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1 Description of task 

 

Inhalation toxicity in vitro focuses on conducting toxicity screening experiments exploring the 

effects on lung cells after exposure to airborne nanoparticles (NPs). Because chronic lung 

diseases affect various parts of the lung, as well as various cell types, various test systems 

covering different types of cells will be exposed in order to get an accurate picture of the lung´s 

responsiveness to a chemical challenge. The air-liquid interface (ALI) technique will be used to 

model cell systems of e.g. pulmonary alveoli. This method makes it possible to deposit NPs 

directly from the gas phase on cells and comes as close as currently possible in mimicking 

inhalation exposure in vitro. Besides, other types of cell models such as cells grown as 

monolayer are also proposed. 

This task will deal with the identification of the most suitable in vitro model to assess inhalation 

toxicity. WP5 will take advantage of the unique nature of the in vivo experimentation carried out 

in WP4 (with for example titanium oxide, cerium oxide, barium sulphate and a suite of 20-40 

HARNS) to perform parallel experiments which may allow for extrapolation of results in a series 

of implementation steps, these being: 

Step 1: Perform several in vitro toxicity tests covering different cell types and endpoints. A 

comparative toxicity study will be performed with cellular systems, at least for some of the NM 

studied in WP4 (NM100, NM101, NM212 and NM220 and potentially nanocellulose). Different cell 

types (e.g. human nasal and bronchial model, human nasal model co-culture with fibroblasts, 

human bronchial model co-culture with fibroblasts, human alveolar-epithelial co-culture model) 

and different endpoints are proposed within the task, e.g. variations in uptake mechanisms and 

intracellular markers as candidate predictors for effects shown after inhalation such as 

inflammation and genotoxicity. In vitro end points will follow OECD recommendations to avoid 

interference of MNMs with testing strategies (OECD ENV/JM/MONO2009/20/Review). 

Step 2: Inter-laboratory study of the Cyto-TP device. In the EU-FP7 Project "Nanodevice", the 

Cyto-TP was developed, a thermal precipitator capable of depositing airborne nanoparticles on 

cells at air-liquid interface. The Cyto-TP is used as the exposure device in an interlaboratory 

study, to compare toxicity data, obtained with the same air-liquid interface model cell system. 

Additionally, this task will reproduce the aerosols of task WP4 "long time low-dose in vivo 

study", potentially enabling the partners of both WPs to compare results. 

Step 3: Compare results of different cell types and endpoints (cell type correlation study) 

a. Making use of NM and results from WP4, different cell types will be exposed to, for example, 

MWCNTs and nanoTiO2 and examined for variations uptake mechanisms and intracellular 

markers as candidate predictors for effects shown after inhalation such as inflammation and 

genotoxicity. 

b. Further in vitro studies will be considered depending on input from WP1. 

Steps 1 to 3 will be addressed within D5.4. 

Step 4: Compare results to in vivo toxicity study (in vitro-in vivo correlation study) (D5.5). 

a. Are cell types used in vitro and in vivo comparable? 

b. Are exposure times comparable between in vivo and in vitro? 

c. What are the most suitable cytotoxicity end points to correlate in vitro and in vivo? 

Step 5: Develop in vitro screening methodology to evaluate toxicity by inhalation taking into 

account results from steps 1-4 (above) and WP4. 

a. The in vitro uptake of nanomaterials in human lung epithelial cells will be examined and 

mechanisms of cell death will be assessed as predictive markers of inhalation carcinogenesis, 

making use of MNM and results from WP2-4 for experimentation and validation. 

b. Using nanomaterials from WP2-4 (i.e MWCNTs and TiO2) transformation assays using human 

normal lung epithelial cells will be developed (under D 5.6). 
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c. Results from further in vitro studies carried out through steps 1-4 will also be considered. 

Task 5.4 will get input from FP projects like QualityNano. In vitro screening methodology to 

evaluate toxicity by inhalation can be used in the development of the risk assessment decision 

tree (Task 5.7) and the regulatory framework/toolbox (Task 1.4). 

The main aim of this task is to test suitable models to assess inhalation toxicity of NPs in vitro 

with a main focus on cell exposure in the air-liquid interface (ALI), in order to suggest strategies 

for toxicity testing of inhalable manufactured nanomaterials (NMs). 

To fulfill this work, the following four specific questions are investigated: 

• What is the deposition/cell dose achieved after exposure in ALI and how can this be 

measured and improved? 

• Is the toxicity observed following ALI exposure different from toxicity observed using 

submerged exposure? 

• Is the biological response different when culturing several cells together i.e. by using co-

cultures?  

• Is the toxicity observed following ALI exposure more predictive for in vivo outcome? 

(D.5.5) 

2 Description of work & main achievements 

2.1 Summary 

This deliverable reports the use of different in vitro experimental systems in predicting potential 

NM toxicity by the respiratory route. Since NMs are generally inhaled, the use of liquid exposure 

may not represent the most accurate way to identify potential toxicities related to NM exposure. 

Different technologies, available commercially or developed by partners, allowing exposure of 

cells at the ALI to aerosols of NMs have been compared. For the comparisons, attention was 

paid to the exposure doses and to the cellular models. Nonetheless commercially available 

equipment to carry out aerosol exposure is expensive and requires specific skills in terms of 

aerosol generation and characterization. So, a real benefit should be identified prior to 

generalise the usage of these technologies, especially in a regulatory context. For that reason, 

we provide also a comparison with classical submerged exposures to NM suspensions. 

The main achievements are summarized below: 

A comparison of 6 different experimental systems allowing exposure of cells at the ALI to 

aerosols of NMs was carried out. The NM deposition on cells through aerosol exposure was 

validated, whatever the system used. The doses achieved were in the order of few µg/cm². The 

timing of the dose delivery was different in function of the exposure system used. 

The A549 cells exposed at the ALI to aerosols of poorly soluble NMs appeared less sensitive than 

the co-culture of A549+THP-1 cells. 

Comparison between ALI and submerged exposures showed that the ALI exposure was a more 

sensitive model than the submerge one. However, both methodologies provided similar relative 

ranking of NMs considering their potential toxicity. 

The main conclusions of the task are the following: 

Both submerged and ALI exposures can be used to provide a relative ranking of different 

NMs in function of their toxicity.  

According to the in vitro-in vivo correlations performed within the task and presented in the 

D5.5, the ALI methods predict more accurately the effects observed in vivo than the 

submerged method, considering the toxic doses. However, as actual methodologies/systems 

are highly variable, thus inducing different results, this approach needs to be harmonized 

prior to consider its use in regulatory purposes. 
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2.2 Background of the task 

Inhalation represents the main route of exposure to NM, however, routinely; experimental 

systems used in several laboratories are derived from guidelines which do not have aerosol as 

the major exposure vehicle. An alternative to such approaches is represented by the ever 

increasing method of culturing lung epithelial cells on permeable membranes in chamber wells 

that separate the cells from culture medium from both the apical and basolateral side. The 

medium can then be removed from the upper-side to allow exposure to air at any chemical or 

substance. This so-called air-liquid interface (ALI) culture technique has been described for a 

variety of cell types and means that it is possible to study the effects of aerosols in a more 

meaningful way in comparison to more typical submerged conditions that are commonly used 

with cell cultures. In this regard, the ALI approach represents a more realistic exposure scenario 

for inhaled NM and it also allows more control over the effective deposited dose that interacts 

with the cells. 

On these lines, and spanning from the ever increasing need of more representative exposure 

systems, different groups and companies have developed various systems which better 

represent the real situation (Aufderheide and Mohr 1999, Aufderheide and Mohr 2000, 

Aufderheide 2005, BéruBé et al. 2009, Bitterle et al. 2006, Lenz et al. 2009, Klein et al. 2013). 

Most use diffusion and/or gravitational settling as deposition mechanisms, although recent 

developments have included electrostatic approaches (Savi et al 2008, Stevens et al 2008). 

While many methods described in literature are in-house systems, commercially-available 

systems have also been developed (see for example www.vitrocell.com). The large variety of 

systems often reflects the applications that they are used for. For example, aerosol safety 

assessments of diesel fumes rely on internal combustion engines to generate test materials, 

while nanoparticles present in dust are generated in a completely different way such as 

nebulizers or inhalers. 

 Therefore it can be concluded that several systems are available to assess the aerosol 

characteristics in terms of particle sizes, numbers and mass as well as approaches for analysing 

gas phase composition. Many different commercial solutions are available in this domain. 

Equally many different methods are available for assessing cellular end-points. These may 

include toxicity endpoints such as cytotoxicity, oxidative stress, pro-inflammation, genotoxicity 

immunological, genetic and ‘–omic’ approaches and in this case much will depend on the 

experiment conducted.  

  

To carry out this task, three different types of equipment were used by the different partners; 

these include Vitrocell® devices, Cyto-TP and PreciseInhale™ modules. Experiments have been 

carried out on core NANoREG nanomaterials NM100, NM101, NM103, NM200, NM212 and 

NM220. Relevant cell lines from lung airway and immune system were exposed to the 

aforementioned NM as aerosol or directly into submerged cultures (Q4). Insights into the 

contributions of immune cells to lung epithelial linings after priming with bacteria are reported 

and will set the basis for assessing NM potential interactions with the immune system (Q5, Q9). 

Finally, the deposition capacity of the VitroCell system was improved by implementation of 

thermal precipitation into the system (Cyto-TP) (Q4).  

This task clearly interlinks with WP4 (in vivo experimentation) and will provide insights into the 

ability of in vitro assays to predict a nanotoxicology response. 

 

2.2.1  

2.2.2 Description of the work carried out 

This section details the materials and methods used by the different partners within the task. 

Among the 7 partners, 6 were able to perform air-liquid interface (ALI) cultures and exposure to 

NM aerosols (Table 1). To further perform comparisons between classical submerged exposures 

and ALI exposures, 5 partners also performed submerged exposures (Table 1). 
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2.2.3 Overview of experiments carried out to simulate Inhalation in vitro and to assess NMs 

toxicity 

Prior to starting task 5.4, an evaluation exercise was performed among partners in task 5.4 to 

estimate the capabilities of task 5.4 to address the NANoREG regulatory questions. These 

results concluded that the following equipment was available to the task (Table 1): 

Table 1. Experimental setting explored in task 5.4 
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BAuA GAIKER INERIS KI PToNano TCD IPL 

Aerosol 

exposure 

systems 

Vitrocell-TP 

chambers for 

6 well inserts 

Vitrocell 

chambers for 

12/24 well 

inserts 

Vitrocell 

chambers for 

6 well inserts 

XposeALI 

DLS 

(submerged 

cultures) 

particles 

nebulized 

directly onto 

transwells 

Transwell 

Permeable 

Supports 

(Corning) 

Generator 

used 

Atomizer 

(TSI 3047) 

Aeroneb® 

Pro 

Nebulizer 

(PALAS 

AGK2000) 

Precise 

inhale 

(Inhalation 

Sciences; 

see 

www.inhalati

on.se) 

 
Aeroneb® Pro  

Nano-

materials 

BaSO4 

NM220 

CeO2 

NM212; 

BaSO4 

NM220 

TiO2 NM100 

and NM101 ; 

CeO2 NM212 

; BaSO4 

NM220 

CeO2 NM212 

TiO2 NM100 

and TiO2 

NM101; CeO2 

NM212 ; 

BaSO4 NM220 

TiO2 NM100 

and NM101 ; 

CeO2 NM212 ; 

BaSO4 NM220 

TiO2 NM100 

and NM103 

SiO2 

NM200 

Cell models A549 
A549; airway 

epithelia 

A549 and 

A549+THP-1 
A549+THP1 A549 A549 

NHBE A549 

BEAS2B 
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Endpoints 

Cytotoxicity; 

Intracellular 

ROS; 

Inflammation 

Cytotoxicity; 

Inflammation 

Cytotoxicity; 

Intracellular 

ROS; 

Inflammation 

Cytotoxicity; 

Inflammation 

Cytotoxicity; 

Genotoxicity 

Cytotoxicity; 

Inflammation 

Genotoxicity: 

comet assay, 

micronucleus 

test 

Number 

size 

distribution 

SMPS (10 

nm- 1 µm) 
DLS 

SMPS (10 

nm- 1 µm) ; 

OPC (300 

nm - 30 µm) 

SEM on 

deposited 

NPs  

SEM 

(transwells 

with no cells) 

 

Mass size 

distribution 

estimation 

based on 

apparent 

density 

assumption 

(tandem 

DMA-PMC) 

DLS  / ICP-

OES 

SMPS and 

OPC using 

the particle 

density   ;      

Gravimetry 

  

SEM 

(transwells 

with no cells) 

 

Shape, size SEM - TEM SEM 
 

SEM  

Mass 

deposited 

extrapolation 

from 

deposited 

number, ICP-

MS 

currently we 

are trying 

ICP-OES 

ICP-MS ; 

(We have 

quartz µ-

balance but 

it's not 

precise 

enough) 

ICP-MS 
 

extrapolation 

from deposited 

number 

 

Submerged 

exposure 
NO YES YES YES YES NO 

YES for the 

micronucleus 

test 
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2.2.4 Aerosol exposure systems used 

Within task 5.4 different pieces of equipment were proposed as enumerated in Table 1 and 

explained in Table 2 and Annex 1. 

