ex-
periment with A549/EA.hy926 and BEAS-2B/EA.hy926 cocultures, a higher concentration
(0.30 µg/mL) was additionally included.

2.9. Characterization of the ALI Cultures by Microscopy Analysis

Daily evaluation of cell density and proliferation was performed with a Leica DM-IL
microscope. More detailed characterization was performed by confocal microscopy. For
confocal microscopy, cells in separate culture inserts were stained, fixed, and mounted be-
tween two glass coverslips, as described in Reference [39]. In brief, the plasma membranes
were stained with CellMask Deep Red Plasma Membrane Stain (Invitrogen, 1:750 dilution in
serum-free medium, 15 min at 37 ◦C), and the cells were fixed in formaldehyde (4%, 15 min,
RT), before the nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole, Pro-
Long Gold Antifade reagent with DAPI, ThermoFischer Scientific). Confocal microscopy
was performed using a Zeiss LSM 700 (lasers 405 and 639 nm; objective 40×). Image acqui-
sition and processing were performed with the Zeiss Software ZEN. Z-stack acquisition
was performed with 12–52 µm thickness with 7–53 images for each stack.

2.10. Barrier Function of the ALI Cultures by Elemental Analysis and Fluorescence

The barrier function of the BEAS-2B monocultures and BEAS-2B/EA.hy926 cocul-
tures at the ALI, simulating the human lung–blood barrier, was tested by measuring
the permeation of Ag or a fluorescent hydrophilic molecule into the basolateral medium.
The procedures were performed similarly to as described in Reference [39] for A549 and
A549/EA.hy926 cultures.

The permeation of Ag through the barrier was measured by analyzing the total
Ag in the basolateral medium of the ALI cultures after 20–24 h exposure, and it was
compared with the deposited Ag on empty culture inserts. The basolateral medium was
collected in Eppendorf tubes, stored at −20 ◦C, and used for cytokine analysis by ELISA
(Section 2.11) and Ag analysis by inductively coupled plasma mass spectrometry (ICP-MS).
Culture medium was thawed on ice, vortexed for 10 s and 250–500 µL was transferred to a
Teflon container (18 mL) vial. Sample preparation and ICP-MS analysis was performed as
described in our recent study [39]. The ICP-MS results were analyzed to give the total Ag
mass per insert, which was then divided by the deposited mass (low: 0.8 µg/cm2, high:
6.0 µg/cm2 [39], multiplied by insert area), and multiplied by 100% to give the percentage
of Ag permeation through the ALI cultures.

Breakthrough of fluorescein sodium salt was measured on separate cell cultures in
order to avoid interference between fluorescein and alamarBlue solution. After exposure to
PBS (Section 2.7), 150 µL of fluorescein sodium salt (10 µg/mL in PBS) was nebulized and
deposited on top of the cells for 3.5 min. In parallel, fluorescein was deposited on empty
inserts in order to estimate the maximum leakage through the insert without cells and
on inserts filled with 1 mL PBS in order to measure the maximum deposited fluorescein
in the apical side. The leakage samples were transferred to 6-well plates with 1.5 mL
medium on the basolateral side, and samples for deposition efficiency were transferred to
empty wells. After 22–24 h of incubation, the fluorescence of fluorescein was measured
in the basolateral medium or in apical PBS, related to a seven-point fluorescein standard



Nanomaterials 2023, 13, 407 8 of 27

curve (1.6–50 ng/mL) and blank in the respective medium or PBS. Fluorescence was read
in triplicate (90 µL/well) in a black 96-well plate on a FLUOstar OPTIMA microplate
reader (BMG Labtech, Ortenberg, Germany) with excitation 480 nm and emission 525 nm.
Two independent experiments (n = 2) were performed, each with 1–2 culture inserts for
deposition and breakthrough.

2.11. Cytokine Measurement

The basolateral medium from the exposed mono- and cocultures were transferred to
Eppendorf tubes and frozen at −20 ◦C. The amounts of cytokines present in the basolateral
media was measured by the enzyme-linked immunosorbent assay (ELISA), which is a
commonly used colorimetric immunological assay. The target molecule in the sample will
bind to a specific antibody immobilized at the bottom of the microplate well. Through the
addition of the second antibody, a sandwich complex is formed. A substrate solution binds
to this complex and produces a measurable signal, which is directly proportional to the
concentration of target present in the original sample.

ELISA was performed using kits for the human cytokines IL-6 (prod.no. 88-7066,
Invitrogen) and IL-8 (prod.no. 88-8086, Invitrogen). The manufacturer’s recommended
procedures were followed. The samples were thawed on ice and vortexed before use
and diluted 1–200 times in the assay buffer to fit within the measurement region. A
standard curve was included in all plates. Duplicate measurements from each sample
were performed. Plate washing was performed on a Hydroflex (TECAN, Grödig, Austria)
microplate washer. Absorbance was read at 450 nm on an Infinite 200 Pro M Nano (TECAN)
plate reader.

Potential interference between NM-300K and the performance of the ELISA was
investigated. NM-300K was prepared as described above and diluted in cell culture media
for BEAS-2B cells, A549 cells, or EA.hy926 cells, in order to achieve concentrations of 30, 3
and 0.3 µg/mL. The NMs in media were added to the ELISA plate in duplicates and mixed
with reagent buffer or standard (final concentrations 25 pg/mL IL-6 or 31 pg/mL IL-8)
provided in the kit. Further steps in the assay were run as described for the other samples.

2.12. Cell Viability Assessed by alamarBlue Assay

Cell viability was determined by the alamarBlue assay, which is based on the metabolic
activity of cells and is commonly used for the quantitative analysis of cell viability and
proliferation. The active ingredient in alamarBlue reagent (Sigma-Aldrich) is resazurin,
which is a blue non-toxic, cell-permeable compound with low fluorescence. In living cells,
resazurin is reduced to resorufin which is red and highly fluorescent, and the color change
is detected on a plate reader.

AlamarBlue assay was performed 20–24 h after cell exposure. First, the basolateral me-
dia of ALI cultures was removed and saved for cytokine analysis. For monocultures, 1 mL
alamarBlue reagent 10% v/v in cell culture media was added to the apical compartment,
and 1.5 mL alamarBlue-free media was added to the basolateral compartment. For ALI
cocultures, coculture media with alamarBlue 10% v/v was used in both compartments with
the same volumes as for the monocultures. The plates were incubated for approximately
1 h. The plates were gently swirled to ensure even distribution of the alamarBlue solution,
and 40 µL aliquots were transferred in triplicate to black 96-well plates, before fluorescence
(excitation 530 nm, emission 590 nm) was measured on a FLUOstar OPTIMA microplate
reader. Blank values (alamarBlue medium without cells present) were subtracted from the
fluorescence intensity, which was further normalized by the average measurement of negative
control (incubator control) set to 100% relative viability. Potential interference of NM-300K
with the alamarBlue assay was investigated as described in Supplementary Materials.

2.13. Cell Detachment and Counting

Directly after performing the alamarBlue assay (Section 2.11), both sides of the insert
were washed with PBS. Cells were detached by trypsin-EDTA incubation and subsequent
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mixing/washing of insert. For the apical compartment with BEAS-2B or A549 cells, 300 µL
trypsin-EDTA was used (with PVP for BEAS-2B). For the basolateral compartment, PBS
was used for monocultures and 1–1.5 mL trypsin-EDTA 0.05% (Sigma-Aldrich) was used
for EA.hy926 cells. Inserts were trypsinized for 3–5 min at 37 ◦C, and the apical suspension
was mixed with a pipet to facilitate detachment before medium for each cell type was added
(1 mL in apical side, 3 mL in basolateral side). BEAS-2B cells were centrifuged at 200 g
for 5 min and resuspended in 1 mL fresh culture medium to remove trypsin-EDTA/PVP
which was not neutralized by the serum-free cell culture medium.

The cell suspension was mixed 1:1 with trypan blue (0.4%, Invitrogen) for the staining
of cells with compromised cell membrane. The cells were counted in an automated cell
counter (Countess® C10227, Invitrogen) in order to determine the total number of live cells
and viability (%). The cell density was calculated by dividing the total number of live
cells by the membrane insert area. Immediately after counting, the cell suspensions were
further diluted to approximately 200,000 live cells/mL and used for genotoxicity studies
(Sections 2.14 and 2.15).

2.14. DNA Damage Assessed by the Comet Assay

Cell suspensions from ALI and submerged cultures (Section 2.16) were subjected
to DNA damage evaluation by the enzyme-modified version of the comet assay. Briefly,
in the comet assay, cells are embedded in gels, lysed, and the remaining nucleoids are
subjected to an electrophoretic field. The movement of damaged DNA causes comet
formations, wherein the relative amount of DNA in the comet tail is proportional to the
number of DNASBs.

Reagents used for the comet assay were provided by Sigma-Aldrich unless otherwise
stated. A cell suspension with approximately 10,000 cells in 50 µL was mixed with 200 µL
low melting point (LMP) agarose (0.8% in PBS) in a 96-well plate, yielding a final concen-
tration 0.64% LMP agarose. Mini-gels (10 µL) were placed on coded microscopy slides
precoated with 0.5% standard melting point agarose, and the slides were submerged in lysis
solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% v/v Triton X-100, pH 10, 4 ◦C) overnight.

For the detection of oxidized bases, the bacterial repair enzyme formamidopyrimidine
DNA glycosylase (Fpg, gift from NorGenoTech, Oslo, Norway), which converts oxidized
bases to SBs, was used [11]. After lysis, gels for Fpg treatment were washed twice for 8 min
in buffer F (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8, 4 ◦C), before
being placed in a humid box and covered with Fpg (200 µL/slide) and polyethylene foil.
Fpg incubation was performed for 30 min at 37 ◦C.

All slides were placed in the tank and submerged with electrophoresis solution (0.3 M
NaOH, 1 mM EDTA, pH > 13, 4 ◦C), and DNA was allowed to unwind for 20 min. The
electrophoresis was run for 20 min (25 V, 1.25 V/cm, Consort EV202). Gels were neutralized
in PBS, washed in ultrapure H2O, and air-dried overnight. Staining of DNA was performed
with SYBR gold (1:2000), and scored in Leica DMI 6000 B (Leica Microsystems), equipped
with a SYBR® photographic filter (ThermoFischer Scientific) using the software Comet assay
IV 4.3.1 (Perceptive Instruments, Bury St Edmunds, UK). Comets were scored semi-blindly
by two operators, where all slides within one experiment were scored by the same operator.
Median DNA tail intensity was calculated from 50 comets per gel as a measure of DNA SBs.
Medians were averaged from 2–6 gels per sample per n = 3–7 independent experiments.

Hydrogen peroxide (H2O2) was used as a positive control for DNA SBs. Cells from
negative control inserts were embedded in gels and submerged in 13–100 µM H2O2 in
PBS for 5 min at 4 ◦C. The samples were washed twice for 2 min in PBS (4 ◦C) and
then submerged in a separate Coplin jar of lysis solution. The short time between H2O2
treatment and lysis limits the process of damage repair. The H2O2 exposure experiments
with BEAS-2B ALI mono- and cocultures were conducted by placing all cell types (BEAS-
2B from monoculture, BEAS-2B from coculture, and EA.hy926 cells from coculture) on
the same slide in order to minimize variation. For experiments with submerged cultures
(Section 2.16), all cell types and exposure conditions were placed on the same slide. As a
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negative control for the H2O2 exposure experiments, a separate slide with gels was exposed
to PBS in parallel with H2O2 exposure.

As a positive control for the function of the Fpg enzyme, A549 cells were exposed to a
photosensitizer, Ro 19–8022 (Hoffmann La Roche, Switzerland), and irradiated with visible
light before embedding in gels, as described in Elje et al. 2019 [50]. The photosensitizer
Ro 19-8022 induces with light oxidized purines, mainly 8-oxoG, which is detected by the
Fpg [11]. The function of Fpg was controlled on a regular basis and was not included in all
experiments. The positive control had an expected effect compared to the historical control
data, with a net Fpg (level of SBs + Fpg minus level of SBs) of >20% DNA in tail.

2.15. Chromosomal Damage Assessed by the Cytokinesis-Block Micronucleus Assay

In parallel to the comet assay, cells from ALI cultures were seeded for detection of
chromosomal damage by the cytokinesis-block micronucleus assay. The micronucleus
assay measures the ability of the test substance to induce structural chromosome damage
(clastogenic effect) or numerical chromosome alterations (aneugenic effect). Micronuclei
are formed from chromosome or chromatid fragments or from whole chromosomes that
lag behind in cell division. The addition of the active polymerization inhibitor cytochalasin
B allows for analysis of the micronuclei frequency in cells that have completed one mitosis
after treatment with the test substance, as such cells which are binucleated because the
cytochalasin B prevents the separation of daughter cells after mitosis [13,51].

After the treatment and detachment of cells from ALI cultures, approximately 0.5–1 × 105

cells were seeded on flame-sterilized coverslips placed in 6-well plates with 1.5 mL media
to a final concentration of 6 µg/mL cytochalasin B (prod.no. C6762, Sigma-Aldrich). The
coverslips were incubated with culture media for 1–3 h before adding cells in order to
facilitate cell adhesion. Coverslips and plates used for BEAS-2B cells were first coated
with collagen IV (prod.no. 804592, Sigma-Aldrich). To each well with a coverslip, 1 mL
collagen IV (30 µg/mL) diluted in Hanks’ Balanced Salt solution (HBSS) (prod.no. 14175046,
ThermoFisher Scientific) was added, before overnight incubation at 4 ◦C. The coated plates
were washed with PBS before medium with cells was added. Cells were incubated at 37 ◦C
and 5% CO2 for 26–33 h (1–2 cell cycles). The same incubation time was used for all samples
within the same experiment.

Cells were washed with PBS and fixed with methanol and acetic acid (3:1) in two
steps, first for 15 min at RT, and then for up to 4 days at 4 ◦C. Coverslips were dried in the
fume hood for 3–5 min and mounted on coded standard microscopy slides cleaned with
ethanol, with a drop of the mounting medium ProLong Gold Antifade reagent with DAPI
(ThermoFischer Scientific).

Cells were imaged in Zeiss Imager-Z2 microscope with a Metafer camera (MetaSystems
Hard & Software GmbH, Altlussheim, Germany) and analysis system for micronuclei
scoring. Scoring was performed in a semi-automatic manner, using 10× and 40× objectives.
More details on the system and settings used for scoring can be seen in Section S1.2 in
the Supplementary Materials, including the percentages of analyzed binucleated cells
(Figure S1). The selected settings for scoring and analysis did not identify all binucleated
cells with micronuclei, giving some false negative and false positive cells. Thus, to avoid
this, all identified binucleated cells were manually accepted or rejected, and cells with
possible micronuclei were checked with a 40× objective.

2.16. Statistical Analysis

At least three independent experiments were performed for each test method, unless
otherwise stated. In each experiment, 1–2 parallel culture inserts were included (Table S4).
Results are presented as mean with standard deviation (SD) calculated from the average
results from n experiments. Normal distribution of data was assumed. In order to evaluate
the statistical significance of the results, one-way ANOVA was performed followed by
Dunnett’s multiple comparisons test using GraphPad Prism version 9.3.1 for Windows
(GraphPad Software, San Diego, CA, USA). Results were compared to the PBS control for
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ALI cultures and unexposed control for submerged cells. Fluorescein permeation results
were compared to empty inserts with no cells. Ag permeation results were analyzed by
one-way ANOVA with post-test Sidak to allow for multiple comparisons between low and
high concentrations and between models and empty inserts (16 comparisons in total). The
level of significance was set to p < 0.05. Calculation of EC50 values, the concentration giving
50% response, was performed using non-linear regression analysis with the Hill equation,
in GraphPad Prism. Mathematical calculations were performed in Excel (Microsoft 365).

3. Results
3.1. Nanomaterial Dispersion Quality and Physicochemical Characterization

The hydrodynamic diameter of NM-300K in stock dispersion and diluted in LHC-9
culture medium was measured by DLS directly after preparation and after 24 h (Table 1).
The NMs in stock dispersion had a hydrodynamic diameter (Z-ave) of 149 nm and were
stable in dispersion for 24 h. The size distribution of the NMs had two or three peaks,
where most particles were within the peak with mean size 110–265 nm, and with some
smaller (5–40 nm) and larger (>3000 nm) particles. The zeta potential was −17.1 ± 2.8 mV,
indicating that the NM dispersions were semi-stable.

Table 1. Characterization of NM-300K directly after preparation (T0) and after 24 h (T24h). The
stock dispersion (10 mg/mL) was used for aerosolized exposure and was diluted in LHC-9 culture
medium to make a medium dispersion (141 µg/mL, 100 µg/cm2) for submerged exposure. Results
are presented as mean ± standard deviation or interval (lower value–higher value) from n = 3–15
independent experiments. PDI: polydispersity index, h: hours.

Sample Time Z-Ave (nm) PDI (a.u.) Main Peak
(nm) n

Stock
dispersion

T0 149.3 ± 42.5 0.331 ± 0.062 110–265 15
T24h 129.6 ± 15.4 0.347 ± 0.022 130–147 3

Stock diluted
in medium

T0 378.2 ± 109.8 0.393 ± 0.032 148–280 5
T24h 1838.8 ± 2344.2 0.884 ± 0.739 60–150 5

NM-300K diluted in LHC-9 culture medium had a higher hydrodynamic diameter
than the stock dispersion, with a Z-ave of 378 nm and main peak with slightly higher size
as for stock dispersion. After 24 h, larger NMs were detected in some of the measurements,
giving a Z-ave between 119–5180 nm and a high PDI. Medium without NM-300K had a
Z-ave of 15.4 ± 1.0 nm with PDI 0.349 ± 0.054 (n = 2).

3.2. Characterization of the Advanced Models

The advanced models of BEAS-2B/EA.hy926 and A549/EA.hy926 cells, cultured at
the ALI, were characterized for cell density, viability and barrier integrity. The ALI-cultured
apical cells were moist with a shiny surface, though some cultures occasionally showed a
drier appearance (Figure S2). BEAS-2B cells were grown in dense structures on the porous
membranes, as seen by confocal microscopy (Figure 2A,B). Higher density was observed
for BEAS-2B in coculture with EA.hy926 cells compared to monocultures. Some holes in the
apical cell layers of both mono- and cocultures were observed, and the fewest holes were
seen in A549 cocultures (details not shown). The confocal images of BEAS-2B cells also
indicated slightly higher thickness of the apical cell layer in cocultures, with cells growing in
multilayers, compared to the BEAS-2B cells in monocultures (Figure 2 and Figure S3). Cell
counting after detachment of cells confirmed a higher density of BEAS-2B cells in coculture
compared to BEAS-2B in monocultures, indicating a higher proliferation of the cells in this
condition (Table 2). The opposite result was seen for A549 cells, where the density was
higher in monoculture compared to coculture with EA.hy926 cells. The endothelial cells
had a similar density of both types of cocultures (Table 2) and were growing in a confluent
monolayer (Figure 2C). The collected cells had high viability, though some cells were lost
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during the detachment process and during washing before trypsinization, and some cells
still remained on the insert.
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Figure 2. Confocal images of advanced bronchial BEAS-2B models. Z-stack image series (2D x–y
view and respective side views) showing the distribution of BEAS-2B and EA.hy926 cells on the
opposite sides of a transwell membrane insert (arrow). (A) BEAS-2B cells in monocultures (z-stack
thickness 12 µm). (B) BEAS-2B cells in cocultures (z-stack thickness 52 µm). (C) EA.hy 926 cells in
cocultures (z-stack thickness 52 µm). Red: cellular membranes stained with Cell Mask red dye; blue:
nuclei counterstained with DAPI. Magnification: 40×. Scale bars 50 µm.

Table 2. Number of live cells, cell density and cell viability from ALI cultures at the end of the
cultivation period, evaluated by cell counting with trypan blue staining after detaching the cells
from the inserts. Results are presented as mean with standard deviation (SD) from 2–3 independent
experiments (n) and 2–7 replica culture inserts in each experiment. ALI: air–liquid interface.

ALI Model Cell Line Live Cells
(×106)

Cell Density
(×105/cm2)

Viability
(%) n

BEAS-2B

Monoculture BEAS-2B 2.9 ± 0.3 6.8 ± 0.8 95 ± 2 2

Coculture
BEAS-2B 4.7 ± 0.6 11.1 ± 1.4 97 ± 1 2
EA.hy926 0.9 ± 0.3 1.6 ± 0.4 83 ± 15 3

A549
Monoculture A549 2.4 ± 0.7 5.7 ± 1.5 97 ± 2 2

Coculture
A549 1.4 ± 0.8 3.3 ± 1.9 94 ± 4 2

EA.hy926 0.8 ± 0.1 1.8 ± 0.1 93 ± 3 2

The barrier integrity of the advanced models was investigated by measuring the
permeation of the water-soluble fluorescein sodium salt and Ag (NMs or dissolved species)
from NM-300K after aerosol exposure through the cellular layer by quantification in the
basolateral media after 24 h (Table 3). A high permeation of fluorescein, at the same level
as empty inserts without cells, was found in BEAS-2B/EA.hy926 cocultures (70%) (Table 3).
Strongly reduced fluorescein permeation was seen in BEAS-2B monocultures (20%) and in
A549/EA.hy926 cocultures (9%). No difference was seen in the permeation of fluorescein
between incubator control and PBS-exposed cultures.
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Table 3. Comparison of the barrier integrity of mono- and cocultures of BEAS-2B/EA.hy926 and
A549/EA.hy926 cells, by measurement of fluorescein sodium salt and Ag permeation. Results
are presented as mean permeation with SD of n = 2–3 independent experiments with single or
duplicate inserts. Permeation is presented as the basolateral concentration (µM) and as the basolateral
concentration relative to the deposited apical concentration (%). Results for A549/EA.hy926 cultures
are based on our previous publication [39]. NC: negative control. PBS: phosphate-buffered saline,
NM-300K DIS: dispersant control, NM-300K low: nominal 1 µg/cm2, NM-300K high: nominal
10 µg/cm2.