Table 2 Details of ALI exposure systems used  

BAUA 

 

A three-part system was used, consisting of aerosol generation, ALI-exposure and 

aerosol characterization. Details can be found in annex 1. 
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GAIKER 

 

ALI cultures are exposed using the Cloud generating system from Vitrocell. This 

system is specifically designed for dose-controlled and spatially uniform deposition 

of liquid aerosols on cells cultured at the ALI. The aerosol is applied for a short time 

of approx. 1 minute. NM dispersions are deposited at the top of the chamber. This 

phase is followed by homogenous mixing and sedimentation of single droplets takes 

place through gravitational settling. 

INERIS 

 

Exposure of cells in ALI to aerosol of NM in Vitrocell® system. Cells are exposed to 

aerosols of NM or to air in Vitrocell® chambers (1, 2). NM aerosols are generated 

using an atomizer (4). Aerosols are dried using a dryer (5). Aerosols are sucked at 

a 5ml/min flow rate using a vacuum pump to allow deposition on cells. Aerosols are 

characterized by SMPS+COP and gravimetry to assess the number size distribution 

and the mass concentration. NM deposition is characterized by ICP-MS and TEM to 

assess the mass, the shape, the size and the distribution of NM on cells 

Vt 
Vitrocell Cloud 
12 well insert 
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KI 

 

Exposure of cells to an aerosol of NM generated from dry powders in the 

PreciseInhale™ system (left) in combination with the XposeALI cell exposure unit 

(right). A small amount of powder (typically 2 mg) is loaded into the powder 

chamber. An aerosol is generated using rapid decompression of powder 

agglomerates and the delivered mass can be estimated by a light dispersion 

instrument (Casella). Deposition on cells (5 ml/min flow rate) is analyzed using ICP-

MS. Typical time in exposure XposeALI is around 10 min (depending on desired 

dose), after which the cells are incubated in cell incubator, typically for 20-24 h (still 

in ALI). 

TCD 

 ALI cultures are exposed to NMs for 

24 h by nebulizing NMs dispersions on the apical side of the culture (1 minute to 

nebulize 30 µl of NMs dispersions) using Aeroneb® Pro system. The Aeroneb 

Professional Nebulizer System  includes the following components (see above): 

nebulizer unit (Aerosol Generator and filler cap) T-piece (adult) with plug, control 

module, control module cable, AC/DC adapter, and mounting brackets.  

 

  

INSERT 

NPs suspension 
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2.2.5 Cell culture for aerosol and submerged exposure  

Partners have agreed to work with the human type II alveolar epithelial cell line A549. Some 

partners also decided to use a co-culture of A549 with macrophages like cells (PMA-

differentiated THP-1 cell line) on top of them in order to increase the relevancy against in vivo 

conditions. One partner made experiments also with the pulmonary epithelial cell lines NHBE 

and BEAS-2B. 

A comparison study was performed between the human type II alveolar epithelial cell line A549 

grown as monolayer and as co-cultures with the human alveolar monocyte cell line THP-1, 

differentiated in macrophages like cells. Both cell lines were obtained from BAuA and GAIKER, 

respectively. 

Partners agreed to follow a protocol provided by INERIS with however some adaptations as 

detailed in the Annex 2. This protocol has been uploaded into CIRCABC under the NANoREG 

project WP5 section. 

Cell culture (generic protocol for A549 and THP-1 cells) 

Cell lines were cultivated in RPMI 1640 medium supplemented with 10 % fetal bovine serum 

(FBS) and 1% penicillin-streptomycin at 37 °C in a humidified atmosphere containing 5% CO2. 

A549 and THP-1 cells were seeded in 75 cm2 tissue culture flasks, with 700 to 900,000 

A549/flask and 3 000 000 THP-1/flask. At 90 % confluence, A549 cells were trypsinized, and 

seeded in 24-well plates with 50 000 cells/well, (0,5 ml of culture medium/well) for submerged 

exposures or seeded in 6 or 12 well plates inserts (0.4 µm pore size) with respectively 80,000 or 

27,000 cells/insert for aerosol or submerged exposures. 

To produce co-cultures, THP-1 cells were differentiated into mature macrophage-like cells in 

culture flasks with 300 ng/ml of Phorbol Myristate Acetate (PMA) for 24 h and then seeded on 

A549 cells 18 h before exposure, at a ratio of 1/10 (THP-1:A549) (Fig 1).  

For mono-culture exposures, A549 cells were grown for four days until confluence. Then the 

culture medium in apical side of cells was removed to adapt the cells to the ALI for one day 

before the exposure. For co-culture exposures, A549 cells were grown for four days until 

confluence. During A549 growth, THP-1 cells were differentiated into mature macrophage-like 

cells. The day before the exposure, once differentiated, THP-1 cells were trypsinized and seeded 

on A549 cells with a ratio of one THP-1 for ten A549. Three hours after seeding, the culture 

medium in the apical side of the cells was removed to adapt the co-culture to the ALI for 20h 

before exposure. 

 

Fig 1 Protocol for cell culture at the ALI in inserts 

A549 seeding

4d growth in 
submerged until 

confluence

Medium on apical 
side removed

 ALI

1d 
adaptation 

in ALI

THP-1 seeding
(3h Ratio 1/10)

Assesment
of 

biological 

activity

A549+THP-1 coculture

A549 

monoculture

exposure to 
aerosols
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2.2.6 Exposure at the ALI to NM aerosols 

As the ALI exposure systems were different amongst the partners (see Tables 1 and 2), it was 

not possible to harmonise the exposure protocols. They are so detailed below, partner by 

partner. However, although the aerosol characteristics and the exposure duration at the ALI 

were different, depending on the exposure system used, all partners performed toxicological 

assessment 24h after the beginning of the exposure to the NM aerosols. 

INERIS 

Five days after A549 seeding, both cell models were exposed for 3 h at the ALI. Just after 

exposure, the cells were placed in new plates (Costar, 3516) with fresh culture medium only in 

the basal side and were kept at the ALI into the incubator for the remaining 21 h with the NM 

deposited on their surface.  

GAIKER 

Cells were grown as explained above. Preparation of NM suspensions was performed following 

the Minimum Guidance Document. Cells were exposed to aerosolized NM for 1 min. NM were 

allowed to set and end point reading was produced after 24 h. 

BAuA 

For ALI exposures, A549 cells were grown during four days to reach confluence. Then the 

culture medium in apical side of cells was removed and washed two times with PBS (Biochrom, 

L1825) to adapt the cells to the ALI one day before the exposure. Basal medium was 

supplemented with 25mM HEPES (Biochrom, FG1385). The cells were exposed for 30 min using 

thermal precipitation. Just after the exposure, the cells were placed in new plates (Costar, 3516) 

with fresh culture medium in the basal side and were kept in the incubator for 24 h.  

KI 

Three transwells were exposed at the same time and the exposure time varied depending on the 

dose desired (approx. 2-15 min). After exposure, the cells were incubated for 24 h before media 

were collected on the basal side for cytokine and LDH release analysis. One transwell was used 

for Alamar blue test. The deposition of CeO2 was determined on the two transwells used for 

cytokine and LDH analysis by using ICP-MS analysis following microwave digestion of the filters. 

TCD 

ALI cultures of A549 were exposed in a continuous nebulization (Aeroneb Pro) to 30 µl of NMs 

dispersion and then incubate at 37 °C. After 24 h, viability of the cells was assessed with Alamar 

Blue assay and inflammation (cytokines secretion into apical and basolateral side) with ELISA 

assay. 

2.2.7 Exposure in submerged conditions to NM suspensions 

The NANoREG suspension protocol was used by all partners carrying out submerged 

experiments. 

As the ALI exposures were performed without BSA and in order to evaluate the influence of the 

dispersion protocol on the toxicity, an alternative protocol without BSA and using light sonication 

with a cup-horn (named INERIS suspension protocol) was also used and compared with the 

NANoREG suspension protocol in terms of size distribution and cellular effects.  
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Preparation and characterization of suspensions for submerged exposures 

NANoREG suspension protocol: Stock suspensions of NMs were prepared in BSA 0.05% at 2.56 

mg/ml, following the NANoREG protocol. NMs Suspensions were sonicated in ice using a 

calibrated probe sonicator (following NANoREG Minimum Guidance document). Duration and 

amplitude were previously set-up by the partners according to the NANoREG calibration 

protocol. 

INERIS suspension protocol: NMs were suspended directly in Milli-Q water at 2.56 mg/ml and 

sonicated using a cup-horn (amplitude 100, 1 min on, 1 min off, 1 min on). To expose cells, 

sonicated suspensions were diluted at 0.4 mg/ml in culture medium and successive dilutions 

were further performed (400 µg/ml - 4 µg/ml). Before exposure, DLS measurements were 

performed (Malvern, Zetasizer Nano S) on stock and on 400, 100 and 4 µg/ml suspensions to 

assess the number size distribution of the particles in the suspensions.  

Submerged exposure to suspensions of NM 

Cells were exposed for 24 h to suspensions of NM ranging from 4 µg/ml to 400 µg/ml. Some 

partners performed submerged exposures on Transwells to allow a direct comparison with 

exposures at the ALI (KI), while others performed submerged exposures in plates (INERIS and 

PToNANO) 

NM deposition on cells 

The cellular dose was measured using ICP-MS (KI) or estimated using modelling as described 

below (INERIS). 

The in vitro sedimentation diffusion and dosimetry model (ISDD) (Hinderliter et al. 2010) was 

used to estimate, in function of several parameters (listed below), the deposited fraction on the 

cells. The primary particle diameter, the mean diameter of the agglomerates, the effective 

density, the fractal dimension of each NM and the height, the temperature, the density, the 

viscosity, the theoretical concentration of the medium were used. The effective density of the 

NMs was measured following the Volumetric centrifugation method (VCM) developed by Deloid 

an coworkers (Deloid et al. 2014). For results interpretation, the theoretical NM concentrations 

expressed in µg/cm² (1 µg/cm² to 100 µg/cm²) were adjusted according to the deposited 

fraction estimated. 

2.2.8 Assessment of biological activity after exposure (ALI or submerged) 

After exposure to NM aerosols or suspensions, several biological parameters were assessed. The 

cytotoxicity was estimated using two different assays, the Alamar (or Presto) blue assay 

measuring the metabolic activity of cells using resazurin and the LDH (lactate dehydrogenase) 

assay measuring the cellular membrane integrity. The oxidative stress was evaluated by the 

DCF assay which measures the reactive oxygen species (ROS) that are present inside the cells. 

The pro-inflammatory potential of NM was assessed by cytokines and chemokines quantification 

by ELISA. Genotoxicity was studied with the micronucleus test (submerged exposures only) and 

the comet assay (ALI exposure only). 

Generic protocols for cytotoxicity, oxidative stress and cytokine measurements are presented 

below. For more details about the protocols followed by the partners, please refer to 

Annex 3. 

Cytotoxicity assays 

Alamar (Presto) blue assay 

Twenty-four hour after exposure to NM, Alamar (Presto) blue assays were performed to 

measure the metabolic activity of cells exposed to suspensions or aerosols. The culture medium, 

from above the cells for submerged exposures, and from the basal side for aerosol exposure, 
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was retrieved. The cells were washed with and the washing liquids were also retrieved. Alamar 

or Presto blue solution was added on cells that were then incubated at 37 °C, 5 % CO2. After 1 

to 3 h of incubation, metabolized Alamar (Presto) blue was transferred in a 96 well plate and the 

fluorescence was read (excitation: 555 nm, emission: 585 nm) using a spectrophotometer. The 

value of each sample was expressed in percentage of cell functionality compared to the control. 

Cells exposed to clean air at the ALI served as controls for the aerosol exposures; Cells exposed 

to culture medium served as controls for the suspension exposures. 

 

Lactate dehydrogenase assay 

The lactate dehydrogenase (LDH) releases was measured in culture media retrieved 24 h after 

exposure from submerged and aerosol exposures and kept at 4°C until analysis. Culture media 

from submerged exposure were centrifuged during 5 min at 13 000 G and 4°C to remove 

nanoparticle. A commercially available kit (Promega, CytoTox-ONE Homogeneous Membrane 

Integrity assay or Sigma, LDH Assay activity kit) was used according to the supplier manual. 

The fluorescence was measured with an excitation wavelength of 550 nm and an emission 

wavelength of 585 nm using a spectrophotometer. The values of each sample were expressed, 

in function of maximum LDH release by cells, in percentage of cell integrity compared to control. 

Cells exposed to clean air in ALI serve as controls for aerosol exposures; Cells exposed to 

culture medium serve as controls for suspension exposures. To measure the maximum LDH 

release, cells were lysed during 24 h using a 0.1X solution of triton. 

Oxidative stress assay 

DCF assay 

After performing alamar blue assay, the cells were washed with PBS. Afterwards, the cells were 

incubated at 37°C, 5% CO2 with 10 µM of CM-H2DCFDA probe (Life technologies, C6827) in PBS 

(0,5 mL/well or insert) for 35 min. After 30 min of incubation, the probe was removed in some 

wells, 1 mM of H2O2 in Milli-Q water was added, and cells were incubated for 5 min, to serve as 

positive control. After incubation, the cells were washed with PBS and incubated during 5 min in 

90 % DMSO in PBS (0.5mL/well or insert). Then the cells were scraped, well or insert contents 

were recovered in tubes further centrifuged at 10000 rpm, 4°C, for 5 min to eliminate the dead 

cells. The tube contents were transferred in 96 well black plates (150µL/well) and the 

fluorescence of the samples was read (excitation: 488 nm, emission: 530 nm) using a 

spectrophotometer. The value of each sample was expressed in percentage of cell functionality 

compared to the control. Cells exposed to clean air at the ALI served as controls for the aerosol 

exposures; Cells exposed to culture medium served as controls for the suspension exposures. 

 

 

 

 

 

 

 

 

 

 



 

 

NANoREG Deliverable 5.04 

Page 17 of 78 

Inflammation assays 

Cytokines and chemokines quantification by ELISA 

Pro-inflammatory mediator secretion was measured in culture media retrieved after 24 h of 

exposure in submerged conditions or at the ALI and kept at -80°C until analysis. Before 

freezing, the culture media from submerged exposures and the washing liquids from aerosol 

exposures were centrifuged during 5 min at 13,000 G and 4 °C to remove the nanoparticles. 

Different cytokine (Il-1β, IL-6, IL-8, MCP-1 and/or TNF-α) releases were measured using 

commercial available ELISA kits according to supplier recommendations. The value of each 

sample was expressed in percentage of cytokine secretion compared to the control. Cells 

exposed to clean air at the ALI served as controls for the aerosol exposures; Cells exposed to 

culture medium served as controls for the suspension exposures. Cells exposed during 24 h to a 

concentration of 0.1 or 20 µg/ml of lipopolysaccharides (LPS) (Sigma-Aldrich, L2880) or to 50 

ng/ml of TNF-α (Preprotech, 300-01A) were used as positive control. 

2.2.9 Interactions between NM and assays 

As reported in the literature, NM are able to interfere with some biological assays, so potential 

interactions between studied NM and tests used were carefully assessed by some partners. 

Interactions between Alamar blue assay (TCD) 

A preliminary experiment was performed incubating both dyes with NPs dispersion at the 

highest concentration used (100 µg/ml). No fluorescence signal was detected above the 

background signal. 

Interactions between NM and LDH (BAuA) 

To determine the interactions between NM and LDH assay, a suspension of 1 mg/ml of BaSO4 

was used instead of culture media. No interferences were detected.  

Interactions between NM and LDH (INERIS) 

To assess if there were interferences between the LDH and the NM, interactions assays were 

performed. Ninety-six well plates (Falcon, 353072) were incubated under cell-free conditions 

during 24 h with suspensions of 0, 100, 400 µg/ml of NM in presence of 0,275 UI/ml of LDH 

standard. After 24 h incubation, the supernatants were retrieved, centrifuged for 5 min at 

13 000 G and 4 °C to remove the nanoparticles and the LDH activity was measured.  

Interaction, characterized by an increased signal, was only noted between the LDH assay and 

the NM220. 

This interaction was taken into account in the interpretation of the results. 

Interaction between NM and cytokines (INERIS) 

To assess if there were interferences between the cytokines and the NM, interaction tests were 

performed. For suspension exposures, 96 well plates (Falcon, 353072) were incubated under 

cell-free conditions for 24 h with suspensions of 0, 100, 400 µg/ml of NM in presence of 1250 

pg/mL of IL-1β, IL-6, IL-8 and TNF-α. After 24 h incubation, the supernatants were retrieved 

and centrifuged for 5 min at 13,000 G and 4°C to remove nanoparticle. IL-1β, IL-6, IL-8 and 

TNF-α were measured by ELISA multiplex (Mesoscale discovery) in supernatants.  

For cytokines, interactions were characterized by decreasd or increased optical density. 

Interactions were noted for: 

- NM105: IL-8 and TNF-α 

- NM101: IL-6, IL-8 and TNF-α 

- NM100: IL-8 
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- NM220: IL-6 and IL-8 

No interactions were noted between the NM212 and the cytokines. 

When necessary, these interactions were reminded in the tables or graphs and taken into 

account in the interpretation of the results. 

2.2.10 Comparison of results between cell models and exposure methods 

The aim was to evaluate if exposing alveolar cells at the air-liquid interface (ALI) to aerosols of 

inhalable and poorly soluble nanomaterials, give different toxicity patterns and/or biological 

activation levels compared to submerged exposures to suspensions. To allow comparisons 

between exposure methods, doses were expressed as µg/cm2. At the ALI, doses were assessed 

by ICP-MS. For submerged exposures, doses were estimated using ICP-MS or ISDD model.  

2.2.11 Statistical analysis 

All data were expressed as mean ± standard deviation (SD). 

Statistical analysis was performed using Graphpad Prism version 4.00 or 5.0.1 (GraphPad 

Software Inc., San Diego, CA). 

According to the data, different statistical analyses were performed by partners. P-values < 0.05 

were considered significant. 

INERIS: The Shapiro-wilk and the one way ANOVA tests were used to assess the data 

normality and the variance equality, respectively. Because Variance weren’t equal, results were 

analyzed by a non-parametric Kruskal-Wallis test followed by a Dunn’s post-hoc test to compare 

the different treated groups to the control (Cells exposed to AIR at the ALI served as control for 

aerosol exposures; Cells exposed to culture medium served as control for suspension 

exposures). 

BAuA: The one way ANOVA tests were used followed by Bonferroni post-hoc test to compare 

different treated groups to control cells exposed to synthetic air. P-values smaller than 0.05 

were considered significant. 

KI: The one way ANOVA tests were used followed by Bonferroni post-hoc test to compare 

different treated groups to control cells. P-values <0.05 were considered significant. 

GAIKER: Statistical evaluation has been performed by One-way-ANOVA and Students´s t-test. 

TCD: Statistic evaluation has been performed with One-way ANOVA with Bonferroni test.  
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2.3 Results 

2.3.1 Aerosol generation and deposition: comparison between different ALI methodologies and 

equipments 

The table 3 below provides an overview of the different experimental settings used by the 

NANoREG WP5 partners. The NMs were aerosolised (as suspension for atomizer/nebulisor and 

earoneb®Pro or as dry powder for preciseInhale) and deposited on cells within 1 to 3h and then 

deposited NMs were kept on the cells for a total duration of 24h (4h for the comet assay).  

Table 3 : Experimental air-liquid exposure interface settings 

  BAuA GAIKER INERIS KI TCD IPL 

Aerosol 

exposure 

systems 

Vitrocell-

TP 

chambers 

for 6 well 

inserts 

Vitrocell 

chambers 

for 12/24 

well 

inserts 

Vitrocell 

chambers for 

6 well inserts 

XposeALI 

particles 

nebulized 

directly 

onto 

transwells 

Transwell 

Permeable 

Supports 

(Corning) 

Generator 
Atomizer 

(TSI 3047) 
Aeroneb® 

Pro 

Nebulizer 
(PALAS 

AGK2000) 

Precise 
inhale 

(Inhalation 
Sciences)* 

Aeroneb® 
Pro  

Aerosol 

characterization 

SMPS 

(10nm-
1µm) 

 

SMPS 

(10nm-1µm) 

OPC 

(300nm-

30µm) 

   

Aerosol 

exposure 
30 min 1-5 min 3 h 2-15 min 1 min 

 

Data collection 24 h 
24 h/every 

7 days 
21 h 24 h 24 h 

Micronucleus 

24 h 

Comet 4 h 

Deposited 

doses 

0.0001-  

µg/cm2 

1.6- 8.0 

µg/cm2 
0.1-3 µg/cm2 

0.5-5.0 

µg/cm2 

0.027-2.72 

µg/cm2 

Micronucleus 

1.8-15.0 

µg/cm2 

Comet 6.0-

48 µg/cm2 

* www.inhalation.se 

 

Aerosol characterisation 

Only two partners were able to perform the aerosol characterisation by using a SMPS (Scanning 

Mobility Particle Sizer) and an OPC (optical particle counter) but assessment of NM deposited 

doses on cells was performed by all. 

Figure 2 below shows a typical average particle size distribution of an aerosol of NM220 (BaSO4) 

generated with an atomizer (wet method) 
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Fig 2 Selected average particle size distribution for NM220, generated with the atomizer at 1 

bar pressure. Results of the fit for peak 2 were 𝐴 =  201771, 𝑤 = 1.72 and �̃� = 92.07 (BAuA data). 

 

Size distribution curves for TiO2 (NM100, 101 and 105) and CeO2 (NM212) are presented in 

figure 3. 

 

Fig 3 Representative size distribution curves for NM aerosols generated with Palas nebulizer 

(INERIS data). 

For a given partner, a good repeatability of the aerosols (in terms of size distribution and 

concentration over time) was noted. 

As characterisation data are not overlapped (different NM and different generators-also both 

atomizer/nebulisor), it was not possible to assess the reproducibility between the partners. 