Fluorescein or Ag Permeation

Experiment
Type Treatment

BEAS-2B/EA.hy926 Cultures A549/EA.hy926 Cultures *
Empty Inserts

Monoculture Coculture Monoculture Coculture

Fluorescein (%
of deposited

apical
concentration)

NC 21 ± 2% (n = 2) a 69 ± 2% (n = 2) - -

74 ± 11% (n = 2)
PBS 22 ± 1% (n = 2) a 71 ± 7% (n = 2) - 9 ± 5% (n = 3) a

Ag (µM and %
of deposited

apical
concentration) b

NM-300K DIS 0.017 ± 0.003 µM
(n = 2)

0.026 ± 0.013
µM (n = 2)

0.069 ± 0.025
µM (n = 2)

0.030 ± 0.017
µM (n = 2) -

NM-300K low 11.9 ± 1.5 µM
57.1% (n = 3) c,d

7.7 ± 1.3 µM
37.1% (n = 3) e

1.9 ± 0.6 µM
8.1% (n = 2) f

3.3 ± 0.6 µM
14.3% (n = 2) f -

NM-300K
high

11.9 ± 0.4 µM
7.7% (n = 3)

8.3 ± 2.2 µM
5.3% (n = 3) e

14.5 ± 1.4 µM
8.7% (n = 3)

15.4 ± 1.3 µM
9.2% (n = 2)

11.40 ± 0.03 µM
7% (n = 2)

* Results on A549/EA.hy926 cultures are based on [39]. a Statistically significant difference from empty inserts,
evaluated by one-way ANOVA with post-test Dunnett (p < 0.05). b Ag permeation results were analyzed by
one-way ANOVA with post-test Sidak (p < 0.05). A total of 16 comparisons were made: between low and high
concentration for each model, low and low concentration for BEAS-2B and A549 monocultures, high and high
concentration for BEAS-2B and A549 monocultures, low and low concentration for BEAS-2B and A549 cocultures,
high and high concentration for BEAS-2B monocultures and A549 cocultures, and high concentration for all
models and empty inserts. c Statistically significant difference from BEAS-2B coculture at the same concentration.
d Statistically significant difference from A549 monoculture at the same concentration. e Statistically significant
difference from A549 coculture at the same concentration. f Statistically significant difference from the same model
at high concentration.

The permeation of Ag was higher in BEAS-2B monocultures compared with cocultures
(Table 3). This difference was highest after exposure to the low concentration of NM-300K,
giving a permeation of 57% in monocultures and 37% in cocultures. In the basolateral
medium of cultures exposed to the high concentration of NM-300K, the Ag concentrations
of both mono- and cocultures were similar to the maximum permeation through empty
inserts (11 µM) (no statistically significant difference by one-way ANOVA with post-test
Sidak, p > 0.05). The barrier integrity of A549 cultures differed from the BEAS-2B cultures.
A slightly higher Ag permeation was seen after exposure to low concentration of NM-300K
in A549 cocultures (14%) compared to monocultures (8%) although the difference was not
statistically significant. However, the permeability of both A549 mono- and cocultures
was lower than for BEAS-2B mono- and cocultures (p < 0.05). After exposure to the high
concentration of NM-300K, similar results were seen for both A549 and BEAS-2B models,
where the permeability was about the same as for the maximum permeation through empty
inserts (p > 0.05). A low concentration of Ag was found in the basolateral medium of
cultures exposed to NM-300K DIS, and the concentration was similar for all models.

3.3. Toxic Responses after NM-300K Exposure in Advanced Respiratory BEAS-2B or A549 Models
3.3.1. Cytotoxicity

The mono- and cocultures of BEAS-2B/EA.hy926 or A549/EA.hy926 cells were ex-
posed to aerosolized NM-300K and control solutions in the VITROCELL® Cloud. After
20–24 h, cytotoxicity was investigated by the alamarBlue assay following the experimental
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design in Figure 1. The measured deposited concentrations of NM-300K (low and high),
with nominal concentrations 1 and 10 µg/cm2, were measured in our recent study to be 0.8
and 6.0 µg/cm2, respectively [39].

Cell viability is presented relative to incubator control (NC, set to 100%) and statisti-
cally analyzed against the PBS control. A reduction in the relative cell viability was seen
after NM-300K exposure at high concentration in BEAS-2B monocultures (57%, Figure 3A),
but not in the cocultures compared with the PBS exposure control. The viability of BEAS-2B
cells in cocultures was significantly reduced after aerosol exposure to PBS, with a relative
viability of 67%, compared with the incubator control. This effect of PBS was not seen in
the monocultures (Figure 3B). The viability of cells exposed to NM-300K DIS was similar
to that of cells exposed to PBS, in both models. The viability of EA.hy926 cells was not
affected by aerosol exposure to NM-300K or PBS. The positive control, 50–100 µM chlorpro-
mazine hydrochloride in basolateral media, strongly reduced the viability in all cultures,
as expected.
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Figure 3. Relative cell viability of BEAS-2B and EA.hy926 cells after exposure to aerosolized NM-300K
and control solutions at the air–liquid interface, evaluated by alamarBlue assay. The response of cells
in monocultures (A) was different compared to cocultures (B). Cell viability is presented relative to
NC, which is set to 100%. Results are presented as the mean with standard deviation from n= 5–7
(A) and n = 4 (B) independent experiments (where the results from each experiment are averaged in
the case of two replica inserts). Statistically significant different effects on cell viability compared to
control inserts with PBS-exposed cells were analyzed by one-way ANOVA followed by Dunnett´s
post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). NC: negative control, PBS: phosphate-buffered
saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 µg/cm2, NM-300K high: nominal
10 µg/cm2, PC: positive control (chlorpromazine hydrochloride 50–100 µM in basolateral medium
for 24 h).

Similar results as with the BEAS-2B models were seen with A549 monocultures and
A549/EA.hy926 cocultures after NM-300K exposure (Table 4, details in [39]). The viability
of EA.hy926 cells was reduced after aerosol exposure when in coculture with A549 but not
with BEAS-2B (Table 4).
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Table 4. Comparison of the relative cell viability in bronchial BEAS-2B and alveolar A549 advanced
models after aerosol exposure to PBS and NM-300K. Results are presented as the mean relative cell
viability (compared to NC, set to 100%) with standard deviation from 4–9 independent experiments
(n), each with 1–2 replica culture inserts. Statistically significant differences compared to control
exposed to PBS were analyzed by one-way ANOVA with Dunnett´s multiple comparisons post-test,
and they are indicated by * p < 0.05. Data for A549 mono- and cocultures are based on our results
from [39]. NC: negative control, PBS: phosphate-buffered saline, NM-300K low: nominal 1 µg/cm2,
NM-300K high: nominal 10 µg/cm2.

Relative Cell Viability (%)

BEAS-2B/EA.hy926 Cultures A549/EA.hy926 Cultures a

Monoculture Coculture Monoculture a Coculture a

Treatment BEAS-2B BEAS-2B EA.hy926 A549 a A549 a EA.hy926 a

NC 100 ± 0 100 ± 0 * 100 ± 0 100 ± 0 100 ± 0 100 ± 0
PBS 91 ± 9 67 ± 17 94 ± 10 93 ± 23 62 ± 22 69 ± 19

NM-300K low 92 ± 15 85 ± 21 81 ± 34 72 ± 13 57 ± 20 67 ± 21
NM-300K high 57 ± 2 * 60 ± 8 100 ± 9 59 ± 26 59 ± 29 68 ± 21

n 5–8 4 4 6–9 4–5 4–5
a Data based on the results from [39].

For the comparison of the new advanced models with the corresponding traditional
cell models, the cytotoxicity of NM-300K was also tested with submerged exposure of
monocultured cells by alamarBlue assay. NM-300K was cytotoxic in BEAS-2B cells at
concentrations above 10 µg/cm2 and at 10 µg/cm2 for submerged and ALI exposure,
respectively (Figure 3 and Figure S4). BEAS-2B cells were more sensitive to NM-300K
exposure compared to A549 and EA.hy926 cells in submerged conditions (Figure S4 and
Table S5, [52,53]). No interference with the alamarBlue assay was detected for NM-300K
(Figure S5).

3.3.2. Secretion of Pro-Inflammatory Cytokines IL-6 and IL-8

Upon NM exposure, pro-inflammatory cytokines can be secreted by the airway ep-
ithelium and endothelium in order activate the immune system. The concentrations of the
pro-inflammatory cytokines IL-6 and IL-8 secreted from the ALI cultures into the basolateral
medium during exposure were measured by ELISA. The results are presented as absolute
concentrations (Figure 4 and Tables S6 and S7) and relative to NC (Figure S6).

An apparent trend towards increased levels of IL-8 was seen after NM-300K exposure
in all cell models; however, a statistically significant increase was measured only for
BEAS-2B in mono- and coculture for the lowest concentration of NM-300K compared with
untreated incubator control. A similar effect was seen on IL-6 levels in BEAS-2B cocultures
only. In BEAS-2B mono- and cocultures, the concentrations of both IL-6 and IL-8 were
higher for low-concentration NM-300K compared with the high concentration. There
was a significant effect of PBS exposure on the levels of IL-6 in monocultures of BEAS-2B
compared to NC (Figure 4 and Figure S6).

IL-6 and IL-8 concentrations were found to be higher (3× and 9×, respectively) in
cocultures of BEAS-2B/EA.hy926 compared with BEAS-2B monocultures (Figure 4 and
Tables S6 and S7). For the monocultures, the increase in IL-6 was about the same for
low-concentration NM-300K and NM-300K DIS. However, no increase was detected after
exposure to the high concentration of NM-300K, for which the concentrations of NM-
300K DIS was matching. For the A549 models, the level of IL-8 was about 4× higher in
monocultures than in cocultures. For IL-6 level, there was no difference between mono-
and cocultures of A549 cells. No interference between the NM-300K and the assay was
found (Figure S7).
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Figure 4. Concentrations of IL-6 and IL-8 in mono- and cocultures of BEAS-2B/EA.hy926 cells (top
panel) and A549/EA.hy926 cells (bottom panel) after exposure to aerosolized NM-300K and control
solutions at the air–liquid interface, evaluated by ELISA. Results are presented as the mean with
standard deviation from single or duplicate inserts from n = 2–6 independent experiments (n = 6 for
BEAS-2B monocultures, n = 3 for BEAS-2B/EA.hy926 cocultures and A549 monocultures, and n = 2
for A549/EA.hy926 cocultures). Statistically significant different effects on cytokine concentration
compared to the negative control inserts with PBS-exposed cells (PBS) were analyzed by one-way
ANOVA followed by Dunnett´s post-hoc test (* p < 0.05, *** p < 0.001). NC: negative control, PBS:
phosphate-buffered saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 µg/cm2,
NM-300K high: nominal 10 µg/cm2.

3.3.3. Genotoxicity by DNA and Chromosomal Damage in ALI Cultures

After viability analysis by alamarBlue assay and cytokine secretion analysis by ELISA,
cells from the same samples were analyzed for DNA damage by the comet assay and
cytokinesis-block micronucleus assay.

Different sensitivities on induction of DNA SBs and oxidized base lesions after expo-
sure to NM-300K were measured by the enzyme-modified comet assay when comparing
the different cell types and models. NM-300K exposure at low concentrations induced an
increase in DNA SBs and SBs + Fpg in BEAS-2B cells in monoculture, with 26 ± 18% DNA
in the tail (Figure 5A), but no effect in cocultures (Figure 5B). No significant effect was
measured in BEAS-2B or in EA.hy926 cells (Figure 5) after exposure to high-concentration
NM-300K. The levels of DNA SBs were similar in the incubator control (NC) and in samples
exposed to PBS. No effect of NM-300K DIS was seen. However, the background of DNA
SBs (in NC) was slightly higher in BEAS-2B cells from cocultures (5.9 ± 3.6% DNA in
tail, n = 3) compared with monocultures (1.4 ± 1.6% DNA in tail, n = 6). For comparison,
submerged NM300-K exposure of BEAS-2B cells did not induce any genotoxicity, as an
increase in SBs was detected only at cytotoxic concentrations (from 10 µg/cm2) (Figure S8).
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Figure 5. DNA damage by strand breaks (SBs) and oxidized base lesions (Fpg) of BEAS-2B and
EA.hy926 cells after exposure to aerosolized NM-300K and control solutions at the air–liquid interface,
evaluated by the comet assay. The response of cells in monocultures (A) was different compared with
cocultures (B,C). Results are presented as the mean with standard deviation from single or duplicate
inserts from n = 3–6 (A), n = 3 (B), and n = 4 (C) independent experiments. Statistically significant
different effects on DNA damage compared to control inserts with PBS-exposed cells (PBS) were
analyzed by one-way ANOVA followed by Dunnett´s post-hoc test (** p < 0.01, *** p < 0.001). NC:
negative control, PBS: phosphate-buffered saline, NM-300K DIS: dispersant control, NM-300K low:
nominal 1 µg/cm2, NM-300K high: nominal 10 µg/cm2.

H2O2 exposure induced a concentration-related induction of SBs in BEAS-2B cells
from monocultures and EA.hy926 cells from cocultures (Figure 6 and Table 5). BEAS-
2B cells in cocultures were found to be more sensitive, with a high level of SBs also at
the lowest concentrations of H2O2 (80 ± 11% DNA in tail at 13 µM H2O2). Different
media compositions were used in the BEAS-2B monocultures (LHC-9) and in the BEAS-
2B/EA.hy926 cocultures (DMEM and LHC-9, 1:1). In submerged cells, which showed less
sensitivity to H2O2 exposure than ALI cultures, the different media compositions did not
affect the viability (Figure S9) or H2O2 sensitivity (Table 5 and Figure S10). Cells from A549
mono- and cocultures had a high response to 100 µM H2O2, as expected, and only one
concentration was tested.
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Figure 6. DNA damage by strand breaks (SBs) in BEAS-2B and EA.hy926 cells after exposure to H2O2

in gels, evaluated by the comet assay. Cells from unexposed inserts of (A) BEAS-2B monocultures
and (B) BEAS-2B/EA.hy926 cocultures were embedded in gels before H2O2 exposure. Results are
presented as the mean with standard deviation from single or duplicate inserts from n = 7 (A)
and n = 3 (B) independent experiments. Statistically significant different effects of DNA damage
compared to negative control cells without H2O2 exposure (0 µM in PBS) were analyzed by one-way
ANOVA followed by Dunnett´s post-hoc test (*** p < 0.001). NC: negative control; H2O2: hydrogen
peroxide; PBS: Phosphate-buffered saline.
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Table 5. DNA damage response after the hydrogen peroxide (H2O2) exposure of BEAS-2B cells from
different culturing conditions. Results are presented as the mean with standard deviation from n = 3
independent experiments (except ALI monocultures with n = 6), each with 1–2 culture inserts or
culture wells per treatment. Medium type is presented as the ratio of medium for BEAS-2B cells
(LHC-9) and medium for EA.hy926 cells (DMEM). ALI: air–liquid interface, SBs: strand breaks.

Culture Conditions
H2O2 Treatment

DNA SBs (% DNA in Tail) EC50 (µM)

Culture Type Cell Line LHC-
9:DMEM 12.5 µM 25 µM 50 µM

ALI
monoculture BEAS-2B 1:0 7 ± 4 41 ± 23 89 ± 5 28 ± 6

ALI coculture
BEAS-2B 1:1 80 ± 11 87 ± 14 86 ± 15 4 ± 5
EA.hy926 1:1 7 ± 3 11 ± 5 60 ± 10 45 ± 5

Submerged
monoculture

BEAS-2B
1:0 7 ± 3 24 ± 12 84 ± 14 33 ± 6
1:1 7 ± 3 18 ± 6 77 ± 10 37 ± 6
0:1 4 ± 3 27 ± 6 85 ± 5 31 ± 1

EA.hy926
1:0 18 ± 7 20 ± 5 42 ± 17 70 ± 31
1:1 16 ± 1 19 ± 2 46 ± 19 >100
0:1 19 ± 3 12 ± 6 34 ± 5 >100

No significant effect on micronuclei induction was found after exposure to PBS, NM-
300K DIS, or NM-300K, on any of the cultures, compared to the PBS control (Figure 7). A
high level of micronuclei was induced by the positive control (0.15 µg/mL mitomycin-C in
basolateral media) in BEAS-2B and EA.hy926 cells from mono- and cocultures (Figure 7A,B),
and slightly lower for A549 in mono- and cocultures (Figure 7C,D). The effect of mitomycin-
C in A549 monocultures was significantly different from that of the unexposed NC control
only (p = 0.04), and the increase in micronuclei formation was not statistically significant
from the PBS control (p = 0.08). The proportion of binucleated cells in the samples for
micronuclei investigation was estimated to be 21% for BEAS-2B and 19% for EA.hy926 cells.
Corresponding numbers for A549/EA.hy926 cocultures were about 21% for A549 and 8%
for EA.hy926 cells (Figure S1).
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Figure 7. Micronuclei induction in BEAS-2B, EA.hy926 and A549 cells after exposure to aerosolized
NM-300K and control solutions at the air–liquid interface, evaluated by the cytokinesis block mi-
cronuclei assay. Micronuclei induction was analyzed in cells from BEAS-2B monoculture (A), BEAS-
2B/EA.hy926 coculture (B), A549 monoculture (C), and A549/EA.hy926 coculture (D). Results are
presented as the mean with standard deviation from single or duplicate inserts from n = 3 independent
experiments. Statistically significant different effects on micronuclei induction compared to control
inserts with PBS-exposed cells (PBS) were analyzed by one-way ANOVA followed by Dunnett´s
post-hoc test (* p < 0.05, *** p < 0.001). NC: negative incubator control, PBS: phosphate-buffered
saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 µg/cm2, NM-300K high: nominal
10 µg/cm2, MMC: mitomycin-C at 0.15 µg/mL in basolateral medium for 24 h.

4. Discussion

An important part of NAMs, which are essential for NGRA, is the development and
characterization of advanced in vitro models. Advanced respiratory in vitro models are
of high importance for the hazard assessment of NMs after inhalation exposure. Cells
cultured and exposed at the ALI represent a more physiological scenario than cells in
submerged conditions. In order to develop the most realistic NAMs, the characterization,
testing and validation of models is needed. Of importance to this is comparison of the
effects of reference NMs on different advanced models for the same target, as well as to
benchmark the effects of the tested NMs against the effects in traditional 2D in vitro models.
This study focused on the characterization and application of the immortalized human
bronchial epithelial cell line BEAS-2B cultivated at ALI in monoculture or in cocultures
with endothelial EA.hy926 cells for the testing of different toxicity endpoints. It is, to our
knowledge, the first study to successfully apply several genotoxicity endpoints, including
the micronucleus assay, in advanced BEAS-2B cocultures at the ALI, and to perform a
comparison of the effects of a reference NM in mono- and cocultures, and also with the
more extensively used human alveolar epithelial cell line A549. Further, effects on the
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advanced models at the ALI were compared with responses in traditional corresponding
submerged cultures in monocultures.

Cell growth, barrier integrity, and confluency differed between mono- and cocultures
of BEAS-2B cells. In cocultures with EA.hy926, the BEAS-2B cells had lower confluency
compared with monocultures, and they showed a multilayer growth, which was not
seen with the A549 cells. Thus, more holes were seen under confocal microscopy in the
BEAS-2B epithelial layer, which was also thicker. We found a higher density of BEAS-2B
cells in cocultures compared with monocultures, indicating higher cellular growth and
stimulated cell proliferation in the cocultures. The opposite was found with A549 cells,
where the cells had lower density in cocultures compared to monocultures. The stimulated
proliferation of BEAS-2B cells in cocultures with EA.hy926 cells was found not to be due to
different media compositions of mono- and cocultures. Rather, the increased proliferation
of BEAS-2B cells in coculture might be related to cell signaling from the endothelial cells.
The multilayer growth of BEAS-2B cells in coculture indicates that the advanced model
facilitates conditions similar to tissue physiology in the lungs, as has been shown also in
previous studies [10,54].

In monoculture, BEAS-2B and A549 had similar cell numbers at the end of the cul-
tivation period, despite the longer doubling time (4 h) of BEAS-2B cells compared to
A549 [55,56]. The endothelial cells showed a similar density and appearance in both
coculture types, with BEAS-2B and A549, respectively.

The barrier function appeared to be less in BEAS-2B cocultures than in monocultures,
as indicated by the higher permeability of fluorescein, which was measured in the baso-
lateral medium. This finding is in line with the higher frequency of observed holes in the
apical cell layers of cocultures of BEAS-2B. In contrast, Ag permeation was higher in BEAS-
2B monocultures than in cocultures. It is known that Ag has a high affinity for sulfur and
that it may form toxic complexes with sulfur-containing proteins in the cells [57]. The lower
permeation of Ag in the coculture may be explained by the additional barrier constituted
by the endothelial cells and the measured higher epithelial cell density in cocultures, and
thus increased interaction with or dissolution of the NMs. Ag permeation after exposure to
NM-300K at high concentrations was in all culture types similar to the permeation through
empty inserts. As total silver was measured, it included both particles and dissolved
Ag-ions diffusing from the apical side down the concentration gradient. However, the
permeation of Ag was similar after exposure to low and high concentrations, and it was
not increased as may be expected by the larger gradient. This low permeability might be
due to the agglomeration/aggregation of the nanoparticles at high density, making them
less likely to penetrate into the pores of the insert membrane, the pores being blocked, a
saturation of the medium, or a combination of these factors.

A549 mono- and cocultures showed less permeation of fluorescein and also of Ag after
exposure to low-concentration NM-300K, than BEAS-2B cultures. This is in accordance
with previous studies showing that A549 cells form tight junctions [39,46] and thus a
stronger barrier, measured as trans-epithelial resistance (TEER), at an earlier stage than
BEAS-2B cells [54]. Different bronchial cell lines, including BEAS-2B, cultivated at ALI,
were evaluated for barrier functions by He et al., (2021), and only Calu-3 cells were found
to sustain a strong TEER for up to 21 days. Also, the immortalized cell line 16HBE formed
tight junctions and developed a strong TEER, though the TEER dropped considerably in
ALI conditions [10].