However, atomisation/nebulisation was able to produce stable respirable-size aerosols, suitable 

for inhalation exposure. 
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NM deposition on cells 

The dose deposited on cells was estimated by ICP-MS dosage or extrapolation from deposited 

number. SEM or TEM examination allowed assessing the size distribution of deposited NMs. 

As presented in table 3, the deposited doses were in the range of µg/cm2 for most of the 

partners. SEM/TEM observation of deposited NMs revealed some rare particles of primary size 

and many agglomerates (fig. 4 to 6). 

 

Fig. 4 TEM pictures of deposited NM on cells at the ALI (INERIS data) 

 

 

 

Fig 5 SEM images on deposition onto collagen coated cover slips confirmed generation and even 

deposition of CeO2 NPs and agglomerates with approx.size of 50-200 nm (KI data).  

 

10 µm

NM105 NM100NM101 NM212
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Fig 6 Panel A showed the deposition of NM100, NM101, NM212 and NM220 onto free inserts 

(SEM images). The concentrations of the particles nebulized (1 min to nebulize 30 µl) were 1-10 

and 25 µg/ml for NM100 and NM101 (0.027; 0.27 and 0.68 µg/cm2) and 25-50 and 100 µg/ml 

for NM212 and NM220 (0.68; 1.36 and 2.72 µg/cm2). Panel B showed an example of Matlab 

image (TCD data). 

Full details of aerosol characterisation data and deposition for each partner are 

presented in Annex 4. 

 

In conclusion, as the ALI in vitro equipments were different, it was not possible to 

conclude on their reproducibility regarding aerosol generation and cell exposure 

among the different partners of the task 5.4. 
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However, except for one partner, all equipments tested within the task were able to 

ensure significant NMs deposition on cells (in the order of µg/cm2), mostly in the form 

of respirable size agglomerates. 

2.3.2 Cellular responses: results by partners, using different ALI methodologies and 

equipments 

The results obtained by the different partners are presented below. A more integral evaluation is 

specifically addressed in section 2.5. “Evaluation and conclusion”.  

INERIS 

N.B: For more detailed information about the ALI exposures performed by INERIS, full methods, 

results and discussions are presented in the following article (Loret et al. 2016). In this article, 

comparisons between ALI and submerged experiments were performed, but only using the 

INERIS dispersion protocol. Further comparisons between ALI and submerged exposures in 

inserts were also provided using similar timing of the dose delivery (not presented in this 

deliverable). These experiments are nevertheless presented in the deliverable 5.5 “Report on 

cell type and in vitro-in vivo correlation studies for inhalation toxicity”. 

 

Cytotoxicity and oxidative stress 

To assess the potential adverse effect of TiO2 and CeO2, mono and co-cultures were exposed to 

one (round to 3 µg/cm²) and three doses (round to 0.1 µg/cm², 1 µg/cm² and 3 µg/cm²), 

respectively. After 24h exposure, we generally observed significant biological effects at the 

medium or the high doses (1 and 3 µg/cm²), but only in the co-culture model (Fig 7). We 

observed a slight but significant decrease in cell integrity (around 10 %), in co-cultures exposed 

to the medium deposited dose of NM105, but not with the three other NM (Fig 7). We observed 

a significant increase in intracellular ROS levels in co-cultures exposed to the high dose of 

NM101 but not with the other NM (Fig 7). 
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Fig 7 Cell functionality (Alamar blue) cell integrity (LDH) and intracellular ROS after 24h 

exposure at the ALI to NM aerosols (INERIS data). 

Inflammation 

Among all markers tested, the secretion of pro-inflammatory mediators was the most sensitive 

(Fig. 8). For the co-culture, all the mediators tested were high above the quantification limit. For 

the monoculture, the IL-1β levels were below the quantification limit, the IL-6 and TNF- levels 

were just above the detection limit and the IL-8 levels were high above the quantification limit. 

In co-cultures, we observed significant difference in cytokine secretion compared to the control 

from the medium dose for the TiO2 NM105, NM101 and NM100 and at the high dose for the 

CeO2 (Fig 9). After exposure to aerosols of TiO2 NM105, we observed increases in IL-1β, IL-6, 

IL-8 and TNF-α secretion compared to air at 1 and 3 µg/cm². After exposure to the TiO2 NM101, 

we observed significant increases in IL-1β, IL-6, TNF-α at 1 and 3 µg/cm² and significant 

increase in IL-8 secretion compared to air at 3 µg/cm². After exposure to TiO2 NM100, we 

observed a significant increase in IL-8 secretion compared to air at 1 µg/cm² and a significant 

increase of IL-6 secretion at 3 µg/cm². After exposure to CeO2 NM212, we observed a significant 

increase in IL-1β and IL-6 secretion and a significant decrease in IL-8 secretion compared to air 

at 3 µg/cm².  
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Fig 8 Pro-inflammatory cytokine secretion (basal side) after 24h of exposure at the ALI to NM 

aerosols (INERIS data). 

 

In conclusion, the experimental ALI system set up at INERIS allowed the deposition of 

sufficient amount of NM to get significant cellular effects (1 and 3 µg/cm2) for TiO2 

(NM105, 101 and 100) and CeO2 NM212.  

The co-culture of epithelial cells plus macrophages was more sensitive than the 

monoculture of epithelial cells alone (i.e. significant effects observed at lower 

deposited doses). 

The Cell viability and the ROS production were not (or slightly) modified by the 

exposure of cells to aerosols. Significant increases in all the tested pro-inflammatory 

mediators were seen in the co-culture. 

BAuA 

The figure 9 below summarizes the results obtained with monocultures of A549 exposed to 

aerosols of BaSO4 (NM220). 
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Fig 9 Results of toxicological data (a) Presto blue assay, (b) LDH assay, (c) DCF assay, (d) IL-8 

secretion. 

In conclusion, no significant effects were detected for the tested biological 

parameters with the system available at BAuA for BaSO4 NM220. This may be due to 

low cell deposited doses (equal or below 0.01µg/cm2). 

KI 

Cytotoxicity and inflammation 

To assess the potential cytotoxic effects of CeO2 following exposure of co-cultures (A549 and 

THP-1), Alamar blue and LDH-assay was used. The deposited amounts of CeO2 were 

approximately 0, 0,5, 1, 2 and 5 µg/cm². Twenty four hours after exposure the mitochondrial 

activity (Alamar blue) was not affected by the exposure. However, for the the LDH assay, a 

slight increased LDH activity was observed in the highest ALI exposure concentration (5 

µg/cm2), see Fig 10.  
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Fig 10 Cytotoxic effects of following exposure of a A549+THP-1 co-culture to CeO2 in ALI. 

Secretion of pro-inflammatory cytokines and chemokines was measured in culture media 

retrieved from the basal side of the transwell following ALI exposure. The concentrations of IL-

1β, IL-6, TNF-α and MCP-1 were analyzed using Bio-Plex Pro multiplex assay (Bio-Rad) and cells 

exposed during 24 h to a concentration of 0.1 µg/ml of lipopolysaccharides (LPS) was used as 

positive control. CeO2 NP exposure did not induce a statistically significant increase in the 

release of any of the cytokines/chemokines following exposure in ALI. 

 

Fig 11 Inflammatory cytokines following exposure of a A549+THP-1 co-culture in ALI. No 

increase in cytokine excretion was observed. 

In conclusion, for the experimental ALI system available at KI, a slight alteration of 

the cell integrity (assessed by the LDH release) was seen in the co-culture exposed to 

the highest deposited dose of CeO2 NM212 (5µg/cm2), but no significant increases in 

the pro-inflammatory cytokines were detected.  
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GAIKER 

A549 cells grown in ALI were exposed to NM212 and NM220 and cytotoxicity end points 

(resazurin and LDH) analysed (~ 1.5 µg/cm2). Inflammation was analysed by following the 

expression of IL6, IL10 and TNF-α as previously reported. Three independent assays were 

carried out and 4 replicates per assay were analysed. No cytotoxicity was observed under the 

reported conditions (Fig 12). A subchronic experiment was also carried out with a 3D human 

epithelial model exposed to NM212 and NM220 for 30 days, one application every 7 days (~ 1.6 

µg/cm2) as shown in Fig 13-15. Toxicity trends are observed after day 20 of exposure (Fig 15). 

This trend is supported by deregulation of IL6 and IL10 after 5 days of exposure to NM220. 

a)                                                      b) 

 

Fig 12 a) Cytotoxicity results on A549 grown in ALI using the vitrocell cloud system. Cells were 

exposed for 1 min. and supernatants analysed after 24 hours. b) as in a) for the end point LDH. 

 

a)                                                     b) 

 

Fig 13 Cytotoxicity results on lung airway epithelia exposed to NM212 and NM220 for 30 days. 

Red lines indicate exposure times (0.5 µg/ml). X axis indicates days of experimentation. Some 

effect on cell viability is observed after day 20 of exposure for NM220 a) resazurin and b) LDH. 
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Fig 14 Data on barrier integrity for all three conditions (control experiment (blue), NM212 (red) 

and NM220 (green). No barrier alteration is observed during the 30 days of exposure. These 

data indicates the epithelial is in good health to carry out experimentation. 

 

 

 

Fig 15 Results on IL expression after exposure of A549 grown as ALI to NM212 and NM220 for 

1 min every 7 days. Supernatants were analysed after 24 hours of exposure. 

In conclusion, no significant cytotoxicity was detected in the monocultures of A549 

cells exposed for 24h to aerosols of CeO2 NM212 and BaSO4 NM220 (deposited dose 

around 1.5µg/cm2), with the ALI system set-up at Gaiker. 
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A subchronic study performed on a 3D human epithelial model (one exposure per 

week for 1 month ~ 1.6 µg/cm2) evidenced increased release of cytokines IL-6 and IL-

10 after 5 days and alteration of cell integrity with no loss of barrier function after 20 

days for the NM220 but not the NM212. 

 

TCD 

Cytotoxicity and Inflammation of titanium dioxide, barium sulphate and cerium 

dioxide 

In order to assess the toxicity of TiO2 (NM100 and NM101), BaSO4 (NM220) and CeO2 (NM212) 

ALI culture were exposed to three different concentrations of nanomaterials. The concentrations 

nebulized are 1, 10 and 25 µg/ml for NM100 and NM101 and 25, 50 and 100 µg/ml for NM212 

and NM220 (1min to nebulize 30 µl). After 24 h of exposure viability assay and ELISA assays 

were performed. As showed in Fig 16, TiO2 and CeO2 did not affect cell viability. However, 

BaSO4 caused a significant decrease of viability, around 20 %.  

 

Fig 16 Viability of ALI cultures of A549 after exposure of 24 h to NMs aerosol. 

The assessment of the release of pro- inflammatory cytokines reported that NM100 and NM101 

induced a significant secretion of cytokines (NM101>NM100). The secretion of cytokines after 

exposure to both TiO2 NMs was detected only into the apical side of the ALI cultures (Fig 17). 

However, after exposure to aerosol of BaSO4 (NM220), we observed a significant increase of all 

the cytokines tested both into the apical and basolateral side, suggesting that the damage 

induce by NM220 was much more evident compare to TiO2 NMs. For NM212 we did not reported 

any significant secretion of cytokines (Fig 18). 
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Fig 17 Cytokines secretion by ALI culture of A549 after exposure to TiO2 NMs (NM100 and 

NM101) aerosol. 

 

Fig 18 Cytokines secretion by ALI culture of A549 after exposure to CeO2 (NM212) and BaSO4 

(NM220) NMs aerosol 
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In conclusion, with the system available at TCD, a significant loss of viability was seen 

in the monocultures of A549 exposed to the BaSO4 NM220 at doses ranging from 0.68 

to 2.72 µg/cm2 but not with the TiO2 NM100 and 101 (up to 0.68 µg/cm2) and the 

CeO2 NM212 (up to 0.72 µg/cm2). An increased secretion of pro-inflammatory 

mediators was seen for the BaSO4 and for the two TiO2. No pro-inflammatory effect 

was reported for CeO2 NM212. 

IPL 

Genotoxicity (Comet assay) 

From the overall results, no biologically significant increase in primary DNA damage as 

detectable by the comet assay, were noted in any of the 3 pulmonary cell lines NHBE, A549 and 

BEAS2B treated with NM101, NM103 and NM200. 
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NM ID code Cell type
Exposure concentration

(µg/cm²) 

DNA in tail

(%)

sterile water + 0.05% BSA 1.13

MMS

 15 µg/mL
30.55

1.875 1.37

3.75 0.65

7.5 0.77

15 1.72

sterile water + 0.05% BSA 0.5

MMS

 10 µg/mL
44.42

1.875 1.55

3.75 2.51

7.5 4.61

15 3.45

sterile water + 0.05% BSA 0.92

MMS

 10 µg/mL
42.68

1.875 2.04

3.75 3.18

7.5 1.59

15 2.36

sterile water + 0.05% BSA 0.77

MMS

 15 µg/mL
22.65

1.875 0.75

3.75 1.32

7.5 1.69

15 2.74

sterile water + 0.05% BSA 2.38

MMS

 10 µg/mL
12.03

1.875 0.71

3.75 0.35

7.5 0.43

15 0.9

sterile water + 0.05% BSA 0.33

MMS

 10 µg/mL
52.88

1.875 0.78

3.75 3.14

7.5 5.24

15 1.61

sterile water + 0.05% BSA 0.47

MMS

 15 µg/mL
27.43

1.875 0.22

3.75 0.5

7.5 1.8

15 0.64

sterile water + 0.05% BSA 7.76

MMS

 10 µg/mL
31.85

1.875 13.27

3.75 20.1

7.5 17.52

15 13.48

sterile water + 0.05% BSA 1.82

MMS

 10 µg/mL
21.85

1.875 0.29

3.75 0.22

7.5 0.3

15 0.26

NM-103

A549

NHBE

BEAS2B

NM-200

A549

NHBE

BEAS2B

NM-101

A549

NHBE

BEAS2B
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2.3.3 Submerged exposures: characterisation of suspensions and deposition on cells 

 

Physicochemical characteristics of NM 

The physicochemical characteristics of the NMs were used to estimate the deposition on the cells 

using with the ISDD model , they are reminded in the Table 4 below. Although not in the core 

list, the TiO2 NM105 was included in the study as a reference NM, but only with the INERIS 

suspension protocol (in Mili-Q water, and sonication with cup-horn). 

Table 4 Physicochemical characteristics of NM used (JRC data) 

 

 

Suspension characterisation 

Table 5 and Figs 19 and 20 below show suspension characterisation results obtained by INERIS, 

using the NANoREG and the INERIS protocols. For the NANoREG protocol, the NMs were 

suspended in milliQ water plus 0,05 % BSA at an initial concentration of 2.56 mg/ml and 

sonicated using a micro-tip. For the INERIS protocol, the NMs were suspended in milliQ water at 

an initial concentration of 2.56 mg/ml and sonicated with a cup-horn. 

In terms of hydrodynamic parameters, similar results were obtained with the two protocols 

(Table 5) and a good correlation was found with the NANoREG benchmark curves (Fig 19). 

Table 5 Characterization in size (Z-average) and polydispersity index (PdI) of suspensions after 

sonication, following NANoREG and INERIS protocols (INERIS data). 

 

 

Critallinity

Primary 

particle 

size

coating
specific surface 

area BET(m²/g)

primary 

density

NM105
20%anatase 

/80% rutile
21 nm no 46,1 4.2

NM101 anatase 8 nm yes 316 3.9

NM100 anatase 100 no 10 3.9

CeO2 NM212 cubic cerionite 29 no 27 7.2

BaSO4 NM220 N.D 32 nm no 39 4.5

TiO2

Z-average  in BSA suspension 

at 2.56 mg/ml (hydrodynamic 

diameter) (nm) 

SD pdi SD pdi

Z-average  in water 

suspension at 2.56 mg/ml 

(hydrodynamic diameter) 

(nm) 

SD pdi SD pdi

NM105 N.D N.D N.D N.D 317.9 13.58 0.401 0.017

NM101 467.6 21.6 0.318 0.036 566.7 50.64 0.277 0.03

NM100 266.5 11.6 0.172 0.018 286 7.2 0.197 0.011

NM212 285.1 8.76 0.196 0.044 232.7 43 0.264 0.079

NM220 128.1 1.29 0.13 0.018 139.8 1.55 0.135 0.004

INERIS protocolNanoreg protocol
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Fig 19 Comparison of the size distributions (intensity) of the sonicated suspensions at 2.56 

mg/ml, between the NANoREG and the INERIS protocols. Left: experimental data obtained with 

zeta-sizer (each curve represents the mean of 3 independent experiments), Right: NANoREG 

benchmark curves (INERIS data). 
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When suspended in cell culture medium, no difference was noted in the hydrodynamic 

parameters (Table 11) and the size distribution curves (Fig 20) between the two protocols. For 

both protocols, suspensions remained stable between 0 and 24 h, except for the NM101 where a 

decreased size distribution was observed (Fig 20); probably because almost 100% of the NM101 

was deposited on the cells after 24h of exposure (Table 6). 

 

Fig 20 Comparisons of size distribution (intensity) of sonicated suspensions in culture medium 

at 0 and 24 h, between NANoREG and INERIS protocols. Each curve represents the mean of 3 

independent experiments (INERIS data). 

0

2

4

6

8

10

12

14

16

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM220
400 µg/mL  in culture 
medium at 0h 
(NANOREG protocol)

400 µg/mL  in culture 
medium at 24h 
(NANOREG protocol)

NM220 2,56 mg/ml  
(NANOREG protocol)

0

2

4

6

8

10

12

14

16

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM220
400 µg/mL  in culture 
medium at 0h (INERIS  
protocol)

400 µg/mL  in culture 
medium at 24h 
(INERIS  protocol)

NM220 2,56 mg/ml 
(INERIS protocol)

0

2

4

6

8

10

12

14

16

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM212
400 µg/mL  in culture 
medium at 0h 
(NANOREG protocol)

400 µg/mL  in culture 
medium at 24h 
(NANOREG protocol)

NM212 2,56 mg/ml  
(NANOREG protocol)

0

2

4

6

8

10

12

14

16

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM212
400 µg/mL  in culture 
medium at 0h (INERIS  
protocol)

400 µg/mL  in culture 
medium at 24h 
(INERIS  protocol)

NM212 2,56 mg/ml 
(INERIS protocol)

0

2

4

6

8

10

12

14

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM100
400 µg/mL  in culture 
medium at 0h 
(NANOREG protocol)

400 µg/mL  in culture 
medium at 24h 
(NANOREG protocol)

NM100 2,56 mg/ml  
(NANOREG protocol)

0

2

4

6

8

10

12

14

16

18

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM100
400 µg/mL  in culture 
medium at 0h 
(INERIS  protocol)

400 µg/mL  in culture 
medium at 24h 
(INERIS  protocol)

NM100 2,56 mg/ml 
(INERIS protocol)

0

2

4

6

8

10

12

14

1 10 100 1000 10000

In
te

n
s

it
y
 (
%

)

Size (nm)

NM101 400 µg/mL  in culture 
medium at 0h 
(NANOREG protocol)

400 µg/mL  in culture 
medium at 24h 
(NANOREG protocol)

NM101 2,56 mg/ml  
(NANOREG protocol)

0

2

4

6

8

10

12

14

1 10 100 1000 10000
In

te
n

s
it

y
 (
%

)

Size (nm)

NM101 400 µg/mL  in 
culture medium at 0h 
(INERIS  protocol)

400 µg/mL  in 
culture medium at 
24h (INERIS  
protocol)
NM101 2,56 mg/ml 
(INERIS protocol)

NANOREG protocol INERIS protocol



 

 

NANoREG Deliverable 5.04 

Page 37 of 78 

The Table 6 below shows the estimated deposited fractions at 24 h for each tested NM for both 

protocols in cell culture medium. The TiO2 NM101, which had the highest diameter in 

suspension, was almost totally deposited after 24h. The other NMs (NM100, 105, 212 and 220) 

had smaller diameter in medium and were partly deposited after 24 h (between 30 and 73 %). 

Table 6 Hydrodynamic parameters of NM suspensions in culture medium (400 µg/mL) (INERIS 

data). 

 

*Average deposited fraction estimated using the ISDD model (Hinderliter et al. 2010), using experimentally measured 

Z-average and effective density. 

In conclusion, using the NANoREG suspension protocol, the dispersion results were in 

accordance with the benchmark curves. The dispersions obtained with the alternative 

protocol without using ethanol and BSA (milliQ-water only) and using light sonication 

with a cup-horn (i.e. INERIS protocol) showed similar size distribution patterns 

compared to the reference dispersion protocol (NANoREG). 

The sedimentations of the NMs calculated after 24h were similar between the two 

dispersion protocols. The highest deposition (around 100%) was observed with the 

NM101, which is the smallest NM studied in primary size (8 nm) but which formed the 

biggest agglomerates (above 500 nm). The 24h deposited fractions for the other 

studied NMs ranged from 30 to 73%. 

So for NMs that are easily suspended in water such as TiO2 or CeO2, the use of 

additional dispersant and strong sonication could be optional considering the 

hydrodynamic dispersion parameters. 

Also, when performing submerged exposures, the assessment of the deposited 

fraction on the cells (for ex. by using ISDD model) is of utmost importance, especially 

for poorly soluble NMs that are toxic mainly by surface reactions. 

2.3.4 Submerged exposures: cellular responses 

INERIS 

Cytotoxicity and oxidative stress  

Whatever the dispersion protocol used, all NMs tested showed no or low cytotoxicity both in 

monocultures (Fig 21) and co-cultures (Fig 22). At the highest dose (20 µg/cm2) the TiO2 NMs 

105 and 101 induced low but significant loss of viability. For the NM101 (which has been tested 

with the two dispersion protocols) and the co-culture, this slight effect was more visible in the 

absence of BSA (INERIS protocol) (Fig 23). Nevertheless, it is important to note that all the 

significant losses of viability observed for the Nanoreg NMs tested (NM101, 100 and 212) were 

below 5%, which is very low. 

Regarding oxidative stress, increased amount of ROS was noted at 20 µg/cm2 with the 

monocultures for the TiO2 NM100, 101 and the CeO2 NM212 (INERIS and NANoREG protocols) 

Z-average (nm) 

in culture 

medium at 

400 µg/mL

SD pdi SD pdi

effective 

density 

(g/cm3) 

Deposited 

fraction in 

24 well 

plates at 

24h*

Z-average (nm) 

in culture 

medium at 

400 µg/mL

SD pdi SD pdi

effective 

density 

(g/cm3) 

Deposited 

fraction in 

24 well 

plates at 

24h*

NM105 N.D N.D N.D N.D N.D N.D 384.8 11.1 0.37 0.02 1.41 30%

NM101 513.2 53.6 0.33 0.08 1.87 100% 618.2 66.0 0.30 0.04 1.57 97%

NM100 305.4 12.4 0.15 0.02 1.89 68% 366.5 8.7 0.16 0.04 1.78 73%

NM212 293.1 29.8 0.19 0.02 2.19 55% 238.9 13.9 0.17 0.01 2.06 40%

NM220 146.6 1.6 0.20 0.02 2.23 41% 179.6 0.4 0.19 0.01 2.10 42%

Nanoreg protocol INERIS protocol
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(Fig 21). For the co-culture, increased ROS were seen at 10 and 20 µg/cm2 for the TiO2 NM105 

(INERIS protocol) and at 20 µg/cm2 for the TiO2 NM100, CeO2 NM212 and BaSO4 NM220 

(NANoREG protocol) (Fig 22). 