In order to compare the responses of the different models to a toxic insult, the cells
were exposed to Ag NM-300K, which is a reference NM commonly used in many projects
related to the safety of NMs (such as the European Commission FP7 project NanoReg, and
H2020 projects NanoReg2, PATROLS and RiskGONE). The relative cell viability of BEAS-2B
monocultures at the ALI was reduced by NM-300K exposure at the highest concentration.
This is similar to what we observed for A549 monocultures [39]. The viability was reduced
at lower concentrations after ALI exposure compared with submerged exposure, which
may indicate higher sensitivity of the ALI models. However, direct comparisons between
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the models are difficult due to large differences in the experimental conditions including
aerosol or submerged exposure, cell number, and cell density.

Significant reduction in cell viability was only measured after exposure to high con-
centrations of NM-300K in monocultures. In cocultures, we observed that PBS aerosol
exposure reduced cell viability of the BEAS-2B cells, compared with incubator control,
and thus no significant difference in viability could be detected between PBS and NM
exposures. The same effect of PBS was also seen previously with A549 cocultures [39]. This
indicates that the coculture conditions at the ALI sensitize the apical epithelial cells to the
aerosol exposure both of non-toxic and toxic compounds. One could speculate that the lack
of direct basolateral contact with the cell culture media in the cocultures could influence
this, due to the confluent layer of the endothelial cells. Additionally, the interaction and
interplay between the endothelial cells in itself may play a role. Interestingly, the viability
of the endothelial cells was not reduced after PBS exposure in coculture with BEAS-2B but
with A549 [39], despite the demonstrated stronger barrier of the A549 epithelial layer.

When genotoxicity was tested, the models showed different sensitivities. Genotoxicity
measured as DNA SBs was found only in BEAS-2B monocultures at low concentrations
of NM-300K. The lack of genotoxic effects at high concentrations could be due to loss of
damaged cells during the washing steps, as cytotoxicity was measured at this concentration.
No genotoxic effect was seen in BEAS-2B or in the EA.hy926 cells in coculture. The lack of
an effect in the BEAS-2B cells in coculture may be due to the higher cell density and thereby
relatively lower number of particles per cell. One may also speculate as to whether the
co-cultivation with the endothelial cells may increase the emergency preparedness of the
BEAS-2B cells towards toxic insults. The increased level of pro-inflammatory cytokines in
the cocultures (Figure 4) may support such a theory, and it has been suggested previously
that increased expression of cytokines, such as IL-6, can promote DNA repair [58]. In
cocultures of A549 and EA.hy926, genotoxicity measured as SBs was only found in the
endothelial cells. However, we previously showed that in triculture with addition of
differentiated THP-1 cells, no SBs were detected [39]. These results are not false negative, as
NMs were internalized in the A549 cells [39]. A genotoxic response can be secondary due
to the induction of an inflammatory response. Thus, we measured IL-6 and IL-8 levels in
mono- and cocultures. No significant increase in IL-6 or IL-8 levels was detected in the A549
models after NM-300K exposure. In general, there was a trend towards increased levels after
ALI exposure. However, the basal level of IL-8 was much higher in A549 cocultures than in
monocultures, which was the opposite as seen with BEAS-2B. For BEAS-2B cocultures, the
level of both IL-6 and IL-8 was increased after exposure to low concentration of NM-300K,
although statistical significance was reached only for IL-6. The level of IL-6 was also
increased in BEAS-2B monocultures at low concentrations of NM-300K, but it was about
9× lower than for cocultures. In contrast, significant induction of SBs was measured only
in monocultures at low concentrations of NM-300K. As the toxic response was changed
when coculturing different cell types, as compared with monocultures, further studies are
merited to elucidate the interplay between the cell types and the importance of coculturing
multiple cell types for hazard identification.

Genotoxicity was further tested at the chromosomal level by the micronucleus assay.
Few studies have applied the micronucleus assay on advanced human lung models at the
ALI; at the time of writing, we found only one publication on monocultured A549 [49],
one on monocultured BEAS-2B and other bronchial cell types [59], and four studies on
nasal epithelial cells from donors [60–63]. We successfully employed this assay to both
mono- and cocultures of BEAS-2B cells exposed at the ALI. The effect of the positive control
mitomycin-C (0.15 µg/mL in basolateral medium) was found to be more pronounced
in the cocultures. The effect of mitomycin-C on A549 mono- and cocultures was lower
than on BEAS-2B, and the effect in A549 monocultures was only significantly different
from the unexposed control and not from the PBS control. Mitomycin-C also induced
micronuclei in the underlying endothelial cells in coculture with the BEAS-2B-cells, but
not with A549 cells, and the proportion of binucleated cells was lower when cocultured
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with A549 cells. The epithelial and endothelial cells were cultured with cytochalasin B for
the same duration; however, a longer incubation time was used for BEAS-2B/EA.hy926
cocultures compared to A549/EA.hy926 cocultures due to the differences in cell doubling
times. Further investigations are needed in order to determine whether the differences in
response are due to lower sensitivity towards mitomycin-C when in coculture with A549 or
if experimental optimization is needed to produce a higher proportion of binucleated cells.

No aneugenic or clastogenic effects were detected after NM-300K exposure at the ALI,
which is in contrast to previous studies with significant micronuclei induction by NM-300K
in submerged BEAS-2B cells [64,65]. ALI exposure was performed when the cells had
developed a confluent cell layer, which may have affected the cell cycle and proliferation
rate. In our study the cells from ALI cultures were directly seeded with cytochalasin B
on coverslips after NM treatment, at a lower density to initiate DNA replication and MN
formation, before the cell fixation and analysis of MN in binucleated cells. The discrepancy
in the effects between submerged and ALI may, therefore, be due to their different stages
in division cycles during NM exposure, which merits further experiments to optimize
the method. The agglomeration state of the NMs would also influence their toxicity, and
this might differ between submerged and ALI exposure. A previous study on titanium
dioxide NMs in BEAS-2B cells showed that changes in the composition of exposure medium
affected the induction of MN due to differential states of agglomeration [66].

The experimental design presented in this study, enabling several endpoints to be
measured from each insert, allows for increased throughput, reduced costs, time and
materials and thus better sustainability, compared to measuring all endpoints in separate
inserts. This is an important aspect of the NAMs and crucial for an integrated approach to
testing and assessment (IATA) in NGRA. Further, more direct comparisons are enabled, as
the different endpoints are measured from the same exposure, thus reducing the variability
induced by distinct exposures. This is an essential issue, as variability may be expected
to increase with the increasing complexity of the model, in line with variability in human
responses between individuals. Our results, which showed the toxicity of PBS at the ALI
in cocultures compared with an incubator control not exposed at the ALI, point to the
importance of always including an incubator control in ALI experiments.

The higher complexity of the advanced models makes them more laborious and
maybe less applicable for screening purposes. However, this is significantly improved
by the efficient experimental design we here present, which also contributes to more
robust mechanistical data, as several endpoints are measured from the same insert. One
argument that has been used for the application of more complex cell models is that they
may increase the sensitivity towards toxic insults. An approach to test the sensitivity
towards the induction of SBs is to expose cells with H2O2 on gels directly before lysis. A
striking observation was that the BEAS-2B cells in coculture appeared to be much more
sensitive to H2O2 exposure. Cells in monoculture at ALI showed slightly higher sensitivity
to H2O2 exposure compared to cells in submerged conditions. Also, the endothelial cells
showed higher sensitivity to H2O2 when in coculture with BEAS-2B than as submerged
monoculture. The culture media formulation appeared to have no influence on the outcome
either in terms of viability or sensitivity towards SBs. The reasons for the higher sensitivity
to H2O2 in coculture are not known and merits further investigations, but it may be related
to the above-mentioned interaction between cells in coculture making the DNA more prone
to damage.

The higher sensitivity of the BEAS-2B cells in coculture to NM-300K was observed
in cell viability by the alamarBlue assay but not on SBs by the comet assay. NM-300K
has a high cytotoxic potential and a quite narrow concentration window between non-
cytotoxic and cytotoxic effects. During the technical procedure in the sample preparation
for comet assay, the cells go through several washing steps, and there are reasons to
believe that the more damaged cells are less attached to the insert and can be lost. In
the MN assay, the effect of mitomycin-C was most pronounced in the cells from the
coculture, which could be an indication that the BEAS-2B cells in coculture may be a more
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sensitive model for the hazard assessment of genotoxic compounds, and thus a promising
advanced model to be adapted for risk assessment based on in vitro data and an IATA
approach. The differences in sensitivity between mono- and cocultures, and between the
application of lung epithelial A549 cells or bronchial BEAS-2B cell models, for the various
endpoints measured emphasizes the importance of carrying out proper characterization of
the emerging advanced models, as well as developing robust SOPs. Further, it points to the
importance of developing advanced coculture in vitro models, allowing for intercellular
signaling, to better mimic tissue organization and enhance the prediction of human hazard.

5. Conclusions

An important step in finding the best predictive model for human adverse effects
is to increase complexity and thereby obtain more tissue- and organ-like structures, use
human cells, characterize the models, and compare responses in different models. This
work indicates that the bronchial mono- and coculture models of BEAS-2B and EA.hy926
cells have different sensitivities to NM-300K exposure as measured by cytotoxicity and
genotoxicity at DNA and chromosomal levels, and they are different from the alveolar
models of A549 and EA.hy926 cells. This is important knowledge to provide more robust
reproducible and reliable results, for the further development of advanced 3D respiratory
in vitro models relevant to inhalation exposure, and to obtain the most reliable hazard
identification and prediction of effects on humans based on non-animal studies. This study
provides important knowledge for the further development of advanced 3D respiratory
in vitro models for the most reliable hazard identification and prediction of the effects from
inhalation on human-based NAMs for NGRA.
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S1. Cell cultures 

The passage numbers for BEAS-2B, A549 and EA.hy926 cells used in this study is 

summarized in Table S1. The culture medium and supplements are summarized in Table 

S2. 

Table S1. Passage numbers for BEAS-2B, A549 and EA.hy926 cells. 

Culture BEAS-2B A549 EA.hy926 

ALI 

monocultures 
3,6,8,9,10,12,13,14 3,5,6,8,9,11,13,15 - 

ALI 

cocultures 
8,10,12,14 2,3,9,11,13,15 

Coculture with BEAS-2B: 9,11,13,16. 

Coculture with A549: 3,5,7,9,10. 

Submerged 

monocultures 
3,5,7,8,9,13 3,5,9,12 4,7,8,12,19 
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Table S2. Medium types used in mono- and cocultures, with supplements. DMEM: Dul-

becco’s modified Eagle’s medium, with low glucose or high glucose; FBS: Fetal bovine 

serum; PS: penicillin-streptomycin. 1% PS equals 100 U/mL penicillin and 100 μg/mL 

streptomycin. % given as vol/vol. 

Cell type Medium Serum Supplement 

Monocultures 

BEAS-2B 100 % LHC-9 - - 

A549 90 % DMEM low glucose 9 % FBS 1 % PS 

EA.hy926 90 % DMEM high glucose 9 % FBS 1 % PS 

4 mM L-glutamine 

1 mM Sodium pyruvate 

Co-cultures 

BEAS-2B/EA.hy926 50 % LHC-9 

45 % DMEM high glucose 

4.5 % FBS 0.5 % PS 

2 mM L-glutamine 

0.5 mM Sodium pyruvate 

A549/EA.hy926 18 % DMEM low glucose 

72 % DMEM high glucose 

9 % FBS 1 % PS 

3.5 mM L-glutamine 

0.9 mM Sodium pyruvate 

S1. Cytokinesis-block micronucleus assay 

The semi-automatic scoring system identified mono- and binucleated cells. A mini-

mum of 500 binucleated cells was scored for micronuclei of most samples, however, this 

was not possible for all samples due to low number of cells possible to score. The selected 

settings for scoring and analysis did not identify all binucleated cells with micronuclei, 

giving some false negative and false positive cells. Thus, all identified binucleated cells 

were manually accepted or rejected, and cells with possible micronuclei were checked 

with a 40x objective. 

The percentage of binucleated cells in the populations used for micronucleus assay, 

was estimated by dividing the number of binucleated cells by the total number of ana-

lyzed cells. This is a minimum estimate, because the total numbers of analyzed cells were 

not checked in detail for all samples and thus may include some false positives/artefacts. 

Results are summarized in Figure S1. About 20% of the BEAS-2B and A549 cells were 

binucleated. EA.hy926 cells had about 19% binucleated cells when in coculture with 

BEAS-2B, and about 8% when in coculture with A549 cells.  
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Figure S1. Percentage of binucleated cells in the samples for micronucleus assay. The numbers are 

minimum estimates. 

S3. NM-300K concentrations for exposure 

The concentrations of NM-300K applied for air-liquid interface exposure and sub-

merged exposure are summarized in Table S3, with metrics mass per culture area and 

mass per volume of medium. The concentrations were corrected to measured Ag concen-

tration in the stock dispersion by dividing the concentration by nominal stock concentra-

tion (10 mg/ml) and multiplying with corrected concentration (7.2 mg/ml). 

Table S3. NM-300K concentrations applied for exposure, given as metrics mass per culture area and 

mass per volume of medium. ALI: air-liquid interface. *Corrected based on analysis of total Ag in 

the stock dispersion and on cell-free culture inserts, in our previous paper Camassa & Elje et al, 2022 

[1]. 

Nominal concentrations Corrected concentrations* 

µg/cm2 µg/ml µg/cm2 µg/ml 

Submerged 

0.1 0.1 0.1 0.1 

0.3 0.4 0.2 0.3 

1.0 1.4 0.7 1.0 

3.0 4.2 2.2 3.1 

10.0 14.1 7.2 10.2 

30.0 42.4 21.6 30.5 

75.0 106.0 54.0 76.3 

100.0 141.4 72.0 101.8 

ALI low conc. 1 - 0.8 - 

ALI high conc. 10 - 6.0 -
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S4. Number of replica inserts and experiments 

The number of cell culture inserts (= technical replica) per experiment for each test 

method is summarized in Table S4. 

Table S4. Number of cell culture inserts per experiment. Models are described by cell types present; 

BEAS-2B (monoculture), BEAS-2B/EA.hy926 (coculture), A549 (monoculture), and A549/EA.hy926 

(coculture). ELISA: enzyme-linked immunosorbent assay. MMC: mitomycin-C. CHLO: chlorprom-

azine hydrochloride. 

* From our previous paper [1].

Test 

method 
Model Compartment Exp 

Number of inserts 

Ref 
NC PBS 

NM-300K 

DIS 

NM-300K 

low 

NM-300K 

high 
MMC CHLO 

Fluorescein 

permeation 

BEAS-2B Basolateral 
Exp1 2 2 

Exp2 1 1 

BEAS-2B/EA.hy926 Basolateral 
Exp1 1 2 

Exp2 1 1 

Empty insert Basolateral 
Exp1 2 

Exp2 2 

Ag permea-

tion 

BEAS-2B Basolateral 

Exp1 1 1 1 

Exp2 1 1 1 

Exp3 1 1 

BEAS-2B/EA.hy926 Basolateral 

Exp1 1 1 1 

Exp2 1 1 1 

Exp3 1 1 

A549 Basolateral 

Exp1 1 2 2 * 

Exp2 1 1 * 

Exp3 2 2 * 

A549/EA.hy926 Basolateral 

Exp1 1 1 * 

Exp2 2 2 2 * 

Exp3 1 * 

Empty insert Basolateral 
Exp1 1 * 

Exp2 1 * 

ELISA 

BEAS-2B Basolateral 

Exp1 2 2 2 2 2 

Exp2 2 2 1 2 2 

Exp3 1 1 1 1 1 

Exp4 1 1 1 1 0 

Exp5 2 2 0 2 0 

Exp6 2 0 0 0 0 

BEAS-2B/EA.hy926 Basolateral 

Exp1 2 1 1 1 1 

Exp2 1 1 1 1 1 

Exp3 2 1 1 1 1 
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Table S4 continued. 

ELISA 

A549 Basolateral 

Exp1 1 1 1 1 1 

Exp2 2 2 2 2 2 

Exp3 2 1 1 1 1 

A549/EA.hy926 Basolateral 
Exp1 2 2 2 2 2 

Exp2 2 2 2 2 2 

alamarBlue 

BEAS-2B Apical 

Exp1 2 2 2 

Exp2 2 2 2 1 

Exp3 2 2 2 2 2 2 1 

Exp4 2 2 1 2 2 

Exp5 2 1 1 1 1 1 1 

Exp6 1 1 1 1 1 1 1 

Exp7 2 1 1 1 1 1 1 

BEAS-2B/EA.hy926 

Apical 

Exp1 2 1 1 1 1 1 1 

Exp2 1 1 1 1 1 1 1 

Exp3 2 1 1 1 1 2 1 

Exp4 2 1 1 1 1 0 1 

Basolateral 

Exp1 2 1 1 1 1 1 1 

Exp2 1 1 1 1 1 1 1 

Exp3 2 1 1 1 1 2 1 

Exp4 2 1 1 1 1 0 1 

Comet as-

say 

BEAS-2B Apical 

Exp1 2 2 2 2 2 

Exp2 2 2 1 2 2 

Exp3 1 1 1 1 1 

Exp4 1 1 1 1 0 

Exp5 2 2 0 2 0 

Exp6 2 0 0 0 0 

BEAS-2B/EA.hy926 

Apical 

Exp1 2 1 1 1 1 

Exp2 1 1 1 1 1 

Exp3 2 1 1 1 1 

Basolateral 

Exp1 2 1 1 1 1 

Exp2 1 1 1 1 1 

Exp3 2 1 1 1 1 

Exp4 2 1 1 1 1 
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Table S4 continued. 

S5. Advanced models 

The advanced models of epithelial and endothelial cells cultured on permeable in-

serts were moist with a shiny surface when cultured in ALI. However, occasionally a lack 

of moisture/shine was seen (Figure S2). The parts with more dry appearance were located 

in variable positions on the insert. This was occasionally seen in all types of cultures and 

was not systematically investigated. Confocal microscopy of the BEAS-2B/EA.hy926 co-

cultures, indicated that the BEAS-2B cells were growing in multilayers (Figure S3). 

Figure S2. Images of A549/EA.hy926 cocultures at the ALI, cultured on permeable 1 µm 6 well in-

serts. Occasionally, a lack of moisture/shine was seen, marked by black arrows in the images. 

Micronu-

cleus 

BEAS-2B Apical 

Exp1 2 1 1 1 1 1 

Exp2 1 1 1 1 1 1 

Exp3 2 1 1 1 1 1 

BEAS-2B/EA.hy926 

Apical 

Exp1 2 1 1 1 1 1 

Exp2 1 1 1 1 1 1 

Exp3 2 1 1 1 1 1 

Basolateral 

Exp1 2 1 1 1 1 

Exp2 1 1 1 1 1 1 

Exp3 2 1 1 1 1 1 

A549 Apical 

Exp1 1 1 1 1 1 

Exp2 2 2 2 2 2 2 

Exp3 2 1 1 1 1 1 

A549/EA.hy926 

Apical 

Exp1 2 2 2 2 2 1 

Exp2 2 2 2 2 2 2 

Exp3 2 2 2 2 2 2 

Basolateral 

Exp1 2 2 2 2 2 2 

Exp2 2 2 2 2 2 2 

Exp3 2 2 2 2 2 2 
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Figure S3. Confocal images of advanced bronchial models. Z-stack image series (2D x-y view and 

respective side views) showing the distribution of BEAS-2B on the apical side sides of a transwell 

insert (white arrows), at different heights from the insert (red arrows). The distance from the insert 

is decreasing from left to right. Z-stack thickness 52 µm. Red: cellular membranes stained with Cell 

Mask red dye, blue: nuclei counterstained with DAPI. Magnification: 40x. Scale bars 50 μm. 

S6. AlamarBlue assay on submerged cells after NM-300K exposure 

For comparison of the new advanced models with corresponding traditional cell 

models, the cytotoxicity of NM-300K was tested also with submerged exposure of mono-

cultured cells by alamarBlue assay. BEAS-2B cells (P5-13) were seeded at a density of 

15.000 cells/well (5.3x104 cells/cm2) in 96-well plates pre-coated with Collagen IV. Pre-

coating was performed for BEAS-2B only, with 40 µl of 30 µg/ml Collagen IV overnight at 

4 °C, and plates were washed with PBS and used immediately. A549 (P3-12) were seeded 

in 96-well plates at 10.000 cells/well (3.5 x104 cells/cm2), and EA.hy926 (P4-19) at 10.000 

cells/well (3.5 x104 cells/cm2) or 15.000 cells/well (5.3x104 cells/cm2). Equal cell density was 

used for all samples within each experiment. The cells were incubated overnight at 37 °C 

and 5 % CO2. The next day, the cells were exposed to nominal concentrations 0.1-100 

µg/cm2 NM-300K diluted in culture medium (200 µl/well) for 24 h. For corresponding 

mass/volume and corrected concentrations, see Table S3. BEAS-2B cells were also exposed 

to corresponding concentrations of NM-300K DIS (solvent control), diluted in cell culture 

medium. Negative control was exposed to culture medium only. Positive control chlor-

promazine hydrochloride was prepared as described in main article and exposed to the 

cells in the apical media (200 µl/well) for 24 h. Cells were exposed in duplicates or tripli-

cates. 

AlamarBlue assay was performed on submerged cultures as described in section 2.11 

in the main article, except with smaller volumes and longer incubation time. After expo-

sure, the cells were washed twice with 100 µl PBS before 200 µl alamarBlue solution (10 

% v/v) was added to each well. Aliquots were taken in triplicates (40 µl/well) for fluores-

cence reading after 3 h incubation at 37 °C and 5 % CO2. Negative control was cells ex-

posed to culture media only. 