 

 

Fig 21 Functionality, integrity and intracellular ROS levels of A549 monoculture exposed to NM 

suspensions. On the left, suspensions prepared using NANoREG protocol. On the right, 

suspensions prepared using INERIS protocol. *: p<0.05 (n=3). 
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Fig 22 Functionality, integrity and intracellular ROS levels of A549 + THP-1 co-culture exposed 

to NM suspensions. On the left, suspensions prepared using NANoREG protocol. On the right, 

suspensions prepared using INERIS protocol. *: p<0.05, #: significant but presence of 

interactions (n=3). 

Inflammation 

For the monoculture, increased secretion of IL-1β, IL-6, IL-8 and TNF-α was seen at the two 

highest doses for the CeO2 NM212 (NANoREG protocol) (Fig 23).  
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Fig 23 IL-1β, IL-6, IL-8 and TNF-α level of A549 monoculture exposed to NM suspensions. On 

the left, suspensions prepared using NANoREG protocol. On the right, suspensions prepared 

using INERIS protocol. *: p<0.05, #: significant but presence of interactions (n=3). 

 

The secretion seemed more pronounced in the co-cultures exposed to the NMs. Effects were 

seen at the two highest doses for the TiO2 NM105, NM101 and to a lesser extent for the CeO2 

NM212, mostly in the absence of BSA (INERIS protocol) (Fig 24). 
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Fig 24 IL-1β, IL-6, IL-8 and TNF-α level of A549 + THP-1 co-culture exposed to NM 

suspensions. On the left, suspensions prepared using NANoREG protocol. On the right, 

suspensions prepared using INERIS protocol *: p<0.05, #: significant but presence of 

interactions (n=3). 

 

In conclusion, whatever the dispersion protocol used, slight decrease in cell viability 

and increased ROS production were observed for mono and co-cultures at 

concentrations of 10 or 20 µg/cm2 , mainly for TiO2 NMs.  
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Increased cytokine productions in response to NM exposures were mainly observed 

for the co-culture and in the absence of BSA. 

KI 

Cytotoxicity and inflammation 

To assess the potential cytotoxic effects of CeO2 following exposure of co-cultures (A549 and 

THP-1), Alamar blue and LDH-assay was used. The applied amounts of CeO2 to the co-cultures 

were 2, 10, 20, 30 and 40 µg/cm2, and this yielded deposited amounts 1, 5, 9, 15 and 22 

µg/cm2 of CeO2. The results showed no cytotoxicity of the CeO2 NPs. This was in contrast to the 

ALI in which the highest dose (5 µg/cm²) showed a slight increase in LDH release (Fig 25 and 

26). 

 

Fig 25 Cytotoxicity of CeO2 following submerged exposure of a A549+THP-1 co-culture. 

Secretion of pro-inflammatory cytokines in medium collected both from the apical and the basal 

side of the transwell were analyzed following 24 h exposure using Bio-Plex Pro multiplex assay 

(Bio-Rad). CeO2 NP exposure did not induce a statistically significant increase in the release of 

IL-1β, IL-6, TNF-α and MCP-1. 
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Fig 26 Inflammatory cytokines following submerged exposure of a A549+THP-1 co-culture to 

CeO2. No increase in cytokine excretion was observed. 

 

In conclusion, no significant effects (in terms of cytotoxicity and pro-inflammatory 

cytokine secretion) were observed after submerged exposure of co-cultures to the 

CeO2 NM212 at deposited doses up to 22 µg/cm2. 

 

PToNANO 

Cytotoxicity was analysed using the MTT assay (24 h exposure) whereas the alkaline comet 

assay and FPG-modified comet assay (3 h and 24 h exposure) combined with the cytokynesis-

blocked micronucleus assay (48h exposure, 6h before cytochalasin B exposure) were used to 

assess the genotoxic effects of the following NMs in submerged cultures of A549 cells: TiO2 

(NM100 and NM101), CeO2 (NM212) and BaSO4 (NM220). In addition, the quality of the NM 

batch dispersion, as well as that of the NM dilutions in cells culture medium, was analysed using 

dynamic light scattering (DLS) measurements, performed shortly after dispersion and after 

incubation during 24 h, 48h and 7 days. Most of the batch dispersions were in similar size range 

of the NANoREG benchmark data. In general, the dilution of the batch in cell culture medium 

showed no major impact on NM sizes and, after 24 h incubation, sedimentation of the NMs 

contributed to the observation of lower size NMs when analyzing the suspension by DLS. 

The results obtained for the cytotoxicity and genotoxicity assessment are shown in Table 7. 

Overall, the tested NMs were not cytotoxic for A549 cells. Genotoxicity assessment showed that 

NM101 and NM100 were able to induce primary DNA damage while the remaining NMs under 
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study yielded negative results (Table 7). On the other hand, none of the NMs raised the 

frequency of micronuclei indicating the absence of permanent chromosome damage.  

Table 7 Summary of cytotoxicity and genotoxicity analysis in A549 cells. 

 

Cytotoxicity Genotoxicity 

 

MTT 

RI or 

CBPI Comet 3 h 

FPG- 

Comet 

3 h 

Comet 

24 h 

FPG-

Comet 

24 h MN 

NM212 - - - - - - - 

NM100 - - + + + + - 

NM101 - - (+) + (+) + - 

NM220 - - 
    

- 

"+"Positive: a statistically significant increase with ≥2 doses or a statistically significant increase 

at high dose and a dose-dependent increase;" (+) Equivocal: a statistically significant increase 

with 1 dose, no dose-dependent increase 

In conclusion, no cytotoxicity was observed after a 24h-exposure to the TiO2 NM100 

and 101, the CeO2 NM212 and the BaSO4 NM220 in the monocultures of A549.  

The NMs 101 and 100 were able to induce primary DNA damage but without 

permanent chromosome damage. 

IPL 

Micronucleus test 

From the overall results, no biologically significant increases in chromosomal 

aberrations were noted in any of the 3 pulmonary cell lines NHBE, A549 and BEAS2B 

treated with the NM101, the NM103 and the NM200. 
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NM ID code Cell type
Exposure concentration

(µg/cm²) 

Frequency of micronucleated cells 

(%)

sterile water + 0.05% BSA 0.25

Mito C

 0.05 µg/mL
2.7

6 0.225

12 0.125

24 0.05

48 0.05

sterile water + 0.05% BSA 0.25

Mito C

 0.05 µg/mL
0.85

6 0.1

12 0.15

24 0.1

48 0.2

sterile water + 0.05% BSA 0.325

Mito C

 0.05 µg/mL
1.725

6 0.2

12 0.125

24 0.3

48 0.15

sterile water + 0.05% BSA 0.475

Mito C

 0.05 µg/mL
5.75

6 0.45

12 0.275

24 0.15

48 0.275

sterile water + 0.05% BSA 0.4

Mito C

 0.05 µg/mL
1.525

6 0.375

12 0.3

24 0.3

48 0.25

sterile water + 0.05% BSA 1.25

Mito C

 0.05 µg/mL
3.25

6 0.625

12 0.55

24 0.675

48 0.7

sterile water + 0.05% BSA 0.175

Mito C

 0.05 µg/mL
2.325

6 0.15

12 0.225

24 0.35

48 0.45

sterile water + 0.05% BSA 0.75

Mito C

 0.05 µg/mL
1.7

6 0.675

12 1.1

24 0.65

48 0.5

sterile water + 0.05% BSA 0.375

Mito C

 0.05 µg/mL
1.925

6 0.45

12 0.225

24 0.275

48 0.2

NHBE

BEAS2B

NM-101

NM-103

NM-200

BEAS2B

A549

NHBE

BEAS2B

A549

A549

NHBE
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2.4 Evaluation and conclusions 

This deliverable reports the use of different cell models (mono or co-culture) methodologies and 

equipment to expose cells to NMs in an aerosol-like fashion. Since NMs are generally inhaled, 

the use of liquid exposure may not represent the most accurate way to identify potential 

toxicities related to NM exposure. Nonetheless commercially available equipment to carry out 

aerosol exposure is expensive and requires specific skills in terms of aerosol generation and 

characterization. So, a real benefit should be identified prior to generalise the usage of these 

technologies, especially in a regulatory context. For that reason, we provide also a comparison 

with classical submerged exposures to NM suspensions. 

2.4.1 Comparison between different ALI cell models, methodologies and equipments 

The Table 8 below reminds the different experimental settings used by the NANoREG WP5 

partners (further details in paragraphs 2.3 and 2.4.1): 

Table 8 The experimental information presented in this deliverable, allowed producing a set of 

data correlation between technologies and methodologies per NM. 

  BAuA GAIKER INERIS KI TCD IPL 

Aerosol 
exposure 
systems 

Vitrocell-
TP 

chambers 
for 6 well 
inserts 

Vitrocell 
chambers for 
12/24 well 

inserts 

Vitrocell 
chambers for 
6 well inserts 

XposeALI 

Particles 
nebulized 

directly onto 

transwells 

Transwell 
Permeable 
Supports 

(Corning) 

Cell model A549 
A549, airway 

epithelia 

A549 

A549+THP-1 
A549+THP-1 A549 

A549, NHBE, 

BEAS-2B 

Exposure 30 min 1-5 min 3 h 2-15 min 1 min 24 h 

Data 
Collection 

24 h 
24 h/every 7 

days 
21 h 24 h 24 h 

Micronucleus 24 
h 

Comet 4 h 

Doses 
0.0001-  
µg/cm2 

1.6- 8.0 
µg/cm2 

0.1-3 µg/cm2 
0.5-5.0 
µg/cm2 

0.027-2.72 

µg/cm2
 

Micronucleus 
1.8-15.0 µg/cm2 
Comet 6.0-48 

µg/cm2 

One aim was also to assess if monocultures of A549 had different cellular responses than co-

cultures of A549 + THP-1, mimicking better the in vivo alveolar region, when exposed at the ALI 

to NM aerosols.  

The Tables below summarize the results obtained per partner. In cases are reported the doses 

causing a significant effect (characterized by the lowest observed adverse effect levels 

(LOAELs)) for cells cultivated at the ALI and exposed to aerosols of NMs. Correlations are 

presented and discussed below. 

Cytotoxicity results  

In general, the following end points were analysed; Alamar blue, MTT and LDH. A549 cells were 

grown at the ALI in monocultures or in co-cultures with THP1. As shown in the Table 9 below, a 

good correlation of results was found across partners. Some acute toxicity trend was found for 

the NM220 from one partner (TCD) and after 20 days exposure on lung airway epithelia though 

longer exposures are required to draw further conclusions. Few or no cytotoxicity was observed 

for the other NMs tested (TiO2 and CeO2) 
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Table 9 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) for 

cytotoxicity in cells cultivated at the ALI and exposed to NM aerosols. 

NMs 
Cytotoxicity 

A549 A549+THP-1 Lung epithelia 

Partner INERIS GAIKER BAuA TCD INERIS KI GAIKER 

NM105 >3    1   

NM101 >3   >0.68 >3   

NM100 >3   >0.68 >3   

NM212 >3 >1.5  >2.72 >3 5 >8 

NM220  >1.5 >0.01 0.68   8* 

*Toxicity trends observed after 20 days exposure 
“no effects” are mentioned in green, “significant effects” in red. 
Blank cells indicate experiments not carried out by the partners. 
 

ROS Detection 

Production of reactive oxygen species was also explored by INERIS and BAuA. An increased ROS 

production was noted for NM101 but in the co-culture only (Table 11).  

Table 11 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) for 

oxidative stress in cells cultivated at the ALI and exposed to NM aerosols. 