The viability of BEAS-2B, A549 and EA.hy926 cells, relative to cells exposed to culture 

medium only (set to 100 %), was affected by NM-300K (Figure S4 and Table S5) and NM-

300K DIS (Figure S4). BEAS-2B cells were more sensitive to NM-300K exposure compared 

to A549 and EA.hy926 cells. The effective concentration giving 50 % cytotoxicity (EC50) 

was 16.4 µg/cm2 for BEAS-2B and about the double for A549 (Table S5, [2, 3]). The positive 

control chlorpromazine hydrochloride reduced the viability as expected (by >80 %, not 

shown). NM-300K DIS was cytotoxic at concentrations equivalent to 37 µg/cm2 NM-300K, 

and no effect was seen at the concentration equivalent to about 10 µg/cm2 (Figure S4). 

To test if the NM-300K interfered with the readout of the AB assay, separate cell-free 

samples with NM-300K and AB solution were analyzed. NMs were diluted in LHC-9 cul-

ture medium to concentrations 0.1-100 µg/cm2 and mixed with 10% (v/v) AB solution, 
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including blank sample (AB-medium without NMs), to a final volume of 200 µl per well 

in a 96 well plate. The plates were incubated at 37 °C and 5 % CO2 for approximately 3h. 

The solution was mixed by pipet, and 40 µl aliquots were transferred in duplicate to black 

96 well plates, before fluorescence (excitation 530 nm, emission 590 nm) was measured on 

a FLUOstar OPTIMA microplate reader. Results were averaged and compared to blank. 

Three independent experiments were performed, each with 1 well per concentration and 

at least 2 blanks. No difference was seen in fluorescence intensity from samples with NMs 

compared to blank, which indicate no interference between the NM-300K and the AB as-

say (Figure S5). 

Table S5. Calculated EC50 (effective concentration giving 50 % cytotoxicity) values for 

cytotoxic effect of NM-300K on submerged monocultures of BEAS-2B, A549 and EA.hy926 cells 

measured by the alamarBlue assay after 24h exposure. Values are given with dose metrics mass per 

surface (µg/cm2) and mass per volume (µg/ml) ± standard deviation, based on nominal 

concentrations. Results are calculated from at least 2 independent experiments (n=2) and presented 

with standard deviation (BEAS-2B, EA.hy926) or standard error of the mean (A549). 

Cell line EC50 µg/cm2 EC50 µg/ml Reference 

BEAS-2B 16.4 ± 6.0 23.2 ± 8.4 - 

A549 37 ± 15 59 ± 43 [2] 

EA.hy926 22.5 ± 8.2 36.0 ± 13.1 [3] 

Figure S4. Relative cell viability of BEAS-2B cells after 24h submerged exposure to NM-300K (black 

squares) and NM-300K DIS (open circles), evaluated by alamarBlue assay. Results are presented as 

mean with SD from duplicate culture wells from n=4 independent experiments. Positive control 

(chlorpromazine hydrochloride 50-100 µM for 24h) gave a relative viability of <20 % (not shown in 

figure). Statistically significant different effects on cell viability compared to negative control cul-

tures with cells exposed to medium (0 µg/cm2) were analyzed by one-way ANOVA followed by 

Dunnett´s post-hoc test (*P<0.05, **P<0.01, *** P<0.001). SD: standard deviation. 
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Figure S5. Alamarblue interference test, n=3 with single wells. No statistically significant different 

from blank (0 µg/cm2), tested by one-way ANOVA followed by Dunnett´s post-hoc test. Nominal 

concentrations are shown. Please see Table S1 for concentrations as mass/volume and corrected after 

ICP-MS analysis. 

S7. Enzyme-linked immunosorbent assay (ELISA) 

The concentrations of IL-6 and IL-8 measured by ELISA are summarized in Table S6 

and S7, and relative concentrations (relative to NC) in Figure S6. Potential interference 

between NM-300K and the performance of the ELISA was investigated. NM-300K was 

prepared as described in the main document, and diluted in cell culture media for BEAS-

2B cells, A549 cells, or EA.hy926 cells, to achieve the concentrations 30, 3 and 0.3 µg/ml. 

The NMs in media were added to the ELISA plate in duplicates and mixed with reagent 

buffer or standard (25 pg/ml IL-6 or 31 pg/ml IL-8) provided in the kit. Further steps in 

the assay were run as described for the other samples (in main document). The results 

showed no interference between the NM-300K and the assay. The culture medium with 

and without NM-300K had similar absorbance as the blank samples of the kit. The com-

bination of IL-6 or IL-8 and NM-300K had similar measured interleukin concentration as 

the NM-free control samples (Figure S7). 

Table S6. Concentrations of interleukin 6 (IL-6) by the enzyme-linked immunosorbent assay 

(ELISA). Mean ± standard deviation (n independent experiments). 

Treatment BEAS-2B BEAS-2B/EA.hy926 A549 A549/EA.hy926 

NC 304 ± 158 (n=6) 875 ± 203 (n=3) 13 ± 13 (n=3) 8 ± 2 (n=2) 

PBS 1229 ± 313 (n=6) 1758 ± 364 (n=3) 23 ± 7 (n=2) 13 ± 4 (n=2) 

NM-300K_DIS 1744 ± 461 (n=5) 2604 ± 138 (n=3) 15 ± 6 (n=3) 11 ± 2 (n=2) 

NM-300K_low 1647 ± 432 (n=6) 4595 ± 2842 (n=3) 19 ± 9 (n=3) 11 ± 1 (n=2) 

NM-300K_high 542 ± 189 (n=5) 2501 ± 910 (n=3) 26 ± 10 (n=3) 13 ± 2 (n=2) 
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Table S7. Concentrations of interleukin 8 (IL-8) by the enzyme-linked immunosorbent assay 

(ELISA). Mean ± standard deviation (n independent experiments). 

Treatment BEAS-2B BEAS-2B/EA.hy926 A549 A549/EA.hy926 

NC 660 ± 444 (n=6) 5991 ± 1838 (n=3) 2695 ± 1637 (n=3) 725 ± 238 (n=2) 

PBS 1640 ± 921 (n=6) 9140 ± 2135 (n=3) 2366 ± 579 (n=2) 1377 ± 27 (n=2) 

NM-300K_DIS 2354 ± 1693 (n=5) 10728 ± 2541 (n=3) 2996 ± 1416 (n=3) 1534 ± 525 (n=2) 

NM-300K_low 3500 ± 2903 (n=5) 22672 ± 16736 (n=3) 3580 ± 1830 (n=3) 1227 ± 545 (n=2) 

NM-300K_high 1618 ± 692 (n=5) 14053 ± 1308 (n=3) 3969 ± 2360 (n=3) 1816 ± 246 (n=2) 

Figure S6. Relative concentrations of IL-6 and IL-8 in mono- and co-cultures of BEAS-2B/EA.hy926 

cells (top panel) and A549/EA.hy926 cells (bottom panel) after exposure to aerosolized NM-300K 

and control solutions at the air-liquid interface, evaluated by ELISA. Results are presented as mean 

with SD from single or duplicate inserts from n=2-6 independent experiments (n=6 for BEAS-2B 

monocultures, n=3 for BEAS-2B/EA.hy926 cocultures and A549 monocultures, and n=2 for 

A549/EA.hy926 cocultures). Statistically significant different effects on cell viability compared to 

negative control inserts with non-exposed cells (NC) were analyzed by one-way ANOVA followed 

by Dunnett´s post-hoc test (*P<0.05, **P<0.01, *** P<0.001). NC: negative control; PBS: Phosphate 

buffered saline; SD: standard deviation. 
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Figure S7. ELISA interference test of NM-300K in cell culture media. No interference of NM-300K 

with the ELISA was found, as the measured concentrations of interleukin 6 (A) and 8 (B) in samples 

with mixture of NM-300K, cell culture medium, and interleukins were in the same range as the 

corresponding controls. The test was run with duplicate samples. LHC-9 (black): medium for BEAS-

2B cells, DMEM #1 (dark grey): medium for A549 cells, DMEM #2 (light grey): medium for EA.hy926 

cells. 

S7. Comet assay on submerged cells after NM-300K exposure 

The induction of DNA damage after exposure to NM-300K was measured by the 

comet assay. Cells were exposed as described above for alamarBlue assay on submerged 

cultures. Comet assay was performed as described in section 2.13 in the main article. First, 

cells were washed twice with 100 µl PBS, and detached by dry trypsinization for 3-5 min 

at 37 °C and 5 % CO2. Cells were resuspended in 150 µl medium. Immediately after, 50 µl 

cell suspension was mixed with 200 µl LMP-agarose. Separate cell cultures were used for 

alamarBlue and comet assays. Potential interference between NM-300K and the readout 

of the comet assay was investigated as described in [39].  

NM-300K caused increased levels of DNA SBs and oxidized base lesions at cytotoxic 

concentrations only (Figure S8). A slight increase in SBs was seen at 10 µg/cm2. However, 

no effect was seen at 1 µg/cm2, corresponding to the concentration giving DNA damage 

after ALI exposure of BEAS-2B monocultures. No interference was seen (not shown). 
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Figure S8. DNA damage by strand breaks (SBs) and oxidized base lesions (SBs + Fpg) in BEAS-2B 

cells after 24 hours submerged exposure to NM-300K (nominal concentrations) evaluated by Fpg-

modified comet assay. Results are presented as mean with SD from n=3 independent experiments, 

each with duplicate exposure wells, except for DNA SBs + Fpg 10 and 30 µg/cm2 where n=2. Statis-

tically significant different effects on DNA damage compared to negative control cultures with cells 

exposed to medium (0 µg/cm2) were analyzed by one-way ANOVA followed by Dunnett´s post-hoc 

test (*p<0.05, **p<0.01, ***p<0.001). SBs: strand breaks; SD: standard deviation. 

S7. Effect of medium composition on cyto- and genotoxicity in BEAS-2B and 

EA.hy926 cells 

Different media compositions were used in the BEAS-2B monocultures (LHC-9) and 

in the BEAS-2B/EA.hy926 cocultures (DMEM and LHC-9, 1:1), and we wanted to investi-

gate if this could influence on the different sensitivity in the measured cyto- and genotox-

icity of the cells. Thus, the relative viability and DNA damage responses of submerged 

BEAS-2B or EA.hy926 cells were evaluated after 24 h exposure to LHC-9 and DMEM me-

dia at different ratios (10-100 %).  

No difference in relative viability (Figure S9) or background levels of DNA SBs or 

Fpg sites (not shown) was seen on either of the cell types with the different media compo-

sitions, compared to cells cultured in the cells’ respective media. Induction of DNA dam-

age by H2O2 exposure in the gels was similar for the submerged cells with different media 

compositions (Figure S10). The submerged BEAS-2B cells had less sensitivity to H2O2 com-

pared to BEAS-2B cells from mono- or cocultures at ALI conditions (Table 5 in article). 

Rather high background of DNA SBs was seen in EA.hy926 cells, and less sensitivity to 

H2O2 compared to BEAS-2B cells, independently on the culture media (Figure S10). 
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Figure S9. Relative cell viability of BEAS-2B cells after 24h submerged exposure to DMEM and LHC-

9 culture media, evaluated by AlamarBlue assay. Results are presented as mean with SD from trip-

licate culture wells from n=3 independent experiments. Positive control (chlorpromazine hydrochlo-

ride 100 µM for 24h) gave a relative viability of <5 % (not shown in figure). Statistically significant 

different effects on cell viability compared to negative control cultures with cells exposed to the 

respective culture medium (LHC-9 for BEAS-2B, DMEM for EA.hy926) were analyzed by one-way 

ANOVA followed by Dunnett´s post-hoc test. No statistically significant results were found 

(P>0.05). SD: standard deviation. 

Figure S10. DNA strand breaks (SBs) evaluated by the comet assay after exposure to hydrogen 

peroxide (H2O2) of monocultures of BEAS-2B (A) and EA.hy926 (B) cells cultivated at submerged 

conditions with different media compositions. Results are presented as mean with SD from dupli-

cate culture wells from n=3 independent experiments. SBs: strand breaks, SD: standard deviation. 
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A B S T R A C T

In accordance with the 3 Rs to reduce in vivo testing, more advanced in vitro models, moving from 2D monolayer
to 3D cultures, should be developed for prediction of human toxicity of industrial chemicals and environmental
pollutants. In this study we compared cytotoxic and genotoxic responses induced by chemicals in 2D and 3D
spheroidal cultures of the human liver cancer cell line HepG2.

HepG2 spheroids were prepared by hanging drop technology. Both 3D spheroids and 2D monolayer cultures
were exposed to different chemicals (colchicine, chlorpromazine hydrochloride or methyl methanesulfonate) for
geno- and cytotoxicity studies. Cytotoxicity was investigated by alamarBlue assay, flow cytometry and confocal
imaging. DNA damage was investigated by the comet assay with and without Fpg enzyme for detection of DNA
strand breaks and oxidized or alkylated base lesions.

The results from the cyto- and genotoxicity tests showed differences in sensitivity comparing the 2D and 3D
HepG2 models. This study shows that human 3D spheroidal hepatocellular cultures can be successfully applied
for genotoxicity testing by the comet assay and represent a promising advanced in vitromodel for toxicity testing.

1. Introduction

In experimental toxicology, there is an ongoing shift towards in-
creased use of in vitro models in compliance with the 3 Rs to reduce,
replace and refine animal experiments. The importance of developing
new advanced in vitro models, that decrease the costs and time for
hazard characterization and risk assessment but still provide reliable
results, is stressed in the Regulation made by the EU Registration,
Evaluation, Authorization and restriction of Chemicals (REACH) (EC No
1907/2006) [1]. Also, in vitro models allow utilization of human cells,
which might better reflect human effects than in vivo rodent models
[2–4]. For standard in vitro models, the cells are grown in two dimen-
sions. Compared to the in vivo situation, these models comprise limited
intercellular signaling, which is an important aspect in cellular re-
sponses and cell survival after exposure to chemical compounds [3,4].
Thus, in vitro models with cells arranged in a three-dimensional (3D)
structure, resembling cell organization of tissues and organs, are likely
to better mimic responses in humans. The development of advanced 3D
models has gained increased attention within the last two decades

[5,6]. Models for the assessment of toxicity must reflect the in vivo si-
tuation as closely as possible. The existing 3D cell models vary widely
due to the diverse requirements of different cell lines and applications,
and each model has its own advantages and limitations [7–9].

Liver models are important for toxicity testing, as the liver is a main
target organ for substances reaching systemic circulation and plays a
central role in metabolism as well as the toxification and de-toxification
of substances. Liver 3D models can be prepared by hydrogel, scaffold
based technologies or spheroidal culture techniques [4,6,9]. Hepato-
cytes growing in spheroids have become a highly used 3D model, where
monodispersed cells self-organize themselves into a spherical con-
formation as the adhesion to the culture substrate is prevented [4].
Cultures of primary human hepatocytes are considered as the gold
standard for studying metabolism and toxicity [4,9,10]. However, be-
cause of difficulties associated with isolating and culturing of cells,
costs and inter-donor variation, much research has been directed to-
wards using alternatives, such as hepatic-derived cell lines [4,11].

The human hepatocellular carcinoma cell line HepG2 is frequently
used in early safety assessment because of availability, unlimited cell
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growth and high reproducibility of results [12,13]. The HepG2 cell line
has many liver-specific functions [14–16] and is used as a screening
model for cytotoxic substances and to study the metabolism of xeno-
biotics [17]. The cells are highly differentiated and reflect the liver
activity of human parenchymal liver cells [17,18], such as synthesis and
secretion of plasma proteins and cell surface receptors [17,19]. How-
ever, the HepG2 cell line has limited hepatocyte functionality in 2D
culture [9]. Spheroids of HepG2 cells have been shown to comprise
enhanced liver-like functionality compared to 2D cultures by upregu-
lation of genes involved in liver-specific xenobiotic and lipid metabo-
lism [4,20], and formation of bile canalicular-like structures and tight
cell-cell interactions [4,21,22], making it a more realistic liver model.
Compared to the 2D HepG2 cultures, HepG2 spheroids are described as
cultures with a high activity of liver-specific functions, e.g. albumin
[23–25], urea synthesis [23,24] and CYP expression [24–26].

3D cultures can be applied for different toxicological endpoints
[3,5]. An important endpoint in hazard characterization is genotoxicity.
The micronucleus assay has successfully been applied on HepG2
spheroids to detect chromosomal damage [26]. The comet assay is a
very useful technique for screening of genotoxic potential of com-
pounds. Several genotoxic endpoints can be detected, such as DNA
strand breaks (SBs) and oxidized or alkylated base lesions [27–33], and
the comet assay can provide an early prediction of a compound’s mu-
tagenic and carcinogenic potential [34,35]. Thus, the development of
protocols for application of 3D cultures for genotoxicity assessment (via
e.g. the comet assay) is needed for a better and more precise prediction
of adverse effects on human health after environmental exposure.

The current study is, to our knowledge, the first study on the ap-
plication of the comet assay to spheroidal HepG2 cultures. Colchicine
(COL), chlorpromazine hydrochloride (CHLO), and methyl methane-
sulfonate (MMS) were used for cytotoxicity evaluation, and MMS and
hydrogen peroxide (H2O2) were used for evaluating potential differ-
ences in response and sensitivity of genotoxicity in 2D and 3D HepG2
cultures.

2. Materials and methods

2.1. Cultivation of HepG2 cells

HepG2 cells, provided from the ECACC-European Collection of
Authenticated Cell Cultures (cell line no. 85011430, Salisbury, United
Kingdom) and Leibniz-Institut DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (cell line no. ACC-180,
Braunschweig, Germany), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM D6046 with low glucose and 4mM L-glutamine,
Sigma-Aldrich) or Roswell Park Memorial Institute medium (RPMI
1640, R8758, Sigma-Aldrich) supplemented with 10% v/v fetal bovine
serum (FBS, 26140-079 ThermoFisher Scientific), 100 U/ml penicillin
and 100 μg/ml streptomycin (5070-63, ThermoFisher Scientific).
Experiments were performed in two independent laboratories. For ex-
periments at NILU (Laboratory 1) with cells from ECACC DMEM was
used, and RPMI was used at Fraunhofer IBMT (Laboratory 2) for cells
from DSMZ. Cells were passaged two times a week using phosphate
buffered saline (PBS, 14190094, ThermoFisher) for washing and dry
trypsinization with trypsin-EDTA 0.25% (59429C, Sigma-Aldrich) or
wet trypsinization with trypsin-EDTA 0.05% (25-052-CI, Corning).

2.2. Preparation of 3D spheroid cultures

Drops (20 μl) of HepG2 cells were pipetted to the inside of a lid of a
petri dish (312, 625, 1250, 2500, 5000 cells per 20 μl; 65 drops per
dish), and carefully placed on top of the dish filled with 5ml cell culture
medium. After 4 days incubation at 37 °C 5% CO2, the spheroids (one
spheroid formed per drop) were transferred by pipetting to a 96-well
spheroid culture plate (Corning). One spheroid was placed per well. The
spheroids were further incubated for additional 21 days for size and

circularity measurements, with medium renewal (4/5 vol) every two
days. For all exposure studies, conditions with 2500 cells per drop, 4
days in hanging drop and one week in low adhesion plate were selected.
Day 1 of the presented results is the day after transfer of the spheroids
to plates. For trypsinization, the spheroids were washed twice with PBS,
incubated with 50 μl 0.25% trypsin-EDTA for 10min and neutralized in
150 μl fresh medium. The whole content of the well was transferred to
an Eppendorf tube and centrifuged for 5min at 200 g. The supernatant
was removed, and the pellet re-suspended, before 30 μl medium was
added for samples for cell counting and 70 μl medium was added for
samples used for the comet assay.

2.3. Preparation of 2D cultures

Parallel to experiments with spheroids, standard in vitro 2D cultures
were used. HepG2 cells were seeded at 20,000 cells/well in a standard
flat 96-well plate for the comet assay and alamarBlue assay, 10,000
cells/well for measuring metabolic capacity of cells, and 200,000 cells/
well in flat 24-well plate for flow cytometry analysis. The 2D cultures
were then incubated overnight prior to exposure to test substances or
fresh medium. For trypsinization, 2D cultures were washed twice with
PBS, dry trypsinized for 4min and re-suspended in cell culture medium.

2.4. Cell counting

The cells were counted in automated cell counter Countess®
(C10227, Invitrogen). The cell suspension was mixed 1:1 with trypan-
blue (0.4%, Invitrogen) for staining of cells with compromised cell
membrane.

2.5. Evaluation of metabolic status of 2D and 3D cultures

The levels of albumin, alanine transaminase (ALT), aspartate ami-
notransferase (AST) and glutamate dehydrogenase (GDH) in 2D and 3D
cultures were measured after 8 days in culture. Albumin was measured
with kit BCG Albumin Assay Kit (Cell Biolabs, USA), ALT with Alanine
Aminotransferase (ALT or SGPT) Activity Colori-metric/Fluorometric
Assay Kit (Biovision, USA), AST with Aspartate Aminotransferase (AST)
Activity Colorimetric Assay Kit (Biovision), and GDH with Glutamate
Dehydrogenase (GDH) Activity Colorimetric Assay Kit (Biovision). All
assays were performed according to the manufacturers’ protocols. For
the albumin assay, FBS-free medium was used. Values were normalized
to the number of cells per 2D or 3D culture on day of measurement.

2.6. Size measurements of the spheroids

For measuring the size (diameter and area) of the spheroids, images
were acquired in the bright field microscope Leica DM-IL microscope
with camera (Moticam) and the software Motic Images (Laboratory 1),
and Olympus IX70 microscope with CC-12 camera (Olympus) and the
software i-cell (Laboratory 2). The images of 8–18 spheroids per ex-
periment were analyzed with the software Fiji Is Just ImageJ (Fiji) [36]
using the same settings for all images. Also the circularity of the
spheroids was analyzed via Fiji.

2.7. Fluorescence imaging of the spheroids

The spheroids were stained with fluorescein diacetate (FDA,
Invitrogen) and propidium iodide (PI, Invitrogen) to allow for visuali-
zation of live and dead cells, respectively. The spheroids were in-
cubated in dark at room temperature with 30 μg/ml FDA and 40 μg/ml
PI for up to 10min, before washing with PBS and imaging in PBS in
confocal microscope Zeiss LSM 700 with the software ZEN2010 (Zeiss).
At least three spheroids were imaged per sample in two independent
experiments (n=2).
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2.8. Test substances and exposure

HepG2 cells in 2D and 3D culture were exposed in 96-well plates to
COL, CHLO or MMS (1–750 μM) for 24 h, using at least two (2D) or
three (3D) parallel wells per experiment, each with one culture or
spheroid. As negative control complete chemical-free culture medium
was used, with at least four (2D) or five (3D) parallel wells per ex-
periment. For both 2D and 3D cultures the same volumes and con-
centrations were used. Stock solutions of COL (cat.no. A13240.03, VWR
International), MMS (cat. no. 129925, Sigma-Aldrich), and CHLO (cat.
no. C8138, Sigma-Aldrich) were freshly prepared before all experi-
ments. COL was dissolved in sterile PBS (10mM), MMS was dissolved in
dimethyl sulfoxide (DMSO) and sterile PBS at a ratio of 1:1.8:9 (1M)
before dilution in PBS (10mM), and CHLO was dissolved in sterile fil-
tered ultrapure water (5mM). Working solutions were prepared by
serial dilution in cell culture medium.

HepG2 cells in 2D and 3D cultures were exposed also to H2O2

(7722841, Sigma-Aldrich). 2D and 3D cultures were exposed both as
cells in culture in 96-well plates and as disintegrated single cells, to
12.5–250 μM H2O2 in PBS for 5min on ice. See Section 2.11 for further
details.

2.9. Viability measured by alamarBlue assay

Spheroids or cells in 2D culture were washed twice with PBS, and
alamarBlue diluted in cell culture medium (10% v/v) was added
(100 μl/well for 3D, 200 μl/well for 2D). Samples were incubated at
37 °C, 5% CO2 in dark for 3–4 h before the supernatant was transferred
to a new 96-well plate (40 μl/well). Fluorescence (excitation 530 nm,
emission 590 nm) was determined on a FLUOstar OPTIMA microplate
reader. Per exposure well, four 2D samples and two 3D samples were
measured in parallel, and at least two 2D or three 3D exposure wells
were used per experiment. Blank values (alamarBlue without cells
present) were subtracted from the measured fluorescence intensity,
which was further normalized by the average measurement of the un-
exposed samples, giving the relative viability of the exposed samples.

2.10. Viability measured by flow cytometry

The exposure medium was removed and the cells were washed with
PBS. Cells of the 2D model were detached with trypsin and transferred
into tubes. Cells of two parallel culture wells treated with the same
conditions were transferred into the same tube. In case of the 3D model,
three spheroids treated with the same conditions were transferred in
one tube and trypsinized. Cells were centrifuged at 200 g for 3min and
washed again with PBS. Cells were stained with 30 μg/ml FDA solution
for 1min. After an additional washing step with PBS the cells were fixed
in fixing solution (1% paraformaldehyde, 0.85% NaCl in PBS, pH 7.4)
and analyzed with a FACS Calibur (BD Biosciences, USA) at 488 nm.
Viability measurement by flow cytometry were performed with internal
duplicates (2D) or triplicates (3D).

2.11. DNA damage measured by the comet assay

The miniaturized 12-gel comet assay was performed as described by
El Yamani et al. (2017) [37]. Briefly, exposed 2D and 3D cultures were
disaggregated with trypsin as described above, and re-suspended in
150 μl and 70 μl fresh medium, respectively. For embedding of cells in
gels, 50 μl cell suspension was mixed 1:3 with low melting point-
agarose (0.8% w/v, A9414, Sigma-Aldrich, 37 °C) in a 96-well plate,
giving a final agarose concentration of 0.6% w/v. Mini-gels (10 μl) were
made on microscope slides pre-coated with 0.5% standard melting
point agarose (05066, Sigma-Aldrich), and submerged in lysis solution
(2.5M NaCl, 0.1M EDTA, 10mM Tris, 10% v/v Triton X-100, pH 10,
4 °C) for at least 1 h.

In addition to the alkylating agent MMS, H2O2 was used as a

positive control for DNA SBs. 2D and 3D cultures were exposed both as
cells in culture and as disintegrated single cells. For cells in culture, the
2D and 3D cultures were exposed to 12.5–250 μM H2O2 for 5min on
ice, washed in PBS, trypsinized and embedded in gels as described
above. For exposure of single cells from 2D and 3D cultures, control,
non-treated cells were embedded into gels on slides and the gels were
submerged in 12.5–100 μM H2O2 in PBS for 5min at 4 °C, washed twice
for 5min in PBS (4 °C) and then submerged in a separate coplin jar of
lysis solution.

For detection of oxidized or alkylated bases, the modified comet
assay was used with the bacterial repair enzyme formamidopyrimidine
DNA glycosylase (Fpg, gift from Professor Andrew Collins, University of
Oslo, Norway), which converts oxidized or alkylated bases to SBs [33].
After lysis, slides with cells embedded in gels were washed twice for
8min in buffer F (40mM HEPES, 0.1M KCl, 0.5 mM EDTA, 0.2mg/ml
BSA, pH 8, 4 °C), added Fpg enzyme diluted in buffer F, and covered
with a polyethylene foil and incubated at 37 °C for 30min in a humid
box. As positive control for function of Fpg enzyme, HepG2 cells were
exposed to a photosensitizer Ro 19–8022 (2 μM, kindly provided by
Hoffmann La Roche, Switzerland) and irradiated with visible light
(30 cm distance from cells, 250W) on ice for 4min, before embedding
into gels. The photosensitizer Ro 19-8022 with light induces oxidized
purines, mainly 8-oxoG, which is detected by the Fpg enzyme [38,33].

For electrophoresis, the slides were placed in the tank, submerged in
electrophoresis solution (0.3M NaOH, 1mM EDTA, pH > 13, 4 °C), to
let the DNA unwind for 20min, before running electrophoresis for
20min (25 V, 1.25 V/cm, Consort EV202). The gels were neutralized in
PBS, washed in ultrapure H2O and left to dry overnight. Comets were
visualized after staining with SYBR gold (1:2000, S11494, Sigma-
Aldrich), and scored in Leica DMI 6000 B (Leica Microsystems),
equipped with a SYBR®photographic filter (Thermo Fischer Scientific)
using the software Comet assay IV 4.3.1 (Perceptive Instruments, Bury
St Edmunds, UK). Median DNA tail intensity was calculated from ap-
proximately 50 comets per spheroid/sample as a measure of DNA SBs.
For 3D cultures, medians were averaged from six parallel control
spheroids and three parallel exposed spheroids per experiment. For 2D
culture, medians were averaged from 4 parallel control samples and 2
parallel exposed samples per experiment.

2.12. Statistical analysis

Results are presented as mean with standard error of the mean
(SEM) of 3 independent experiments (n=3), unless otherwise men-
tioned. Effects were compared to non-treated cells, and statistical
analysis by one-way ANOVA, multiple comparisons and post-test
Dunnett performed in Prism/GraphPad 7. Two-way ANOVA was used
for comparison between 2D and 3D cultures, with multiple comparisons
and post-test Sidak. P-values are marked by * as p < 0.05, ** as
p < 0.01, *** as p < 0.001 and **** as p < 0.0001. EC50 values
were calculated in Prism using linear regression.

3. Results

3.1. Formation, growth and metabolic status of HepG2 spheroids

To find optimal conditions for spheroid formation via hanging drop
technique and growth, different cell numbers per droplet (312–5000
cells per droplet) were studied. Spheroids were formed with all cell
numbers. Spheroid area increased time-dependently until reaching a
plateau after one week culture of the spheroids in a 96-well plate (after
4 days hanging drop culture) (Fig. 1). The circularity was high and
stable for the spheroids seeded with lower cell numbers, and increasing
over time for spheroids with higher cell numbers (Fig. 1). Based on
these results, conditions with 2500 cells per drop and 4 day hanging
drop culture and one week culture of the spheroids in a 96-well plate
were selected for the cyto- and genotoxicity experiments.
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Growth of the spheroids over time was investigated by measuring
the diameter and counting the number of cells per spheroid. The
number of cells increased in consistency with enlarged spheroid size
and time (Fig. 2A). Average cell viability over time was 79%±2% in
the 3D cultures, and 92%±2% in the 2D cultures, determined by the
trypan blue assay. The visual analysis of the HepG2 spheroids via
confocal laser scanning microscopy verified the viability of the cells in
the 3D culture (Fig. 2B). The distribution of live and dead cells in the
spheroids was investigated by FDA/PI staining. A small necrotic core
was seen, and the viability was stable over time. A representative image
of the HepG2 spheroid at day 1 is shown in Fig. 2B, with a high pre-
sence of viable cells.

An inter-laboratory comparison for investigating reproducibility
and reliability of the development and cultivation of HepG2 liver
spheroids was performed. The spheroids were cultured in laboratory 1
and laboratory 2 using the same protocol. Spheroid diameter was de-
termined over 8 days. The growth rate was found to differ slightly, but
the spheroid diameter was found to be similar both at start of culture
and at time of exposure, increasing from 630 μm to 800 μm (Fig. 3).

To compare the metabolic status of the 2D and 3D HepG2 cultures,
the albumin production as well as the activity of the liver-specific en-
zymes AST, ALT and GDH were measured (Fig. 4). Albumin con-
centration (2D: 7.6 μg/109 cells, 3D: 1.7 μg/109 cells) and ALT activity
(2D: 27.0 units/109 cells, 3D: 8.5 units μg/109 cells), measured at day
8, was significantly increased in cultures grown as monolayers com-
pared to spheroidal HepG2 cultures. In contrast GDH (2D: 3.4 units/109

cells, 3D: 9.3 units/109 cells) was significantly increased in the spher-
oidal HepG2 cultures. No significant difference was seen comparing the
AST activity in 2D and 3D HepG2 cultures (Fig. 4).

3.2. Cytotoxicity studies in 2D and 3D HepG2 cultures

To investigate and compare toxicological responses of 2D and 3D
HepG2 cultures, the monolayer and the spheroidal culture were ex-
posed to COL, CHLO or MMS. Cytotoxicity was determined both by
alamarBlue assay which measures metabolic activity and by flow cy-
tometry which measures cell vitality/membrane damage (Fig. 5). Cell

viability of HepG2 2D cultures, measured by alamarBlue assay, was
reduced by exposure to COL. Already at 10 μM, COL induced a sig-
nificant decrease in relative cell viability, whereas in 3D liver cultures
an exposure with the highest tested concentration (750 μM) did not
result in a significant decrease in relative cell viability (Fig. 5A). Sta-
tistically significant differences were found between 2D and 3D cultures
for 5 and 10 μM COL where the relative cell viability of 3D cultures
were high. By flow cytometry, no effect of COL was seen in either 2D or
3D cultures (Fig. 5D). In contrast, CHLO induced in both models (2D
and 3D) a concentration dependent decrease in relative cell viability,
but with different sensitivity (Fig. 5B). EC50 values were calculated for
CHLO in 2D culture to be 93 μM (alamarBlue assay) and 177 μM (flow
cytometry analysis), respectively. For 3D cultures the EC50 values were

Fig. 1. Size and circularity of HepG2 spher-
oids. 312–5000 cells were seeded as hanging
drops and cultured for 4 days before trans-
ferred to a spheroid culture plate. Size, mea-
sured as area, and circularity of the individual
spheroids were measured over 21 days.
Spheroid area and circularity determined by
image analysis, show a time-dependent in-
crease in spheroid size before reaching a pla-
teau with a stable size and circularity. Mean
with SEM (n=3).

Fig. 2. Cell proliferation and viability of
HepG2 cells in 2D and 3D cultures. A) The cell
number in the spheroids increased over time
after seeding 2500 cells, with a relatively
constant viability. The number of cells in 2D
cultures cultured in parallel (20.000 seeded
cells) is shown as comparison. Day 0: Cell
number at seeding of cells. Day 1: One day
after transfer to spheroid plate (3D). Mean
with SEM (n= 3). B) Representative confocal
image of a spheroid at day 1, showing viable
cells stained with FDA in green and a necrotic
core stained with PI in red. The image is a
merged image of 10 images of the spheroids
cross section. A shadow is removed from the
image in Fiji. Scale bar 200 μm.

Fig. 3. Inter-laboratory comparison of HepG2 spheroid diameter. Both labora-
tories used the same protocol for culturing the spheroids, and achieved an in-
creasing spheroid size, with approximately the same diameter at day 8, the end
of the culture period. Day 1: One day after the transfer to spheroid plate. Mean
with SEM (n=3). No statistical differences were found between the results
from the two laboratories, using two-way ANOVA with multiple comparisons
and post-test Sidak.
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higher; 227 μM measured by alamarBlue assay and> 750 μM by flow
cytometry (Fig. 5B and 5E, Table 1). MMS was cytotoxic at the highest
tested concentrations in 2D culture, with an EC50 value of 417 μM by
alamarBlue assay (Fig. 5C, Table 1). No significant reduction in relative
cell viability was observed at the highest concentration for 3D culture
(Fig. 5F, Table 1).

Confocal imaging of exposed spheroids showed an increase in the
amount of dead cells by PI staining after exposure to 750 μM MMS and
300 μM CHLO, but no effect after COL exposure (Fig. 6). The staining
was successful for cells mainly at the surface of the spheroid (Fig. A.1
and A.2). In summary, all three compounds induced cytotoxicity to
HepG2 cells in 2D cultures, measured by alamarBlue assay (Fig. 5A–C).
Only CHLO and MMS were cytotoxic for 3D cultures, determined by
alamarBlue assay (Fig. 5E) and confocal imaging (Fig. 6).

3.3. Genotoxicity measured in 2D and 3D cultures by the comet assay

The background level of damage in non-treated 3D cultures was
5.1%±1.3% DNA in tail for DNA SBs and 8.7%±1.6% for DNA SBs
plus Fpg sites. Corresponding values for 2D cultures were 4.8%±0.6%
and 5.1%±1.4%. The background levels for 2D and 3D cultures are in
the same range. The control for function of Fpg (Ro 19-8022) was
within the expected range, as the Fpg treated control had an increase of
at least 20% DNA in tail compared to the control without Fpg (data not
shown). For genotoxicity studies by the comet assay only MMS and
H2O2 were selected because they are direct acting mutagens and the
most common positive controls in the comet assay. When exposing 2D
and 3D cultures to H2O2 in the culture wells, before trypsinization, the
induction of SBs in 2D cultures was significant at a concentration of 50
μM and above (Fig. 7A). A smaller increase in SBs was seen for 3D
cultures treated with H2O2 as spheroids before trypsinization. When
exposing disaggregated single cells after trypsinization, both 2D and 3D
cultured cells had high levels of DNA SBs at all tested concentrations
(Fig. 7B).

HepG2 monolayer and spheroids were treated with MMS for 24 h
before disaggregation of cells and DNA damage investigation. A con-
centration related response was seen after the MMS exposure, both for
DNA SBs and DNA SBs+ Fpg (Fig. 8). In 3D cultures, significantly in-
creased DNA damage relative to control was found already at 50 μM
MMS. The responses of 2D and 3D cultures were significantly different
from each other at 100 μM and 300 μM, where a higher induced damage

was seen in 3D cultures.

4. Discussion

In this study a liver spheroid model was established and the suit-
ability for genotoxicity studies by the comet assay was investigated.
HepG2 2D cultures are commonly used for evaluating toxicity of che-
micals, drugs and nanoparticles [9,44–46]. They are easy to handle and
are frequently used for high-throughput toxicity screening, but have
also disadvantages. The adherent monolayer cell culture is far removed
from the in vivo morphology, and this could account for the altered
metabolism compared to 3D tissue structure. 3D cell models, such as
spheroids, represent a much more in vivo-like morphology and behavior
and are thus a more realistic model. Ramaiahgari et al. concludes that
the 3D model better is more sensitive than monolayer cultures and
better predicts potential hepatotoxicity, especially when increasing the
exposure time from 24 h to repeated exposures [22]. Therefore, the
development of a new liver spheroid model combined with the comet
assay is in-line with the 3R concept and meets the strong need for new
in vitro models for genotoxicity screening under realistic in vivo-like
conditions. Kermanizadeh et al. used the commercialized InSphero liver
spheroids for comet assay studies [39]. Our study is, to the best of our
knowledge, the first to focus on the application of the comet assay to
HepG2 liver spheroids cultured in a simple and reproducible manner.
The protocol used here for the spheroid preparation and cultivation has
not yet been published before. Published protocols differ in cell num-
bers, culture conditions and durations, and droplet volumes [26].The
implementation of the developed protocol in two independent labora-
tories, using HepG2 cells from different sources and with different cell
culture media, confirmed a high reproducibility, in contrast to a study
by Hurrell et al. [40]. The background levels of DNA SBs in 2D and 3D
cultures were similar and within the recommended range for human
cells [27,41].

The increase in number of cells during the first week of spheroid
culture is consistent with other studies on HepG2 and primary hepa-
tocytes [40,42]. The plateau of the spheroid area after about one week
in culture (Fig. 1) could indicate a reduced proliferation index of the
spheroidal cells [40], and/or a decreased level of the proliferation
marker Ki67 [22]. The observed necrotic core in the spheroids is
characteristic of cultures with diameters> 300 μm [4].

The metabolic status of HepG2 cells cultured in 2D and 3D was
measured by the presence of different proteins and enzyme activity. The
production of albumin is an indicator for metabolic activity [43], ALT,
AST and GDH are in vivo liver functionality biomarkers. Upon liver
injury, the serum concentrations of ALT, AST and GDH increase
[43,44]. In contrast to published studies [4,22,26], the albumin pro-
duction in HepG2 spheroids was lower than in 2D monolayers (Fig. 4).
Shah et al. reported a higher albumin secretion in hanging spheroids on
day 4 compared to day 7 [26]. One reason for the low albumin con-
centration could be the late time point (day 8) in our study. Ad-
ditionally, the albumin secretion could depend on the spheroid size.
Nishikawa et al. determined the highest albumin level in the smallest
spheroids (200 μm), and albumin levels similar to ours were found in
larger spheroids and monolayers [45]. One can speculate over the
possibility of the cells in the spheroids being packed too tightly for the
albumin to pass through to the surface, resulting in a lower albumin
concentration in the supernatant where the quantification takes place.
Comparing the results of the 2D and 3D HepG2 cultures, ALT decreased,
AST remained relatively constant and GDH increased in the spheroidal
model, suggesting a difference in the metabolic status of the cells. In the
3D spheroid culture approach, all cells are in contact with other cells
but not with an artificial matrix. The spheroid approach supports much
more the maintenance of in vivo-like cell morphology and behavior than
2D approaches.

After characterizing the HepG2 liver spheroids, the cytotoxicity in
2D and 3D cultures was evaluated to determine the concentrations for

Fig. 4. Metabolic status of 2D and 3D HepG2 cultures at day 8. Amounts of
released albumin, AST, ALT and GDH from HepG2 cells are dependent on
culture conditions. Numbers are normalized to number of live cells per culture
at time of measurement. Similar results would be seen if presented as mass or
unit per volume. Mean with SEM (n=3). Two-way ANOVA with multiple
comparisons and post-test Sidak was performed to compare 2D and 3D results.
*** p < 0.001; **** p < 0.0001.
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the comet assay. Three different cytotoxicity assays (alamarBlue assay,
live/dead staining with flow cytometry, confocal imaging) were ap-
plied. The alamarBlue assay showed an effect of COL, CHLO and MMS

in 2D cultures, but only with CHLO on 3D cultures. Confocal imaging
showed however that MMS induced cytotoxic effects in 3D cultures.
The cell viability assay with flow cytometry showed a smaller effect or

Fig. 5. Effect of COL, CHLO and MMS on cell viability of 2D and 3D HepG2 cultures, measured by alamarBlue assay (endpoint: metabolic activity) (A–C) and flow
cytometry (endpoint: cell vitality/ membrane damage) (D–F) after 24 h exposure. COL reduced the relative cell viability of 2D cultures in the alamarBlue assay but no
viability reduction was seen by flow cytometry analysis after FDA/PI staining. CHLO was cytotoxic for both 2D and 3D cultures. MMS was cytotoxic at high
concentrations for 2D culture in alamarBlue assay. Mean with SEM and n=3, except for 3D cultures in alamarBlue assay where n= 5. One-way ANOVA with
multiple comparisons and post-test Dunnett was performed to compare effect to negative control. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Statistically significant differences were seen between 2D and 3D results only for COL 5 μM and 10 μM (p < 0.05), using two-way ANOVA with multiple comparisons
and post-test Sidak.
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no effect. The differences in the effects between the methods may re-
flect differences in their modes of action. The alamarBlue assay mea-
sures the cells’ ability to metabolize the substrate resazurin, PI stains
DNA in cells that have lost their membrane integrity, whereas FDA is
hydrolyzed to the fluorescent fluorescein in viable cells. The smaller or
no effect on the viability measured by flow cytometry may in addition
be due to the loss of dead cells during the washing steps which are not
performed with the other cytotoxicity assays. This illustrates the im-
portance of including more than one assay or endpoint to evaluate the
cytotoxicity of a substance. A statistically significant difference in in-
duced cytotoxicity when comparing 2D and 3D cultures, was seen only
for low concentrations of COL evaluated by alamarBlue assay. Greater
variation, however, was seen for 3D cultures than 2D cultures with
alamarBlue (Fig. 5), possibly related to variations in spheroid size.

In vivo and in vitro studies have shown that CHLO, a tricyclic anti-
depressant, is intrinsically toxic to the liver as it can induce cholestasis
and hepatic necrosis [46]. The concentration-related cytotoxicity after

exposure to CHLO (Fig. 5, Table 1) was similar to that reported by Xuan
et al. [47]. Similar EC50 values were obtained for 2D and 3D cultures in
a study on HepaRG cells [11]. However, Mueller et al. used spheroids of
HepG2 and HepaRG cells, and found lower CHLO EC50 values for 2D
cultures compared to 3D cultures after 72 h exposure [48].