NMs 
Oxidative stress 

A549 A549+THP-1 

Partner INERIS BAuA INERIS 

NM105 >3  >3 

NM101 >3  1 

NM100 >3  >3 

NM212 >3  >3 

NM220  >0.01  

“no effects” are mentioned in green, “significant effects” in red. 
Blank cells indicate experiments not carried out by the partners. 

 

Inflammation 

The secretion of the interleukins IL1β, IL6, IL8. IL10, MCP-1 and TNF-α was assessed as 

biomarkers of inflammation. In general, the results indicated a good correlation between the 

methodologies and highlighted the importance of the cellular model used as A549 cells co-

cultured with THP-1 were more sensitive than A549 in monoculture. 
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Table 10 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) for 

general pro-inflammatory effects in cells cultivated at the ALI and exposed to NM aerosols. 

NMs 
Inflammation 

A549 A549+THP-1 

Partner INERIS BAuA TCD INERIS KI 

NM105 >3   1  

NM101 >3  0.68 1  

NM100 >3  0.68 1 to >3  

NM212 >3  2.72 1 to >3 >5 

NM220  >0.01 >1.36   

“no effects” are mentioned in green, “significant effects” in red. 
Blank cells indicate experiments not carried out by the partners. 

 

Genotoxicity 

Genotoxicity was assessed using two different methodologies (Comet and Micronucleus) in 

different culturing conditions; e.g: Micronucleus for A549 grown at the ALI and Comet for A549 

grown in the classical monolayer fashion. Hence no conclusions can be drawn even though 

NM100 and NM101 grown as monocultures produced positive results following the Comet 

protocol. These results were not found following the micronucleus assay with A549 grown in ALI. 

Further information on genotoxicity of NM following in vitro protocols can be found in D5.6. 

 

In conclusion, a comparison of six different experimental systems set up to expose 

cells at the ALI to aerosols of NMs was carried out. The NM deposition of respirable 

size agglomerates on cells through aerosol exposure was validated, whatever the 

system used. The maximum doses achieved were in the order of few µg/cm². Some 

significant differences were nevertheless noted between the different exposure 

systems, including the timing of the dose delivery. 

Except for one partner, the doses deposited were enough to observe significant 

biological responses. However, the experimental systems tested had an influence on 

the toxicity results as we observed discrepancies in the doses causing the significant 

effects. 

According to the results obtained by INERIS, who compared mono and co-cultures, 

the A549 cells exposed at the ALI to aerosols of poorly soluble NMs appeared less 

sensitive than the co-culture of A549+THP-1 cells. 
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2.4.2 Comparison between ALI and submerged exposures 

Since only two partners (INERIS and KI) exposed both ALI and submerged cultures in parallel to 

NMs, only results from these partners are shown below.  

The aim was to evaluate if exposing monocultures of A549 or co-cultures of A549 cells and THP-

1 cells to aerosols of NMs at the air-liquid interface (ALI) cause different toxicity patterns 

(cytotoxicity and inflammation) compared to submerged exposures to suspensions. To allow 

comparisons between the exposure methods, similar as possible culture conditions between the 

ALI and the submerged were used, the cellular doses were measured (using ICP-MS) or 

estimated via modeling (ISDD) and were expressed in µg/cm2 for both ALI and submerged 

exposures. 

 

KI 

The comparison between the different exposure methods was shown to be difficult due to the 

low toxicity of the tested material (CeO2 NM212). For cytotoxicity, none of the exposures 

affected the mitochondrial activity of the cells (Alamar blue assay). A slight increase in LDH 

release was, however, observed for the highest dose (5 µg/cm²) in ALI but not at any dose in 

submerged exposure (tested up to 22 µg/cm²). It is difficult to draw conclusions from one 

dose only, but this could indicate that the ALI exposure is a more sensitive model. 

None of the CeO2 exposures (ALI and submerged) led to measurable levels of cytokines in the 

cell medium. Possibly, the PMA differentiation of the THP-1 cells led to rather high background 

levels that could make it difficult to detect small changes in cytokine secretion following CeO2 

exposure. Serum in the medium could also affect the sensitivity. 

 

INERIS 

The tables below summarize the biological activation levels (characterized by the significant 

lowest observed adverse effect levels (LOAELs)) determined for each NM studied, in function of 

the cellular models (mono or co-culture), the method of exposures (ALI or submerged), and the 

protocols of dispersion used in submerged (NANoREG or INERIS).  

To provide accurate comparisons, potential interactions between the NMs in suspensions and the 

LDH and the cytokines assays were assessed in cell free conditions, as described in the 

materials and methods section. Except for the BaSO4, we did not observe interactions between 

the LDH and the NMs. We observed interactions between some pro-inflammatory markers and 

several NMs as indicated in the Tables below; nevertheless results could be interpreted.  

Few significant cytotoxicity and oxidative stress effects were observed (Tables 11 and 12). 

However, many significant pro-inflammatory effects were observed both at the ALI and in 

submerged conditions and mainly for the co-culture (Tables 13 and 14). Considering these 

results, the release of pro-inflammatory mediators, and more particularly by the co-culture, 

seems to be our most sensitive indicator of biological effects at 24 h. For this reason, we 

focused mainly on the pro-inflammatory results observed in co-cultures to perform the 

comparisons between the ALI and the submerged. 
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Cytotoxicity and oxidative stress 

Table 11 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) for 

cytotoxicity and oxidative stress effects in A549 monoculture for each exposure method used. 

Cells were exposed at the ALI interface to aerosols of NM or in submerged conditions to 

suspensions of NM, using NANoREG or INERIS dispersion protocol (INERIS data). 

Monoculture 

Alamar blue  LDH DCFDA 

ALI Subm 

NANoREG 

Subm 

INERIS 
ALI Subm 

NANoREG 

Subm 

INERIS 
ALI Subm 

NANoREG 

Subm 

INERIS 

NM105 >3 N.D 10 >3 N.D 20 >3 N.D 20 

NM101 >3 10 20 >3 >20 >20 >3 20 20 

NM100 >3 >20 20 >3 20 >20 >3 >20 >20 

NM212 >3 >20 >20 >3 20 >20 >3 20 20 

NM220 N.D >20 >20 N.D >20 >20 N.D >20 >20 

 “no effects” are mentioned in green, “effects” in red and “potential interactions” are reported in grey. 

N.D: Non Determined parameter because experiments were not performed 

 

Table 12 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) 

determined for cytotoxicity and oxidative stress effects in A549 + THP-1 co-culture for each 

exposure method used. Cells were exposed at the ALI interface to aerosols of NM or in 

submerged conditions to suspensions of NM, using the NANoREG or the INERIS dispersion 

protocol (INERIS data). 

Co-culture 

Alamar blue  LDH DCFDA 

ALI Subm 

Nanoreg 

Subm 

INERIS 
ALI Subm 

Nanoreg 

Subm 

INERIS 
ALI Subm 

Nanoreg 

Subm 

INERIS 

NM105 >3 N.D 3 1 N.D 10 >3 N.D 10 

NM101 >3 >20 20 >3 >20 10 1 >20 >20 

NM100 >3 >20 >20 >3 >20 >20 >3 20 >20 

NM212 >3 >20 10 >3 20 >20 >3 20 >20 

NM220 N.D >20 >20 N.D # >20 N.D 20 >20 

“no effects” are mentioned in green, “effects” in red and “potential interactions” are reported in grey. 

#: Significant effects but presence of interactions perturbing results 
$: Interactions decreasing cytokine levels and perturbing results 

N.D: Non Determined parameter because experiments were not performed 

 

Inflammation 

As no significant effects were observed after exposing the monoculture at the ALI to aerosols of 

NMs (Table 13), the comparisons between the ALI and the submerged were performed only with 

the co-culture results (Table 14). 

 We observed significant pro-inflammatory effects at lower deposited doses at the ALI 

compared to in submerged conditions. After exposure to the TiO2 NM105 and NM101, we 

determined Lowest observed adverse effect levels (LOAEL) for significant pro-inflammatory 

effects at 1 µg/cm² at the ALI and at 10 or even at 20 µg/cm² in submerged conditions. After 

exposure to the TiO2 NM100 or to the CeO2 NM212, we observed significant effects at 1 or 3 

µg/cm² at the ALI. Nevertheless, after exposure to suspensions, we did not observed pro-
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inflammatory effects for the NM100, whatever the protocol of dispersion used. For the NM212, 

we observed significant effects at 20 µg/cm², but only using the NANoREG dispersion protocol. 

This discrepancy between the two protocols may nevertheless be attributed to a higher 

variability in the results obtained with the INERIS protocol. 

According to these results, we provided a ranking of the four NMs used in our study according to 

the adverse effects observed. Generally, the ranking were similar, whatever the exposure 

method used. We observed significant adverse effects at lower doses with the TiO2 NM105 and 

NM101 than with the CeO2 NM212 than with the TiO2 NM100. It is complicated to conclude 

about the BaSO4 NM220 as no experiments were performed at the ALI in our exposure system. 

Nevertheless, it appeared less toxic than the other NMs as no significant effects were noted for 

this NM. This is in agreement with both in vitro and in vivo literature observations. Mass based 

toxic effects observed depend on NM surface area. Indeed, despite differences regarding their 

crystalline phases, the TiO2 NM105 (20 % anatase, 80 % rutile) and NM101 (100 % anatase), 

and the CeO2 NM212, with primary particle sizes of 21, 8 nm and 29 nm respectively, were 

observed more toxic than the NM100 which has a primary particle size of 100 nm. Observed 

toxic effects depend also on NM chemical composition and surface properties as the BaSO4 

NM220 (32 nm) appeared less toxic than the four other NM. 

Table 13 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) for pro-

inflammatory effects in A549 monoculture for each exposure method used. Cells were 

exposed at the ALI interface to aerosols of NM or in submerged conditions to suspensions of NM, 

using the NANoREG or the INERIS dispersion protocol. 

Mono-

culture 

IL-1β IL-6 IL-8 TNF-α 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

NM105 >3 N.D >20 >3 N.D >20 >3 N.D # >3 N.D # 

NM101 >3 >20 >20 >3 >20 20$ >3 # # >3 # # 

NM100 >3 10 >20 >3 >20 >20 >3 # # >3 >20 >20 

NM212 >3 10 >20 >3 10 20 >3 10 20 >3 10 >20 

NM220 N.D >20 >20 N.D >20 >20 N.D # >20 N.D >20 >20 

“no effects” are mentioned in green, “effects” in red and “potential interactions” are reported in grey. 
#: Presence of interactions perturbing results 
$: Interactions decreasing cytokine levels and perturbing results (uncertain LOAEL) 
N.D: Non Determined parameter because experiments were not performed 
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Table 14 Lowest observed adverse effect levels (LOAEL in µg/cm² for 24 h exposure) 

determined for pro-inflammatory effects in A549 + THP-1 co-culture for each exposure 

method used. Cells were exposed at the ALI interface to aerosols of NM or in submerged 

conditions to suspensions of NM, using NANoREG or INERIS dispersion protocol. 

Co-

culture 

IL-1β IL-6 IL-8 TNF-α 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

ALI Subm 
Nanoreg 

Subm 
INERIS 

NM105 1 N.D 10 1 N.D 20 1 N.D # 1 N.D 20$ 

NM101 1 10 10 1 # 10$ 1 # # 1 20$ 10$ 

NM100 >3 >20 >20 3 >20 >20 1 # # >3 >20 >20 

NM212 3 20 >20 3 20 >20 1 >20 >20 >3 >20 >20 

NM220 N.D >20 >20 N.D # # N.D >20 >20 N.D >20 >20 

“no effects” are mentioned in green, “effects” in red and “potential interactions” are reported in grey. 
#: Presence of interactions perturbing results 
$: Interactions decreasing cytokine levels and perturbing results (uncertain LOAEL) 
N.D: Non Determined parameter because experiments were not performed 

 

In conclusion, comparison between ALI and submerged exposures showed that the 

ALI exposure was a more sensitive model than the submerged one. 