COL, a drug for treatment of acute gout, binds to tubulin and in-
hibits cell division [49] leading to decreased metabolism of the cell
culture. Consistent with this, COL was cytotoxic in 2D cultures (Fig. 5) –
but not in 3D culture, possibly owing to differences in cellular meta-
bolism in the spheroid or poor penetration of the compound into the
spheroid.

MMS is a mutagenic compound [50] that methylates DNA bases,
leading to SBs, chromosome breaks, micronucleus formation, and fi-
nally cell death [51,52]. The effect of MMS on cell viability (Figs. 5, 6)
was seen mainly at the highest test concentrations. MMS was, in ad-
dition, able to induce genotoxicity in HepG2 2D and 3D cultures in a
concentration related manner (Fig. 8) at non-cytotoxic concentrations.
There was slightly more DNA damage after MMS exposure of 3D
compared to 2D cultures. A similar HepG2 spheroid model, tested with
other chemicals, had a higher sensitivity to micronucleus formation
[26].

H2O2 exposure of disaggregated cells from 3D cultures induced
elevated levels of DNA SBs at lower concentrations than in cells from
2D cultures. Exposure of intact 2D and 3D cultures to non-cytotoxic
concentrations of H2O2 [53,54] (Fig. 7A) led to fewer DNA SBs com-
pared with exposure of disaggregated single cells in the gel (Fig. 7B).
One reason for this difference could be the fast repair of SBs during

Table 1
EC50 values of the test compounds COL, CHLO and MMS.

alamarBlue Flow cytometry

2D 3D 2D 3D

COL >750 μM >750 μM >750 μM >750 μM
CHLO 93 μM 227 μM 177 μM >750 μM
MMS 417 μM >750 μM >750 μM >750 μM

Fig. 6. Representative images from confocal microscopy of exposed HepG2 spheroids. Spheroids were exposed to COL, CHLO and MMS for 24 h before viable (green)
and dead (red) cells were stained with FDA (green) and PI (red). The images are z-stack projections from the spheroid surface to approximately 150 μm towards the
spheroid core. Scale bar 200 μm.
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disaggregation of cells after exposure [54]. 3D cultures required longer
time for disaggregation of cells, compared to 2D cultures, resulting in a
higher level of damage in 2D cultures. Also, it has been reported that
the incubation time and concentration of trypsin and EDTA can affect
the background level of SBs in HepG2 cells [55]. Additionally, it is
possible that the tested compounds in this study did not fully diffuse
inside the spheroid, thus accounting for differences in the observed
results between 2D and 3D cultures. Concentration gradients of oxygen,
proteins, waste and other solutes have been shown to be present in
tissues or 3D cultures [6,9]. However, in a study by Gaskell et al. the
exposure of autofluorescent doxorubicin was found to be homogenous
throughout the spheroid volume in a C3A liver spheroid [56]. In con-
trast, limited fluorescence of dyes was found in the middle of the center
of breast cancer spheroids [57]. A similar effect was observed in our
study with PI and FDA at the end of the culture period, where the dyes
stained mainly the outer parts of the spheroid and did not reach the
center and so measuring cytotoxicity in this way may not be completely
reliable.

Cell density, incubation time, pH, spheroid size, the surrounding
extracellular matrix (ECM), and factors involved with bioaccumulation,
such as lipophilicity, could potentially be important for the chemical’s
distribution in the spheroid [58]. However, heterogeneous exposure of
spheroids can possibly also be closer to in vivo exposure, with the cel-
lular arrangements and metabolic zonation through the acinus. The
investigation of the influence of the location of the cells in the spheroid
on the genomic damage could give more detailed information [59].

5. Conclusions

The present study demonstrates the successful application of the
comet assay to HepG2 liver spheroids, bridging the gap between in vivo
studies and assays based on 2D monolayers. We tested a liver spheroid
model in two independent laboratories, with successful application for
both genotoxicity studies via the comet assay and several cytotoxicity
assays. Compared to traditional 2D monolayer culture, spheroidal cul-
tures can have higher variability; however, due to the different geo-
metrical arrangements of the cells, they reflect much better the in vivo
situation. Depending on the objective of the study, it should be con-
sidered which cell model is best suited for the investigations. Time- and
cost-efficient 2D models are usually sufficient for pre-screening in the
field of pharmaceutical drug development. However, if effects in com-
plex systems or the interaction of several cell responses or different cell
types should be considered, 3D spheroids are more realistic models that
comply with the 3Rs policy to reduce in vivo testing. Our study is a
positive contribution to the development of advanced in vitro models.
Future studies with HepG2 spheroids should focus on increasing the
relevance towards the human liver, by including co-cultures of hepa-
tocytes with macrophages and longer or repeated exposure.
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Fig. 7. DNA damage in H2O2 exposed HepG2
2D and 3D culture measured by the comet
assay. H2O2 induced DNA SBs in HepG2 cells
exposed either in (A) 2D or 3D culture where
the cultures were treated with H2O2 for five
minutes before disaggregation of the cells and
embedding of cells in gel, and (B) as single
cells where the cells were incubated with H2O2

for five minutes after trypsinization and em-
bedding of cells in gel. The level of DNA SBs
was higher for single cell exposure than for
monolayer/spheroid exposure. Mean with SEM
(n= 3). One-way ANOVA with multiple com-
parisons and post-test Dunnett was performed
to compare effect to negative control. Two-way
ANOVA with multiple comparisons and post-
test Sidak was performed to compare 2D and
3D results. * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < 0.0001.

Fig. 8. DNA damage in MMS exposed HepG2
2D and 3D cultures measured by the comet
assay. HepG2 monolayer (A) and spheroids (B)
were treated with MMS for 24 h before dis-
aggregation of cells and DNA damage in-
vestigation. The % DNA in tail is increasing
with increasing MMS concentration, for both
2D and 3D cultures. Mean with SEM (n= 3). In
3D culture significant difference from control
was found already at 50 μM MMS. 2D (A) and
3D cultures (B) were significantly different
from each other (P < 0.01) at 100 μM and 300
μM, using two-way ANOVA with multiple
comparisons and post-test Sidak. One-way
ANOVA with multiple comparisons and post-
test Dunnett was performed to compare effect
to negative control. ** p < 0.01; ***
p < 0.001; **** p < 0.0001.
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Fig. A.1:  Z-stack of confocal images of a non-exposed HepG2 spheroid. The cells were stained with the fluorescent 

dyes fluorescein diacetate (green) and propidium iodide (red). The images from the z-stack show a low number of 

dead cells (red) and a large number of viable cells (green). Nine of 20 images are shown, where the first image (1) is 

at the surface of the spheroid. Images were collected at 5.45 µm intervals. Scale bar 200 µm.  

 



 
Fig. A.2: Z-stack of confocal images of a HepG2 spheroid exposed to 300 µM CHLO for 24h. After the CHLO-exposure 

the cells were stained with the fluorescent dyes fluorescein diacetate (green) and propidium iodide (red). The images 

from the z-stack show a low number of viable cells (green) and a large number of dead cells (red). Nine of 28 images 

are shown, where the first image (1) is at the surface of the spheroid. Images were collected at 5.45 µm intervals. 

Scale bar 200 µm.  

 



V





nanomaterials

Article

Hepato(Geno)Toxicity Assessment of Nanoparticles
in a HepG2 Liver Spheroid Model

Elisabeth Elje 1,2, Espen Mariussen 1, Oscar H. Moriones 3,4, Neus G. Bastús 3, Victor Puntes 3,5,6,
Yvonne Kohl 7, Maria Dusinska 1 and Elise Rundén-Pran 1,*

1 Health Effects Laboratory, Department for Environmental Chemistry, NILU—Norwegian Institute for Air
Research, Instituttveien 18, 2007 Kjeller, Norway; eel@nilu.no (E.E.); ema@nilu.no (E.M.);
mdu@nilu.no (M.D.)

2 Department of Molecular Medicine, Institute of Basic Medical Sciences, Faculty of Medicine,
University of Oslo, Sognsvannsveien 9, 0372 Oslo, Norway

3 Institut Català de Nanociència y Nanotecnologia (ICN2-UAB-CSIC-BIST), Campus UAB, Bellaterra,
08193 Barcelona, Spain; oscarhernando.moriones@icn2.cat (O.H.M.); neus.bastus@icn2.cat (N.G.B.);
victor.puntes@icn2.cat (V.P.)

4 Universitat Autonòma de Barcelona (UAB), Campus UAB, Bellaterra, 08193 Barcelona, Spain
5 Vall d’Hebron Institut de Recerca (VHIR), 08035 Barcelona, Spain
6 Institució Catalana de Recerca i Estudis Avançats (ICREA), 08010 Barcelona, Spain
7 Fraunhofer Institute for Biomedical Engineering IBMT, Joseph-von-Fraunhofer-Weg 1, 66280 Sulzbach,

Germany; yvonne.kohl@ibmt.fraunhofer.de
* Correspondence: erp@nilu.no

Received: 31 January 2020; Accepted: 11 March 2020; Published: 18 March 2020
����������
�������

Abstract: (1) In compliance with the 3Rs policy to reduce, refine and replace animal experiments, the
development of advanced in vitro models is needed for nanotoxicity assessment. Cells cultivated
in 3D resemble organ structures better than 2D cultures. This study aims to compare cytotoxic
and genotoxic responses induced by titanium dioxide (TiO2), silver (Ag) and zinc oxide (ZnO)
nanoparticles (NPs) in 2D monolayer and 3D spheroid cultures of HepG2 human liver cells. (2) NPs
were characterized by electron microscopy, dynamic light scattering, laser Doppler anemometry,
UV-vis spectroscopy and mass spectrometry. Cytotoxicity was investigated by the alamarBlue assay
and confocal microscopy in HepG2 monolayer and spheroid cultures after 24 h of NP exposure. DNA
damage (strand breaks and oxidized base lesions) was measured by the comet assay. (3) Ag-NPs were
aggregated at 24 h, and a substantial part of the ZnO-NPs was dissolved in culture medium. Ag-NPs
induced stronger cytotoxicity in 2D cultures (EC50 3.8 µg/cm2) than in 3D cultures (EC50 > 30 µg/cm2),
and ZnO-NPs induced cytotoxicity to a similar extent in both models (EC50 10.1–16.2 µg/cm2). Ag-
and ZnO-NPs showed a concentration-dependent genotoxic effect, but the effect was not statistically
significant. TiO2-NPs showed no toxicity (EC50 > 75 µg/cm2). (4) This study shows that the HepG2
spheroid model is a promising advanced in vitro model for toxicity assessment of NPs.

Keywords: advanced in vitro model; comet assay; genotoxicity; hepatotoxicity; liver spheroids;
nanoparticles; 3D culture; HepG2

1. Introduction

During the last decades, concerns have been raised about the potential human health risk of
nanoparticles (NPs) due to the increased development and production of NPs with novel properties [1,2].
NPs are produced in a huge variety of forms and in large volumes, and they are used in a broad range
of applications in everyday life. For example, NPs of titanium dioxide (TiO2) are used as a pigment in
paint, food and cosmetics [3]; zinc oxide (ZnO) is used in cosmetics due to its UV-blocking properties [4];
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and silver (Ag) is used as a disinfection agent in medical equipment and consumer products, on account
of its antimicrobial activity [5]. Thus, humans are likely to be exposed to NPs, either intentionally or
accidentally, during production and usage [6]. Transport of NPs across biological barriers has been
observed by elemental analysis in both rodents and humans [7–11]. As an example, gold NPs have
been reported to reach the systemic circulation in humans, after inhalation, and translocate to other
organs [8,9].

Several in vivo studies show that NPs accumulate in the liver, which is an important target organ
for NPs and other xenobiotics due to its metabolic activity [12–18]. Induction of hepatotoxicity is one of
the most common reasons for a medicine to be rejected or removed from the market [19,20]. Therefore,
there is a need for sensitive hepatotoxicity screening methods for drug development and hazard
assessment of chemicals or new materials, such as NPs. When considering the 3Rs—replacement,
reduction and refinement—to minimize the use of animal experiments, hepatotoxicity should be
assessed by reliable in vitro models. A great advantage of in vitro hepatocellular models for studying
hepatotoxicity is the possibility of using human cells, either as primary cells or cell lines. The use of
human hepatocyte cell lines, such as HepG2, C3A, Huh7 and HepaRG, has many advantages compared
to primary cells. They are relatively easy to culture and have an unlimited life span, a relatively
stable phenotype, high availability and low costs; moreover, inter-donor variations are avoided [21].
However, when comparing in vitro cell culture models in standard two-dimensional (2D) monolayers
with complex organs, the cell lines in 2D culture display a limited hepatocytic functionality [21].

The liver-like functionality of the human hepatocellular carcinoma cell line HepG2 is enhanced
when the cells are cultured in a three-dimensional (3D) arrangement. This increases the cell-to-cell
contacts and intercellular communication [22] and changes the protein expression and metabolic status
of the cells [21–23]. HepG2 cells in 3D cultures show upregulation of genes involved in liver-specific
xenobiotic and lipid metabolism, whereas genes related to the extracellular matrix, cytoskeleton and
cell adhesion have higher expression in 2D cultures [22,24].

The use of spheroids as 3D cultures in hepatotoxicity assessment is an increasing field of interest,
and HepG2 spheroids, prepared with and without using scaffolds, have been applied for toxicity
experiments with both NPs [6,25,26] and chemicals [27,28]. However, the differences in toxic responses
between cells cultured in 2D and 3D are not yet clear. The scaffold-free HepG2 spheroid model was
characterized in [27], where we demonstrated its applicability for testing genotoxicity of standard
chemicals by the modified enzyme-linked comet assay, which measures DNA strand breaks (SBs)
and oxidized DNA lesions. Interestingly, we found differences in sensitivity between the 2D and
3D models [27]. The comet assay has also been performed with Ag-, ZnO- and TiO2-NPs and
carbon nanotubes on a commercialized spheroid model with primary liver cells [6], and it has been
shown to work well with different 3D models [6,27,29,30]. However, the comet assay has—to our
knowledge—not yet been applied in HepG2 spheroids for genotoxicity testing of NPs. By using the
miniaturized version of the comet assay, the throughput is increased. High-throughput methods are
needed to reduce and replace animal experiments and to align with the increasing amounts of NPs being
produced [31]. HepG2 spheroids have also been applied in the micronucleus test for chromosomal
aberration testing, showing higher sensitivity than a standard 2D model to exposure to benzo(a)pyrene
and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine [28]. In contrast, Dubiak-Szepietowska et al.
(2016) found that liver 3D cultures are more resistant than 2D to cytotoxicity induced by NPs of Ag,
SiO2 and ZnO [25].

This study aimed to evaluate cytotoxicity and genotoxicity in HepG2 2D and 3D cultures after
24 h exposure to TiO2-, Ag- and ZnO-NPs and to identify any differences in responses in 2D and 3D
cultures. The tested NPs were selected on the basis of high production volumes and applications in
consumer and medical products.
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2. Materials and Methods

2.1. Cultivation of HepG2 Cells and Preparation of Spheroidal Cultures

HepG2 cells, provided from the ECACC (European Collection of Authenticated Cell Cultures) (cell
line no. 85011430, Salisbury, United Kingdom) were cultured in 2D and 3D arrangements, as previously
explained in detail [27]. In brief, HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM D6046 with low glucose and 4 mM L-glutamine, Sigma-Aldrich, Oslo, Norway) supplemented
with 10% v/v fetal bovine serum (FBS, 26140-079, Thermo Fisher Scientific, Oslo, Norway), 100 U/mL
penicillin and 100 µg/mL streptomycin (5070-63, Thermo Fisher Scientific, Oslo, Norway). Spheroid
generation was performed, using the hanging drop technique, with 2500 cells per 20 µL drop. After four
days of incubation of the cells at 37 ◦C with 5% CO2 as hanging drop, the spheroids were transferred
to a low adhesion plate. After one week, the spheroids had a diameter of approximately 800 µm [27]
and were exposed to NPs as explained below. In parallel, 2D cultures were seeded in a 96-well plate
with 20000 cells/well the day before exposure.

2.2. Nanoparticle Dispersions and Preparation for Toxicity Studies

TiO2-NPs were provided by Catalan Institute of Nanoscience and Nanotechnology (ICN2, Spain)
in colloidal dispersion and stored at 4 ◦C. TiO2-NPs, of a mean size of approximately 4 nm in diameter,
were prepared by a precipitation method following and adapting the method of Pottier et al. [32].
The stock solution of Ti4+ (0.7 M) was prepared by dissolving the Titanium (IV) isopropoxide (TTIP,
Fluka Chemika) precursor in an HCl (3 mol/L) solution. For the production of TiO2 anatase NPs,
an aqueous Ti4+ stock solution (50 mL) was diluted in Milli-Q water (350 mL), at room temperature.
The pH of the mixture was fixed at 11 by the addition of NaOH (3 M). Suspensions were aged at
70 ◦C for 24 h, and the solid was collected by centrifugation. Samples were further purified by 3
centrifuging cycles and re-suspended in an aqueous solution of tetramethylammonium hydroxide
(TMAOH, Sigma-Aldrich) (100 M). Samples were characterized by transmission electron microscopy,
dynamic light scattering and UV-Vis spectroscopy. The former was used to determine the particle size
and size distribution. On the day of exposure, the TiO2-NPs were diluted in FBS (1:1), and thereafter
diluted 1:9 in cell culture medium, without FBS, to a concentration of 455 µg/mL (stock dispersion).

Ag-NPs (NM300K) were provided by Fraunhofer Institute for Molecular Biology and Applied
Ecology (IME, Schmallenberg, Germany) and ZnO-NPs (NM110, JRCNM01100a) by the Joint Research
Centre (Ispra, Italy). Stock dispersions of Ag- and ZnO-NPs were prepared according to the
NANOGENOTOX protocol [33]. Briefly, the Ag- or ZnO-NPs were mixed with a bovine serum
albumin (BSA) water solution (0.05% m/v, product nr A9418, Sigma-Aldrich), in a 20 mL scintillation
vial (Wheaton Industries, Millville, NJ, USA), to a final concentration of 2.56 mg/mL (stock dispersion).
To the ZnO-powder, 30 µL 100% ethanol (product nr 600068, Antibac AS, Asker, Norway) per 15.4 mg
NP powder was added before BSA-water, to facilitate dispersion. The NP/BSA–water mixtures were
sonicated on ice with a sonicator probe Labsonic®P Probe 3 mm (853 5124, Sartorius Stedim Biotech,
Göttingen, Germany) and Labsonic®P (Sartorius Stedim Biotech), at 50% amplitude for 15 min (100%
cycle, 100 watts), or with an ultrasound homogenizer Sonopuls (Bandelin, Germany), at 50% amplitude
for 15 min (100% cycle). The dispersion solution of NM300K (NM300K DISP) was not included in the
study, based on negative results from other studies on cytotoxicity and DNA damage [34–36].

Working concentrations of all the NPs were prepared by serial dilution of the stock dispersion
in the culture medium. HepG2 cells in 2D and 3D culture were exposed for 24 h to TiO2-NPs,
Ag-NPs or ZnO-NPs (1–75 µg/cm2 in 2D system, corresponding to 3–212 µg/mL in both systems;
see Supplementary Tables S1 and S2 for details). As a negative control, complete NP-free culture
medium was used. The same volumes (100 µL per well) and concentrations of NPs were used for
both 2D and 3D cultures. NP dispersions were prepared, at most, two hours before cell exposure and
NP characterization.
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For characterization purposes (next sections), the NP stock solutions were also prepared in
water dispersions, without proteins present, as described above, but in water instead of FBS/medium
and BSA-water.

2.3. Size and Morphology Measurements of the NPs by Electron Microscopy

TiO2-NP diameters were obtained from the analysis of transmission electron microscopy (TEM)
images acquired with a FEI Tecnai G2 F20 S-TWIN HR(S) TEM equipped with an energy-dispersive
X-ray spectroscopy (EDX) detector, operated at an accelerated voltage of 200 kV. Microliters of the
samples were prepared by drop-casting 10 µL of the sample on a carbon-coated copper TEM grid and
leaving to dry at room temperature. In addition, scanning electron microscopy was done with a FEI
Magellan 400L XHR SEM, in scanning mode, operated at 1 kV, and in transmission mode, operated at
20 kV/STEM, for bigger sizes. The average size and size distribution of the samples were measured
by using ImageJ software, by counting at least 300 particles from different regions of the grid. TEM
images of Ag- and ZnO-NPs were acquired, but the size distribution was not measured.

2.4. Hydrodynamic Diameter and Zeta Potential Measurements of the NPs

The hydrodynamic size and surface charge of the NPs were determined by Dynamic Light
Scattering and Laser Doppler Anemometry, respectively, using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) instrument equipped with a light source wavelength of 532 nm and
a fixed scattering angle of 173◦. Aliquots of one milliliter of the colloidal NP dispersions at a
concentration of 10% (v/v) were placed into specific plastic cuvettes, and the software was arranged
with the parameters of refractive index and absorption coefficient, and the solvent viscosity at 25 ◦C.
Each value was the average of at least 3 independent measurements. All measurements used the
Smoluchowski model.

2.5. UV-Vis Measurements of the NP Dispersions

UV-visible spectra were acquired with an Agilent Cary 60 UV-Vis spectrophotometer. A 10% (v/v)
colloidal NP dispersion was placed in a cell, and the spectral analysis was performed in the 200–800
nm wavelength range, at room temperature.

2.6. Analysis of Silver and Zinc Ions in NP Dispersions

Samples for analysis of dissolved silver and zinc and potential dissolution of the NPs were
taken from cell-free exposure medium parallel to the start of exposure. The concentrations 1, 10, 30
and 100 µg/cm2 were selected, corresponding to 2.8–283 µg/mL. Medium without NPs was used as
control. The samples were transferred to Amicon Ultra centrifugal filter unit tubes (Millipore, product
no UFC900324) containing a 3 KDa filter unit [37]. The tubes were preconditioned before use with
ultrapure water at 3900 g for 10 min. The samples were centrifuged at 3900 g for 30 min, to let the
particles remain in the filter and the dissolved Ag and Zn to go through with the filtrate.

An aliquot of the filtrate containing released ions from the NPs was added to supra pure nitric
acid, at a final concentration of 1% (v/v). The concentrations of dissolved zinc and silver (defined as
<3 kDa fraction) were determined by the use of an inductively coupled plasma mass spectrometer
(ICP-MS) type Agilent 7700× (Agilent, Santa Clara, CA, USA), using the method accredited according
to requirements of NS-EN/IEC 17025 (NILU-U-110). Then, 115In was added to all standards, blanks
and samples, as internal standard, and detection limits were 0.006 ng/mL Ag and 0.6 ng/mL Zn.
Certified reference material (1640a Trace Elements in Natural Water, NIST) were analyzed in every run.
One sample per concentration was used in three independent experiments (n = 3).
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2.7. Fluorescence Imaging of the Spheroids

After NP exposure, the spheroids were washed with PBS before live and dead cells were stained
by fluorescein diacetate (FDA, Invitrogen, Thermo Fisher Scientific, Oslo, Norway) and propidium
iodide (PI, Invitrogen, Thermo Fisher Scientific), respectively. After incubation with 30 µg/mL FDA
and 40 µg/mL PI for 10 min in the dark, at room temperature, the spheroids were washed with PBS
and transferred to a glass-bottomed culture slide (µ-slide 8-well glass bottom, Ibidi) for imaging with
confocal microscope Zeiss LSM 700, using the software ZEN2010 (Zeiss). Excitation and emissions
peaks were 535 and 617 nm for PI and 498 and 517 nm for FDA. At least three spheroids were imaged
from each sample in two independent experiments (n = 2). Z-stack images were captured from the
spheroid surface and approximately 150 µm inside, toward the center of the spheroid, as described
in [27]. The images were merged by using maximum intensity in ImageJ [38].

2.8. Viability Measurements by AlamarBlue Assay

The alamarBlue assay measures the ability of the cells to metabolize resazurin by reducing it
to the fluorescent molecule resorufin. The metabolic capacity represents the viability of the cell
culture relative to the control sample. The assay was performed to evaluate the cell viability in
the 3D and 2D cultures after NP exposure, as described in [27]. In brief, 2D and 3D cultures were
washed with PBS and incubated with alamarBlue solution (10% w/v) for 3 h, before fluorescence was
measured quantitatively on a plate reader (excitation = 530 nm; emission = 590 nm). Chlorpromazine
hydrochloride (Sigma-Aldrich, Oslo, Norway), 100 µM, was included as positive control for the assay,
based on results from [27], giving cell viability below 30% for both 2D and 3D cultures after 24 h
exposure. At least two and three parallel culture wells were used per concentration for 2D and 3D
cultures, respectively, and at least two wells per culture well were used for determining average
fluorescence. To control for potential interference between the NPs and the alamarBlue solution,
cell-free control samples, with and without NPs, were included.

To compare potential cytotoxic effects of NPs with their corresponding salts, HepG2 cells in
2D configuration were exposed to solutions of silver nitrate (AgNO3) and zinc chloride (ZnCl2).
Both AgNO3 (product nr 319430, Fluka) and ZnCl2 (product nr 793523, Sigma-Aldrich, Oslo, Norway)
were dissolved in complete cell culture medium (5 mM) before being further diluted upon cell exposure
(1–5000 µM). Cells (2D) were exposed in 96-well plates, with at least 3 parallel exposure wells, for 24 h.

2.9. DNA Damage Measured by the Comet Assay

The enzyme-linked alkaline comet assay with inclusion of formamidopyrimidine DNA glycosylase
(Fpg, gift from NorGenoTec AS Professor Andrew Collins and Dr. Sergey Shaposhnikov, Norway)
was used to measure the level of DNA SBs and oxidized bases in 2D and 3D cultures. Fpg measures
oxidized and ring open purines and DNA alkylated bases [39,40] and converts these lesions to SBs.
The detailed procedure of the modified comet assay in 2D and 3D models is described in [27]. In brief,
disaggregated cultures were embedded in low-melting-point agarose on precoated slides, before being
submerged in lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 10% v/v Triton X-100, pH 10, 4 ◦C)
for at least 1 h. The miniaturized version of the comet assay was used, with 12 mini-gels on each slide,
similarly to [36]. Slides with samples for Fpg incubation were washed twice for 8 min in buffer F (40
mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8, 4 ◦C), Fpg diluted in buffer F was added,
covered with a polyethylene foil and incubated at 37 ◦C for 30 min, in a humid box. All slides with
cells embedded in gels were placed in the electrophoresis tank with electrophoresis solution (0.3 M
NaOH, 1 mM EDTA, pH > 13, 4 ◦C), to let the DNA unwind for 20 min before running electrophoresis
for 20 min (25 V, 1.25 V/cm, Consort EV202). Slides were neutralized in PBS and H2O and dried
horizontally, before staining with SYBR®gold (Sigma-Aldrich, Oslo, Norway). Comets were imaged
using a Leica DMI 6000 B microscope (Leica Microsystems), equipped with a SYBR®photographic
filter (Thermo Fischer Scientific, Oslo, Norway), and scored using the software Comet Assay IV 4.3.1
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(Perceptive Instruments, Bury St Edmunds, UK). Median % DNA in tail from around 50 comets per gel
was used as a measure of DNA SBs. Oxidized DNA lesions were calculated as net Fpg-sensitive sites,
i.e., as the difference in % DNA in tail between samples with Fpg incubation and samples without
incubation. Hydrogen peroxide, H2O2 (50 µM, Sigma-Aldrich, Oslo, Norway), and the photosensitizer
Ro 19-8022 (2 µM, kindly provided by Hoffmann La Roche) with light irradiation were included as
positive controls for DNA SBs and Fpg activity, respectively. The photosensitizer with light induces
oxidized purines, mainly 8-oxoGuanine, which is detected by the Fpg [39,41]. At least 2 and 3 gels
were prepared for each concentration, for 2D and 3D cultures, respectively, in each experiment.

2.10. Statistical Analysis

Results are presented as mean with standard error of the mean (SEM) of 3 independent experiments
(n = 3), unless otherwise mentioned. Effects were compared to nontreated cells, and statistical analysis
by one-way ANOVA, multiple comparisons and post-test Dunnett were performed in GraphPad Prism
7. Comparison of 2D and 3D cultures were performed by two-way ANOVA, multiple comparisons
and post-test Sidak. The p-values are marked by * as p < 0.05, ** as p < 0.01, *** as p < 0.001 and **** as
p < 0.0001. EC50 values were calculated in Prism, using nonlinear regression analysis (Hill function).

3. Results

3.1. Characterization of the NPs

Characterization of the NPs was performed in water (TiO2-NPs 455 µg/mL, Ag- and ZnO-NPs
2.56 mg/mL), stock dispersions (TiO2-NPs 455 µg/mL in TMAOH and culture medium with FBS, Ag-
and ZnO-NPs 2.56 mg/mL in BSA-water) and working dispersions (212 µg/mL in medium), at 0 and 24
h after preparation. A summary of the physical and chemical characteristics of the pristine NPs used is
shown in Table 1.

3.1.1. Electron Microscopy Analysis for Size and Shape of the NPs

The primary size and shape of the NPs in water were determined by electron microscopy imaging
(Figure 1). The TiO2-NPs were quasi-spherical, with a mean diameter of 5.54 ± 0.98 nm (Figure 1A),
the Ag-NPs were spherical (Figure 1B) and the ZnO-NPs were aggregated with irregular shapes
(Figure 1C).
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3.1.2. UV-Vis Spectroscopy for Analysis of Particle Stability

UV−vis spectra of the NP dispersions prepared in pure water (t = 0 h), as stock dispersions (t = 0
and 24 h) and as working dispersions (t = 0 and 24 h) are shown in Figure 2. When comparing Ag-NPs
diluted in pure water and in water with BSA (stock), no red-shift is observed (Figure 2A,B). The
red-shift is indicative of the formation of a dense dielectric layer onto the NP surface consistent with
the absorption of proteins on their surface, and no stable protein corona formation was thus measured
for Ag-NPs, which can be ascribed to the presence of polyethylene glycol at their surface. The UV-vis
spectra of Ag-NPs working dispersions have an increased absorbance signal at high wavelengths and
a decrease in the peak intensity, indicative of aggregation. The UV-vis spectra of TiO2- and ZnO-NPs
(Figure 2C–F) lack absorption peaks in the visible region, and no changes in time were observed. The
small peak that appears in the visible region around 500 nm, as shown in Figure 2B,D,F, is due to the
presence of phenol red in the culture medium.

Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 20 

 

Ag-NPs and (C) irregular ZnO-NPs in pure water. Scale bar = 200 nm. Scale bar in inserts: (A) 20 nm 

and (B) 100 nm. 

3.1.2. UV-Vis Spectroscopy for Analysis of Particle Stability 

UV−vis spectra of the NP dispersions prepared in pure water (t = 0 h), as stock dispersions (t = 0 

and 24 h) and as working dispersions (t = 0 and 24 h) are shown in Figure 2. When comparing Ag-

NPs diluted in pure water and in water with BSA (stock), no red-shift is observed (Figure 2A,B). The 

red-shift is indicative of the formation of a dense dielectric layer onto the NP surface consistent with 

the absorption of proteins on their surface, and no stable protein corona formation was thus measured 

for Ag-NPs, which can be ascribed to the presence of polyethylene glycol at their surface. The UV-vis 

spectra of Ag-NPs working dispersions have an increased absorbance signal at high wavelengths and 

a decrease in the peak intensity, indicative of aggregation. The UV-vis spectra of TiO2- and ZnO-NPs 

(Figure 2C–F) lack absorption peaks in the visible region, and no changes in time were observed. The 

small peak that appears in the visible region around 500 nm, as shown in Figure 2B,D,F, is due to the 

presence of phenol red in the culture medium. 

 

Figure 2. UV−vis spectra of the nanoparticle dispersions diluted in pure water (t = 0 h), as stock
dispersions (t = 0 and 24 h) and as working dispersions (t = 0 and 24 h). Samples were diluted 1:200
(Ag), 1:10 (TiO2) and 1:20 (ZnO) in pure water for analysis. (A) Ag-NPs in pure water and stock
dispersion (2.56 mg/mL). (B) Ag-NPs working dispersion (212 µg/mL, t = 0 and 24 h). (C) TiO2-NPs
in water and stock dispersion (455 µg/mL, t = 0 and 24 h). (D) TiO2-NPs working dispersion (212
µg/mL, t = 0 and 24 h). (E) ZnO-NPs in pure water and stock dispersion (2.56 mg/mL, t = 0 and 24 h).
(F) ZnO-NPs working dispersion (212 µg/mL, t = 0 and 24 h). The peak at 560 nm can be ascribed to the
presence of phenol red in the culture medium.
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3.1.3. Hydrodynamic Diameter and Zeta Potential

The hydrodynamic diameter and zeta potential of the Ag-, ZnO- and TiO2-NPs in pure water
(t = 0 h only) are summarized in Supplementary Table S3; NP stock dispersions are in Table 2, and NP
working dispersions are in Table 3. Representative size distribution curves are shown in Supplementary
Figures S1 and S2.

Table 2. Hydrodynamic diameter and zeta potential (ZP) of nanoparticle (NP) stock dispersions
(concentrations: TiO2 455 µg/mL; Ag and ZnO 2.56 mg/mL). For analysis, samples were diluted 1:10 in
pure water. Numbers are given as mean ± standard deviation (SD) (n = 3). PDI: polydispersity index,
a.u.: arbitrary unit.

NP Time (h) Hydrodynamic Diameter (nm), by Intensity PDI (a.u.) ZP (mV)

TiO2-NPs
0 193.6 ± 6.2 0.262 ± 0.013 −16.1 ± 1.80

24 207.4 ± 43.1 0.242 ± 0.008 −14.3 ± 0.61

Ag-NPs (NM300K)
0 54.2 ± 3.48 0.364 ± 0.023 −9.84 ± 3.94

24 57.5 ± 1.50 0.459 ± 0.026 −8.79 ± 2.41

ZnO-NPs (NM110)
0 373.8 ± 21.5 0.199 ± 0.046 −15.8 ± 0.70

24 400.1 ± 11.9 0.166 ± 0.032 −14.8 ± 0.30

Table 3. Hydrodynamic diameter and zeta potential (ZP) of nanoparticle (NP) working dispersions
(concentration 212 µg/mL, corresponding to 75 µg/cm2). For analysis, samples were diluted 1:10 in
pure water. Numbers are given as mean ± standard deviation (SD) (n = 3). PDI: polydispersity index;
a.u.: arbitrary unit.

NP Time (h) Hydrodynamic Diameter (nm), by Intensity PDI (a.u.) ZP (mV)

TiO2-NPs
0 217.3 ± 27.3 0.285 ± 0.013 −5.73 ± 1.62

24 189.8 ± 16.2 0.235 ± 0.022 −7.49 ± 2.63

Ag-NPs (NM300K)
0 37.3 ± 0.04 0.283 ± 0.065 −14.4 ± 1.99

24 508.8 ± 29.5 0.452 ± 0.095 −20.1 ± 1.45

ZnO-NPs (NM110)
0 346.1 ± 9.6 0.258 ± 0.020 −23.8 ± 0.30

24 338.0± 21.7 0.281 ± 0.032 −24.9 ± 0.25

The hydrodynamic diameter (by intensity) was for all NPs higher than the pristine NP size.
At the start of the experiment, the mean hydrodynamic diameter (by intensity) was 54.2 nm for
Ag-NPs, 373.8 nm for ZnO-NPs and 193.6 nm for TiO2-NPs. The hydrodynamic diameter of the TiO2-
and ZnO-NPs increased slightly between 0 and 24 h, for both the stock and working dispersions.
In contrast, the increase in hydrodynamic diameter of the Ag-NPs was strong between 0 and 24 h,
and the polydispersity index (PDI) was relatively high at 24 h, indicating a broader size distribution.
The mean hydrodynamic diameter of samples without NPs showed the presence of proteins in the
dispersions, measured with high variations (BSA-water 152.7 nm ± 43.0 nm with PDI 0.406 ± 0.003;
medium 120.2 nm ± 59.9 nm with PDI 0.299 ± 0.128).

The zeta potential measurements also showed an evolution of the NPs’ surface charge. A drop in
the surface charge, toward the average value of proteins, was observed when comparing the dispersions
without proteins (Supplementary Table S3) with stock (Table 2) and working dispersions (Table 3).
Zeta potential curves are shown in Supplementary Figure S3. The zeta potential of NP free BSA-water
was −2.15 ± 1.01 mV, and the corresponding value of medium was −5.77 ± 2.49 mV.
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3.1.4. ICP-MS Analysis of Dissolved Ag and Zn in NP Dispersions

The concentrations of dissolved Ag and Zn in the <3 kDa filtrates were analyzed by ICP-MS.
Medium without NPs had a Zn concentration of 25.7 µg/L (25.4–150.9 µg/L) or 0.4 µM (0.2–2.3 µM)
whereas the Ag concentration was below the detection limit (<0.006 µg/L). A substantial amount of Zn
was measured in the filtrate of the medium with added ZnO-NPs, ranging from 8 to 87 µM. In the
filtrates from medium with added Zn-NPs (10–100 µg/cm2), the Zn concentration was nearly the same
(79 to 87 µM) (Table 4). The concentrations of dissolved Ag in the filtrate of the medium with added
Ag-NPs ranged from 0.00008 to 0.014 µM (Table 4).

Table 4. Concentrations of dissolved Ag and Zn in dispersions of Ag- and ZnO-nanoparticles (NPs) in
cell culture medium. Zn concentrations in medium without NPs was 25.7 µg/L (25.4–150.9 µg/L) or 0.4
µM (0.2–2.3 µM). Ag content was below the limit of detection (<0.006 µg/L). Numbers are given as
median (interquartile range) (n = 3). * Theoretical concentration of total Ag or Zn in the dispersion (not
ZnO).

NP
Nominal Concentration Measured Dissolved Ag/Zn Concentration (<3 kDa)

µg/cm2 µg/L * µM * µg/L µM % of Nominal

Ag-NPs (NM300K)

1 2827.4 26.2 0.0090 (0.0089–0.0399) 0.00008 (0.00008–0.00037) 0.0003
10 28274.3 262.1 0.0920 (0.0804–1.2723) 0.001 (0.001–0.012) 0.0003
30 84823.0 786.3 1.49 (0.88–4.08) 0.014 (0.008–0.038) 0.0018

100 282743.3 2621.1 0.20 (0.12–6.98) 0.002 (0.001–0.065) 0.00007

ZnO-NPs (NM110)

1 2271.5 34.7 519.7 (428.0–611.3) 7.9 (6.5–9.4) 22.9
10 22715.0 347.5 5166.9 (4998.8–5693.0) 79.0 (76.5–87.1) 22.7
30 68144.9 1042.4 5177.1 (4898.0–5436.3) 79.2 (74.9–83.2) 7.6

100 227149.6 3474.8 5700.5 (5627.4–6057.8) 87.2 (86.1–92.7) 2.5

3.2. Cytotoxicity of Ag-NPs, ZnO-NPs and TiO2-NPs in 2D and 3D Cultures

Effects of Ag-NPs, ZnO-NPs and TiO2-NPs on the viability of HepG2 cells in 2D and 3D cultures
were measured after 24 h exposure, using alamarBlue assay and confocal imaging. No interference of
NPs with the alamarBlue assay was found (results not shown). The relative cell viability decreased in a
concentration-dependent manner after exposure to ZnO- and Ag-NPs, but not for TiO2-NPs, in both
2D and 3D cultures (Figure 3). For ZnO-NPs, calculated EC50 values were in the same range for 2D
and 3D cultures: 10.1 and 16.2 µg/cm2, respectively (Table 5). The induced cytotoxicity of Ag-NP was
higher in 2D cultures compared to 3D cultures, with EC50 values of 3.8 and >30 µg/cm2, respectively
(Table 5).

Table 5. EC50 values from alamarBlue assay in HepG2 2D and 3D cultures after 24 h exposure to
TiO2-NPs, Ag-NPs or ZnO-NPs. EC50 values of metal compartments are given in parentheses.

Substance
2D 3D

EC50 (µg/cm2) EC50 (µg/mL) EC50 (µM) EC50 (µg/cm2) EC50 (µg/mL) EC50 (µM)

TiO2-NP >75.0 (>45.0) >212.1 (>127.1) >2655.2 >75.0 (>45.0) >212.1 (>127.1) >2655.2
Ag-NP 3.8 10.7 99.2 >30.0 >84.8 >786.4

ZnO-NP 10.1 (8.1) 28.5 (22.9) 350.4 16.2 (13.0) 45.7 (36.7) 561.4
AgNO3 1.2 (0.8) 3.4 (2.2) 20.1 - - -
ZnCl2 17.5 (8.4) 49.4 (23.7) 362.7 - - -

To investigate the distribution of viable and dead cells in the spheroid culture after exposure to Ag-
and ZnO-NPs, confocal microscopy and imaging was performed on exposed spheroids with live and
dead cell staining by FDA and PI, respectively. Increased numbers of dead cells on the spheroid surface
were seen after exposure to Ag- and ZnO-NPs at the highest concentration, and correspondingly,
fewer viable cells were detected. Limited fluorescence could be detected from the spheroid core, and
the viability of cells in this region could therefore not be determined. Representative images show
a projection of z-stack images from the spheroid surface to approximately 150 µm into the spheroid
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(Figure 4). The confocal microscopy analysis showed a clear induction of cell death on the spheroid
surface after exposure of Ag- and ZnO-NPs.
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Figure 3. Cytotoxicity of TiO2-, Ag- and ZnO-NPs measured by alamarBlue assay in 2D and 3D HepG2
cultures. Cell viability was measured as metabolic capacity and calculated relative to negative control
cultures (set to 100%). (A) No significant effects were seen on the viability of 2D (black curve) and
3D (gray curve) cultures after 24 h exposure to TiO2-NPs. The cell viability was reduced after 24 h
incubation with (B) Ag-NP and (C) ZnO-NP for both 2D and 3D cultures. The effect of the exposure
was significantly different in 2D and 3D cultures after exposure to Ag-NP at concentrations 10 and
30 µg/cm2, evaluated by two-way ANOVA with post-test Sidak. Values are presented as mean ± SEM
of 2–6 independent experiments: (A) n = 2, 3, (B) n = 4–6 and (C) n = 3. The concentration 75 µg/cm2

was excluded for testing of Ag-NP and ZnO-NP (b and c) because of high cytotoxicity in previously
published experiments [36]. ** p < 0.01; **** p < 0.0001.
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Figure 4. Representative confocal images of HepG2 spheroids exposed for 24 h to (a) culture medium,
(b) Ag-NPs and (c) ZnO-NPs. Spheroids were exposed to 30 µg/cm2 (85 µg/mL) of Ag- and ZnO-NPs
for 24 h, before staining. Dead cells were stained with propidium iodide (PI) (red) and viable cells with
fluorescein diacetate (FDA) (green). The images are z-stack projections from the spheroid surface and
approximately 150 µm down toward the core. An increase in number of dead cells on the surface of
the spheroids was seen after exposure to Ag-NPs and ZnO-NPs. Scale bar = 200 µm. Representative
images from two independent experiments (n = 2), each with at least three parallel spheroids.

3.3. Cytotoxicity of Zn2+ and Ag+ Ion Solutions in 2D and 3D Cultures

To compare the cytotoxicity of Ag- and ZnO-NPs with corresponding salts, the alamarBlue
assay was performed after exposure of HepG2 cells in the 2D model to AgNO3 and ZnCl2 solutions.
Some precipitation was seen upon mixing the AgNO3 solution into the cell culture medium, most
likely due to precipitation of AgCl due to a high presence of Cl– in the medium. The relative cell
viability of the HepG2 cells after AgNO3 and ZnCl2 exposure decreased in a concentration-related
manner (Supplementary Figure S4). The EC50 values were 20.1 µM for AgNO3 and 362.7 µM for ZnCl2
(Table 5), which are higher than the amounts of dissolved Ag and Zn measured in the NP dispersions
(Section 3.1.4). If we used the same concentration units as the NPs, the EC50 values of AgNO3 and
ZnCl2 would correspond to 0.8 µg/cm2 (2.2 µg/mL) Ag+ ions, and 8.4 µg/cm2 (23.7 µg/mL) Zn2+ ions,
assuming the compounds were freely dissolved in the solution. The EC50 values after exposure to
ZnO-NPs and ZnCl2 were similar. The EC50 value for Ag-NPs exposure was higher than for AgNO3,
showing higher cytotoxicity of the salt solution than the NPs in this test system.

3.4. Genotoxicity in 2D and 3D Cultures Measured by the Comet Assay

The levels of DNA SBs and oxidized base lesions were measured by the enzyme-linked comet
assay after 24 h exposure with NPs. In both 2D and 3D cultures, a trend with a concentration-dependent
increasing level of DNA SBs was seen after exposure to Ag-NPs and ZnO-NPs; however, a statistically
significant increase was found only at cytotoxic concentrations in the 2D cultures (from exposure of 3
µg/cm2 Ag-NPs and at 10 µg/cm2 ZnO-NPs in 2D cultures). No effect on the level of DNA damage
was observed after exposure to TiO2-NPs in either 2D or 3D cultures (Figure 5). The background level
of DNA damage was measured in unexposed HepG2 cells from 2D and 3D cultures and found to be
similar for DNA SBs, with 5.0 ± 0.8 (2D, n = 9) and 6.2 ± 1.0 (3D, n = 7) % DNA in tail as average in all
experiments (Supplementary Figure S5). For oxidized DNA base lesions, the background level was
higher in 3D cultures compared to 2D, with levels of net Fpg sites at 3.7 ± 0.7 (2D, n = 9) and 7.6 ± 2.1
(3D, n = 7) % DNA in tail (Supplementary Figure S5). As a positive control for DNA SBs, cells were
treated for 5 min with 50 µM H2O2; this induced a high level of DNA damage in both 2D and 3D
cultures (Supplementary Figure S5). The control sample for Fpg enzyme activity, cells treated with Ro
19-8022 plus light, showed DNA damage within the expected range; the % DNA in tail was increased
by at least 20 percentage points compared to without Fpg incubation (results not shown).
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Figure 5. DNA damage in 2D and 3D cultures after exposure to TiO2-, Ag- and ZnO-NPs measured by
the comet assay. The 2D (A–C) and 3D (D–F) cultures were exposed to TiO2-, Ag- and ZnO-NPs for
24 h. No increase in DNA damage was seen after exposure to TiO2-NPs. Ag- and ZnO-NPs induced
an increase in DNA SBs; however, this was statistically significant only at cytotoxic concentrations.
Moreover, n = 3 for TiO2- and ZnO-NPs, and n = 6 for Ag-NPs except at 3 µg/cm2, where n = 4. X: not
measured due to cytotoxicity and too low cell number. The concentration 75 µg/cm2 was excluded in
the experiments with Ag-NPs and ZnO-NPs (B,C and E,F) because of high cytotoxicity in previously
published experiments [36]. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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4. Discussion

There is a huge demand to develop in vitro models that more closely resemble the in vivo situation,
for toxicity assessment of NPs and chemicals. These models should be standardized in regard to critical
toxicity endpoints. Here, we have focused on the liver spheroid model and evaluated it for reliability
in detecting cytotoxicity and genotoxicity of NPs.

This study investigated potential differences in induction of cell death and DNA damage,
depending on whether the liver cells were cultured in 2D or 3D arrangements, by applying the
enzyme-linked comet assay, accompanied with cytotoxicity tests, on HepG2 spheroids and monolayers
exposed to TiO2-, Ag- and ZnO-NPs. HepG2 spheroids were prepared with a reproducible scaffold-free
technique described in detail in Elje et al. (2019). Levels of DNA SBs in unexposed cells were found to
be similar to the previous study [27]. However, 3D cultures had a higher background level of oxidized
DNA lesions than 2D cultures, which can indicate a higher basal level of oxidative stress in the 3D
model. This should be investigated further.

As toxicity of NPs is highly dependent upon physicochemical properties, it is important to
characterize NP behavior under the given experimental conditions. The strong increase in the
hydrodynamic size and the high PDI value for Ag-NPs indicate that the working dispersion of Ag-NPs
had aggregated after 24 h of exposure. These results are in accordance with the UV-vis spectra, in
which a decrease in intensity of the silver plasmon band, along with the increased absorbance at
higher wavelengths, is shown. Ag-NP absorption is highly sensitive to the aggregation state of the
NPs, due to strong surface plasmon resonance interactions between close NPs (at distances about
their diameter) [44]. The UV-vis results, combined with the changes in size distribution and zeta
potential, suggest that the amount of BSA protein per Ag-NP was too low to form a homogenous
and dense coating, and that the stabilization of the NPs was likely to be electrostatic. Consequently,
the ionic strength of the culture medium may contribute to the aggregation of the NPs. The increase
in hydrodynamic diameter of TiO2- and ZnO-NPs after 24 h can be explained by the formation of a
loosely bound soft protein corona. In terms of NP stabilization by proteins, no significant information
can be drawn from the UV-vis spectra of TiO2- and ZnO-NPs. The wide band gap nature of these
materials and their inability to absorb energy in the visible range explain the absence of absorption
peaks in the visible region. Thus, the attenuation of transmitted light comes from the combination of
absorption and Rayleigh scattering. Other studies using the same Ag-NPs (NM300K) and ZnO-NPs
(NM110) have reported smaller hydrodynamic sizes and higher stability [6,36,43,45]. As NPs’ behavior
depends on their surroundings [46], this highlights the importance of performing NP characterization
with the same conditions as used in the experiments.

Exposure of HepG2 cells to TiO2-NPs did not induce any cytotoxicity or genotoxicity in 2D and
3D cultures. TiO2-NPs have also been reported in other studies to be less toxic than other nano-metal
oxides [47], and their toxicity is dependent on their physicochemical properties [48–50]. Toxic effects
have been seen in both in vitro and in vivo studies [36,51,52] and are not related to dissolution of metal
ions [47].

ZnO-NPs exposure induced cytotoxicity to a similar extent in both 2D and 3D HepG2 cultures.
Elevated DNA damage was observed in 2D and 3D cultures at the highest concentrations; however,
significant induction of DNA damage was found only in 2D cultures and at cytotoxic concentrations.
Similarly, exposure to Ag-NPs induced cell death and a concentration-dependent increase in DNA
damage, though statistically significant only at cytotoxic concentrations. The reduced viability seen
with the alamarBlue assay was strongest in 2D cultures and did not reach statistical significance in
the 3D cultures. However, when the spheroids were examined with confocal microscopy, many dead
cells were seen at the surface of the exposed 3D cultures. As expected for a relatively complex model
that closely resembles organ structure, higher variability was found in 3D cultures compared to 2D
cultures. This can explain why statistically significant results were more difficult to achieve.

Significant induction of DNA SBs after ZnO- and Ag-NPs exposure was seen only at cytotoxic
concentrations, in contrast to previously reported results for A549 and TK6 cells with the same NPs
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and nearly identical comet assay protocols [36]. This can be explained by the cell lines used, as the
HepG2 cells seem to be less sensitive to genotoxic compounds than A549 and TK6 cells. Cowie
et al. studied genotoxic response to metal and polymeric NPs in human and mammalian cells of
different origin and found large differences in sensitivity of cells, with TK6 cells giving one of the
best concentration-dependent response [53]. The discrepancy can also be related to the differences
in cell cycle and exposure times. As demonstrated in a study applying the comet assay with Fpg to
spheroids of primary liver cells (InSphero model), the genotoxic effect of NPs increased after repeated
or longer exposures [6]. This was shown using the same Ag- and ZnO-NPs as in the present study, in
addition to TiO2-NPs and carbon nanotubes. Ag- and ZnO-NPs were the most potent NPs for inducing
DNA SBs in the spheroidal culture, showing similar effects as in 2D cultured C3A HepG2 derivative
cells [6,54]. Ag-NPs also induce an increase in DNA oxidation [6]. The presence of non-parenchymal
cells can possibly explain the higher response to the NPs in the InSphero model compared to the HepG2
spheroids. The HepG2 spheroids show relatively high metabolic capacity and appear to be a good
advanced in vitro model for the liver [21–24]. The commercial primary cell InSphero co-culture model
is more complex than the HepG2 spheroids. However, the HepG2 spheroids used in this study are
easy to prepare, have low costs and high interlaboratory reproducibility [27], and are thus a convenient
and reliable alternative to commercial models.

Underlying mechanisms of NP toxicity include oxidative stress and dissolution of the NPs. In the
case of metal or metal oxide NPs, toxicity can be caused by dissolution of ions, direct action of the
NPs or interaction between NPs and the cellular environment [1,47,55–57]. Both ZnO- and Ag-NPs
are generally found to induce toxicity in 2D cultures, as well as liver damage in vivo [17,18,55,56].
For metal NPs, there is always a question of whether toxicity is due to direct effect of the NPs or to
dissolved ions. We found that a substantial number of ions was released at the start of the exposure
(Table 4), with dissolved Zn concentrations of 10–100 µg/cm2. Increased intracellular Zn2+ levels
resulting from dissolution of ZnO-NPs have been reported to be correlated with high levels of reactive
oxygen species (ROS) and apoptosis [56]. However, Sharma et al. (2012) found that the released zinc
ions were less important for the toxic effects of ZnO-NPs in HepG2 cells [58]. Other critical factors for
cytotoxicity and genotoxicity of ZnO-NPs are size, shape, surface composition and semiconductor
characteristics [55,56,58]. Other studies have showed that ZnO-NPs dissolve rapidly in cell culture
medium DMEM, with a subsequent slow increase over time [59], and that the dissolution is dependent
upon factors such as pH, ionic strength and HCO3

− and HPO4
2− concentrations, and less on the initial

NP concentration [60]. That the level of dissolved Zn reached a plateau is most likely explained by a
saturation of dissolved zinc in the medium. In the 2D model, ZnCl2 and ZnO-NPs had similar EC50

values for cytotoxicity by alamarBlue assay. The level of dissolved Zn from the ZnO-NPs corresponded
to a nontoxic concentration of ZnCl2. These results indicate that the cytotoxic effect of ZnO-NP was
caused by either by ZnO-NPs or the combination of ZnO-NPs and Zn2+ ions, and not only by released
Zn2+ ions.

Dissolution and release of ions has been linked also with toxicity induced by Ag-NPs [47,55].
Oxidation of Ag(0) on the surface of the NPs, as well as other forms of interactions, will lead to
particle corrosion and release of Ag+ [61–64], which, after cellular uptake, can cause mitochondrial
dysfunction [64,65]. In the present study, low levels of dissolved Ag were found in the Ag-NPs
exposure dispersions shortly after exposure, and the amounts were lower than the measured EC50

for cytotoxicity of AgNO3. Higher amounts of dissolved Ag have been found in other studies using
the same Ag-NPs [6,37,54], and the differences may be related to distinct exposure media, different
incubation times and sample preparation. However, most Ag+ released from the NPs will not remain
freely dissolved in the cell culture medium, due to the high ionic strength of cell culture media
and presence of halides (0.12 M total dissolved Cl [66]), amino acids and proteins. Unbound Ag+

will precipitate as AgCl and Ag2S [62,65] or bind to proteins due to high affinity to thiol groups
(SH-groups) [67]. Precipitation was observed when preparing AgNO3, and a substantial part of the
AgNO3 solution was most likely precipitated AgCl (KSP 1.77 × 10−10 M2 [68]) and not freely dissolved
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Ag+ ions [69,70]. For the Ag-NPs dispersion, precipitated nano- and microcrystals may have been
trapped in the filter during sample preparation for ion analysis and thus not detected as dissolved Ag.
Consequently, the low level of freely dissolved Ag cannot be correlated with the persistence of the
Ag-NPs in the presence of halides. Thus, it is unclear to what extent the Ag-NPs dissolve under the
given experimental conditions. Oxidative stress is a likely underlying mechanism of Ag-NP-induced
toxicity [64], as the corrosion of Ag-NPs is REDOX active and produces ROS [49,50]. A mechanism
for induction of ROS production of Ag-NPs consists of interactions with proteins, subsequent altered
protein function [71] and activation of signaling pathways involved in ROS production [64]. An
increased intracellular level of ROS can activate cell-death-regulating pathways, such as p53, AKT and
MAP kinase [72]. Thus, it is not clear if the toxicity of Ag-NPs in 2D and 3D cultures was caused by the
ions released from the Ag-NPs, the Ag-NPs or both.

The differences in sensitivity to NP-induced toxicity on 2D and 3D cultures could possibly be
related to the exposure scenarios. While the cells in the 2D cultures were growing on the bottom of
flat wells, the spheroids were cultured slightly above the bottom of U-shaped wells. The cultures are
most likely exposed to the same NP concentration (µg/mL) only if the exposure medium is a stable
colloidal dispersion during the experimental time, which would be the case for TiO2- and ZnO-NPs.
The Ag-NPs were aggregated at the end of the exposure time, and sedimentation of the aggregates
would increase the concentration of NPs reaching the cells in the 2D cultures, while decreasing it for the
3D cultures. Possibly this can explain the stronger effect on viability of the 2D cultures compared with
3D cultures. As spheroidal cultures are exposed directly only on the spheroid surface, the exposure of
cells in the interior is dependent on penetration of the compound inside the spheroid. Toxicity to cells
in the interior of the spheroid could also occur via cell signaling pathways activated in the cells on the
surface of the spheroid. As shown in Elje et al., short exposure to H2O2 was not sufficient to induce the
same levels of DNA SBs in HepG2 2D and 3D cultures. The induced damage was around ten times
higher in the 2D cultures, possibly explained by too short a time for the compound to reach the cells in
the interior of the spheroid [27]. Fleddermann et al. found that SiO2-NPs were distributed through the
whole HepG2 spheroid when the NPs were mixed with cells before spheroid formation. However,
when exposing the already formed spheroids for 24 h, NPs were seen only to a depth of 20 µm [26].
Cell types, cell densities, physicochemical characteristics of the NPs (including size distribution) and
ion release may influence the penetration inside the spheroid [73–77].

Several studies have shown differences in sensitivity to induced toxicity in 3D and 2D
cultures [25,27–29,73,78]. We have previously found similar cytotoxicity in 2D and 3D HepG2 cultures,
but higher sensitivity in the 3D culture for induced DNA damage by MMS [27]. Increased sensitivity
in genotoxicity was also seen after exposure to 11 chemicals in a HepaRG spheroid model [29]. In
agreement with this, benzo(a)pyrene and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine, which
both require metabolic activation for induction of genotoxicity, induced a higher micronucleus frequency
in HepG2 spheroids compared to monolayer cultures [28]. Other studies showed a greater resistance of
the 3D cultures to toxicity of various drugs and chemicals [73,78]. Thus, the development of advanced
3D models for toxicity testing in vitro can give a more realistic model for human hazard and risk
assessment. Slight modifications of experimental protocols may be needed for 3D cultures when
comparing them to 2D cultures, to be able to control the concentration of the tested NPs or chemical
that reaches the cells. Introduction of non-parenchymal cells, such as endothelial cells, stellate cells or
macrophages, in co-cultures with hepatocytes, will make the model more complex and can further
increase the relevance to the human liver.

5. Conclusions

With the increasing production of NPs and, thus, the risk of exposure to humans, the development
of advanced in vitro models is especially important with respect to time, costs and the 3Rs. This study
has shown that the HepG2 spheroid model can be applied successfully for the testing of NP-induced
cytotoxic and genotoxic effects. The toxic responses in 2D and 3D cultures can be different, as seen
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after exposure to Ag-NPs where the 3D cultures were more resistant, but also similar, as TiO2-NPs
induced no effect, and ZnO-NPs induced a strong cytotoxic effect in both models. The 2D cultures
reflected concentration-dependent responses better; higher variability was seen in 3D cultures, and
thus statistically significant results were more difficult to achieve. Ultimately, 3D cultures may be a
more realistic model when compared to the human liver, as the spheroid model involves more complex
cell arrangements and exposure scenario. The HepG2 spheroid model is thus a promising 3D model
for use in nanotoxicology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/3/545/s1.
Figure S1: DLS size distribution (by intensity) of nanoparticle dispersions. Figure S2: DLS size distribution (by
number) of nanoparticle dispersions. Figure S3: Zeta potential of nanoparticle dispersions. Figure S4: Cytotoxicity
results from alamarBlue assay on HepG2 2D model after AgNO3 and ZnCl2 exposure. Figure S5: Untreated
and H2O2-exposed controls in the comet assay. Table S1: Theoretical nanoparticle concentrations applied to the
2D and 3D cultures during 24 h exposure. Table S2: Theoretical Ag and Zn content in the applied nanoparticle
dispersions of Ag (NM300k) and ZnO (NM110). Table S3: Characterization of NPs in pure water.
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 18 

1. Nanoparticle concentrations 19 

HepG2 2D and 3D cultures were exposed to three types of NPs with several concentrations 20 
(Table S-1). The total theoretical Ag and Zn content in the applied concentrations is shown in Table 21 
S-2. 22 

 23 
Table S1. Theoretical nanoparticle (NP) concentrations applied to the 2D and 3D cultures during 24 
24h exposure. The delivered amounts of NPs to the cells have not been determined. Cell numbers 25 
used are average of cell numbers at start and end of exposure of 2D and 3D cultures [27]. 26 

µg/cm2 µg/ml µg/well NP mass per 2D culture: 

(µg/hepatocytes) 

NP mass per 3D culture: 

(µg/hepatocytes) 

1 3 0.3 8.1E-06 1.7E-10 

3 9 0.8 2.4E-05 5.2E-10 

10 28 2.8 8.1E-05 1.7E-09 

30 85 8.5 2.4E-04 5.2E-09 

75 212 21.2 6.1E-04 1.3E-08 

  27 



 2 of 7 

 

Table S2. Theoretical Ag and Zn content in the applied nanoparticle dispersions of Ag (NM300k) 28 
and ZnO (NM110).  29 

NPs Ag Zn 

µg/cm2 µg/well µM µg/well µM 

1 0.3 26.2 0.2 34.7 

3 0.8 78.6 0.7 104.2 

10 2.8 262.1 2.3 347.4 

30 8.5 786.4 6.8 1042.3 

75 21.2 1965.9 17.0 2605.8 

100 28.3 2621.1 22.7 3474.8 

 30 

2. Additional nanoparticle characterization results 31 

Table S3. Characterization of NPs in pure water. Samples in pure water were diluted 1:10 for 32 
analysis. TEM: Transmission electron microscopy. PDI: polydispersity index. ZP: zeta potential. NP: 33 
nanoparticle. 34 

NP 

Diameter [nm], 

TEM 

Hydrodynamic 

diameter [nm], 

intensity 

Hydrodynamic 

diameter [nm], 

number 

PDI [a.u.] ZP [mV] 

Ag-NPs (NM300k) < 20 nm [42] 81.3 ± 15.3  3.58 ± 1.96 0.467 ± 0.064 -12.7 ± 0.66 

ZnO-NPs (NM110) 147 ± 149 [43] 577.8 ± 89.7 522.2 ± 67.0 0.435 ± 0.028 +17.1 ± 0.82 

TiO2-NPs 5.54 ± 0.89 111.5 ± 15.0 44.7 ± 14.1 0.306 ± 0.022 -30.8 ± 3.46 

 35 
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 36 

Figure S1. DLS size distribution (by intensity) of nanoparticle dispersions (as synthesized/pure water, 37 
stock dispersion and working dispersion).   38 
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 39 

Figure S-2. DLS size distribution (by number) of nanoparticle dispersions (as synthesized/pure water, 40 
stock dispersion and working dispersion).  41 
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 42 

Figure S-3. Zeta potential of nanoparticle dispersions (as synthesized/pure water, stock dispersion 43 
and working dispersion).   44 
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3. Cytotoxicity of AgNO3 and ZnCl2 on HepG2 2D cultures 45 

To compare the effects of Ag- and ZnO-NPs with metal salts, the cytotoxicity of AgNO3 and 46 
ZnCl2 on HepG2 2D cultures was measured by AlamarBlue assay after 24h exposure (Fig. S-4). EC50 47 
values were 21.7 µM AgNO3 and 280.5 µM ZnCl2. Using the same concentration units as the NPs, 48 
these EC50 values would correspond to 0.8 µg/cm2 (2.3 µg/ml) Ag+ ions, and 6.5 µg/cm2 (18.3 µg/ml) 49 

Zn2+ ions.  50 
 51 

 52 

Figure S4. Cytotoxicity results from alamarBlue assay on HepG2 2D model after AgNO3 and ZnCl2 53 
exposure. The viability of 2D cultures was significantly decreased in a concentration dependent way, 54 
after 24h exposure to (a) AgNO3 and (b) ZnCl2. Mean with SD of 3 independent experiments, except 55 
for 20, 30 and 40 µM (a) and 500 µM (b) where n=2. One-way ANOVA with multiple comparisons 56 
and post-test Dunnett, *** p<0.001, # p < 0.0001.   57 
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3. Control samples for comet assay on HepG2 2D and 3D cultures 58 

Basal levels of DNA damage in untreated control cells are shown in Fig A-5, together with the 59 
positive control H2O2 (50 µM, 5 min). 3D cultures had a higher level of oxidized lesions measured as 60 
Fpg sites compared to 2D cultures. 61 

 62 

 63 

Figure S5. Untreated and H2O2-exposed controls in the comet assay. Untreated control cells from 2D 64 
and 3D cultures had a similar level of DNA SBs. 3D cultures had a higher level of oxidized lesions 65 
measured as Fpg sites. Short treatment of disaggregated cells from 2D and 3D cultures with 50 µM 66 
H2O2 for 5 minutes induced high levels of DNA SBs. Mean ± SEM (n=3 for H2O2 exposure, n=7 for 2D 67 
untreated control, n=9 for 3D untreated control). 68 

 69 
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