However, both methodologies seemed to provide similar relative ranking of NMs 

considering their potential toxicity. 

 

2.4.3 General conclusion 

A comparison of six different experimental systems set up to expose cells at the ALI to aerosols 

of NMs was carried out. The NM deposition of respirable size agglomerates on cells through 

aerosol exposure was validated, whatever the system used. The maximum doses achieved were 

in the order of few µg/cm². Some significant differences were nevertheless noted between the 

different exposure systems, including the timing of the dose delivery. 

Except for one partner, the doses deposited were enough to observe significant biological 

responses. However, the experimental systems tested had an influence on the toxicity results as 

we observed discrepancies in the doses causing the significant effects. 

According to the results obtained by INERIS, who compared mono and co-cultures, the A549 

cells exposed at the ALI to aerosols of poorly soluble NMs appeared less sensitive than the co-

culture of A549+THP-1 cells. 

As general conclusions: 

 The experimental ALI system set up at INERIS allowed the deposition of sufficient 

amount of NM to get significant cellular effects (1 and 3 µg/cm2) for TiO2 (NM105, 101 

and 100) and CeO2 NM212.  

 The Cell viability and the ROS production were not (or slightly) modified by the exposure 

of cells to aerosols. Significant increases in all the tested pro-inflammatory mediators 

were seen in the co-culture. 

Summary of toxicity results of NANoREG core materials: 
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 No significant effects were detected for the tested biological parameters with the system 

available at BAuA for BaSO4 NM220. This may be due to low cell deposited doses (equal 

or below 0.01µg/cm2). 

 For the experimental ALI system available at KI, a slight alteration of the cell integrity 

(assessed by the LDH release) was seen in the co-culture exposed to the highest 

deposited dose of CeO2 NM212 (5µg/cm2), but no significant increases in the pro-

inflammatory cytokines were detected.  

 No significant cytotoxicity was detected in the monocultures of A549 cells exposed for 

24h to aerosols of CeO2 NM212 and BaSO4 NM220 (deposited dose around 1.5µg/cm2), 

with the ALI system set-up at Gaiker. 

 A subchronic study performed on a 3D human epithelial model (one exposure per week 

for 1 month ~ 1.6 µg/cm2) evidenced increased release of cytokines IL-6 and IL-10 after 

5 days and alteration of cell integrity with no loss of barrier function after 20 days for the 

NM220 but not the NM212. 

 With the system available at TCD, a significant loss of viability was seen in the 

monocultures of A549 exposed to the BaSO4 NM220 at doses ranging from 0.68 to 2.72 

µg/cm2 but not with the TiO2 NM100 and 101 (up to 0.68 µg/cm2) and the CeO2 NM212 

(up to 0.72 µg/cm2). An increased secretion of pro-inflammatory mediators was seen for 

the BaSO4 and for the two TiO2. No pro-inflammatory effect was reported for CeO2 

NM212. 

 Increased cytokine productions in response to NM exposures were mainly observed for 

the co-culture and in the absence of BSA. 

 No significant effects (in terms of cytotoxicity and pro-inflammatory cytokine secretion) 

were observed after submerged exposure of co-cultures to the CeO2 NM212 at deposited 

doses up to 22 µg/cm2. 

 No cytotoxicity was observed after a 24h-exposure to the TiO2 NM100 and 101, the CeO2 

NM212 and the BaSO4 NM220 in the monocultures of A549.  

 The NMs 101 and 100 were able to induce primary DNA damage but without permanent 

chromosome damage. 

 From the overall results, no biologically significant increases in chromosomal aberrations 

were noted in any of the 3 pulmonary cell lines NHBE, A549 and BEAS2B treated with the 

NM101, the NM103 and the NM200. 

 

Input for the NANoREG Framework: 

Comparison between ALI and submerged exposures showed that the ALI exposure was a more 

sensitive model than the submerge one. Both methodologies provided similar relative ranking of 

NMs considering their potential toxicity. 

On the other hand The co-culture of epithelial cells plus macrophages was more sensitive than 

the monoculture of epithelial cells alone (i.e. significant effects observed at lower deposited 

doses). 

The NANoREG suspension protocol produced dispersion results in accordance with the 

benchmark curves. The dispersions obtained with the alternative protocol without using ethanol 

and BSA (milliQ-water only) and using light sonication with a cup-horn (i.e. INERIS protocol) 

showed similar size distribution patterns compared to the reference dispersion protocol 

(NANoREG). 
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The sedimentations of the NMs calculated after 24h were similar between the two dispersion 

protocols. The highest deposition (around 100%) was observed with the NM101, which is the 

smallest NM studied in primary size (8 nm) but which formed the biggest agglomerates (above 

500 nm). The 24h deposited fractions for the other studied NMs ranged from 30 to 73%. 

So for NMs that are easily suspended in water such as TiO2 or CeO2, the use of additional 

dispersant and strong sonication could be optional considering the hydrodynamic dispersion 

parameters. 

Also, when performing submerged exposures, the assessment of the deposited fraction on the 

cells (for ex. by using ISDD model) is of utmost importance, especially for poorly soluble NMs 

that are toxic mainly by surface reactions. 

In conclusion, whatever the dispersion protocol used, slight decrease in cell viability and 

increased ROS production were observed for mono and co-cultures at concentrations of 10 or 20 

µg/cm2 , mainly for TiO2 NMs.  

 

These findings indicate that both submerged and ALI exposures can be used to 

provide a relative ranking of different NMs in function of their toxicity.  

According to the in vitro-in vivo correlations performed within the task and presented 

in the D5.5, the ALI methods predict more accurately the effects observed in vivo than 

the submerged method, considering the toxic doses. However, as actual 

methodologies/systems are highly variable, thus inducing different results, this 

approach needs to be harmonized prior to consider its use in regulatory purposes. 

A protocol has been produced, verified by at least six partners and uploaded into CIRCABC 

NANoREG under WP5 section on “ALI culturing of A549 cells”. 

 

2.5 Data management 

All task 5.5 partners participated in developing the corresponding ISA-TAB templates for all 

relevant end points. 

Data uploading into ISA-TAB nano and NANoREG Data entry tool is completed by all the 

partners. 

 

3 Deviations from the work plan 

Some partners experience delays in the work plan due to implementation of physico-chemical 

characterization following the Minimum Guidance Document. Finalization of the experimental 

phase is due in the summer and final results will be provided and incorporated in the final 

version of D5.4 due in August 2016. 
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5 Annexes 

 

ANNEX 1: Details of aerosol exposure systems by 

partners 
 

BAuA  

Aerosol generation 

Particle generation happened with a TSI 3076 atomizer. The atomization principle is similar to 

nebulization, but with much smaller droplet sizes being emitted. For atomization, nanomaterial 

suspensions were prepared. Deionized water was obtained through an Elix 3 Advantage Millipore 

water filtration unit. Since the level of purity of the water was dependent on the grade of the 

filter, several vials made of borosilicate were each filled with 50 ml of water, were one vial was 

to be used for each exposure session.  

Nanomaterial powders were stored in vials with protective gas and only opened before use. 

Once opened, since not all the material was needed, the vials kept in a drying closet. For each 

suspension, 50 mg of the nanomaterial was mixed with the deionized water. The nanomaterial 

mass concentration was hence 1 mg/ml. Prior to the exposure, the suspension was ultra-

sonicated for 15 minutes. During aerosol generation, the suspension remained in the ultrasonic 

bath to prevent phase separation of water and particles (artificial stabilization of suspensions). 

The atomizer was used with synthetic air from a gas bottle. The droplets emitted by the 

atomized passed a custom diffusion dryer that removed humidity with the help silica gel. 

Consequently, droplets were removed and only dry particles remained in the air.  

The particle number concentration was depended on the pressure drop of the atomizer, 

maintained by pressure regulator of the gas bottle. Four different pressures were used in the 

experiments, 0.6 bar, 0.8 bar, 1.0 bar and 1.5 bar, to accomplish four different exposure doses 

(in terms of the range of particle concentration of the exposure aerosol), instead of using 

different nanomaterial concentrations in the suspensions, because unstable particle suspensions 

tend to yield different particle sizes for different suspension concentrations. 

 

ALI-exposure system 

Two Vitrocell 6/3 CF base modules were set up, one for particle exposure and one for control 

with synthetic air. In both cases, the respective aerosol exposure tops were modified by the 

manufacturer to allow the implementation of thermal precipitation. The simple modification 

consists of a metal lattices covering the exits of the aerosol inlets. Henceforth, this setup is 

called Vitrocell-TP. The surface temperature of the lattices was adjusted and maintained with 

water conduits that run through the aerosol exposure tops. All exposures happened with a 
temperature gradient of 5 ± 1 K/𝑎, where 𝑎 is the distance between the cell monolayer and the 

lattice, i.e. the temperature of the lattice was 42 ± 1°C when the temperature of the monolayer 

was 37°C. Fig 1 shows a simplified layout of the setup consisting of the transwell and the 

aerosol inlet. The blue arrows indicate the gas flow, the black arrows the particle trajectories 

after leaving the inlet.  
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Fig 1 Thermophoresis driven deposition of particles in an insert of the Vitrocell-TP. The 

temperature gradient is established between the lattice at the outlet of the metallic tube and the 

cell monolayer situated at the bottom of the transwell. 

Each exposure module contains three chambers for one transwell with cells each that can be 

exposed. The exposure module for the purpose of particle exposure was combined with a 

Vitrocell HD 3 distribution system, which minimizes NP losses during dose delivery. The volume 

flow rate in each aerosol inlet was maintained at 5 ml/min during each exposure using mass 

flow controllers. 

After aerosol generation, the aerosol was led to a small distribution chamber from which the HD 

3 distribution system extracted part of the aerosol for exposure. The remaining exhaust air, 

which flow rate was dependent on the outlet flow rate of the atomizer, was cleaned by a HEPA-

filter. The flow for the HD 3 distribution system was to be larger than 1 L/min., accomplished a 

combination flow of the Vitrocell exposure module (3x 5 ml/min), the instruments for aerosol 

characterization (0.3 L/min) and an auxiliary pump (ca. 0.7 L/min). The control exposure 

module was fed with 15 ml/min of synthetic air. The flows for the exposure modules were 

maintained by auxiliary pump connected with six fold flow splitting and six separate mass flow 

controllers, for a flow rate of 5 ml/min in each exposure chamber. 

 

Aerosol characterization 

The aerosol was characterized in the exhaust air of the HD 3 distribution system, the location in 

the exposure system nearest to the cells. The particle size distribution was monitored using a 

TSI Scanning Mobility Particle Sizer, a combination of the TSI 3081 Electrostatic Classifier and a 

TSI 3775 Condensation Particle Counter. The TSI 3081 classifies particles based on their 

electrical mobility and calculates an electromobility diameter, the diameter of a sphere with 

equivalent electrical mobility. Subsequent particle counting with the TSI 3775 determines how 

many particles with that specific electrical mobility diameter occur in the aerosol. By scanning 

through selected electrical mobility classes, one obtains the particles size distribution. One scan 

takes roughly 2 ½ minutes.  

Atomization typically leads to a bimodal particle size distribution, where one peak can be 

allocated to the nanoparticles and the other to so-called water-particles, which are minerals and 

salt, that still remain in the water of the atomized suspension. By using a lognormal distribution, 

both peaks can be fitted and information about the following parameter obtained from the fitting 
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results: mean particle diameter, total particle number concentration, geometric standard 

distribution.  

In a separate experiment, the SMPS was combined with a custom particle mass classifier, which 

acts as a particle mass filter. Using this setup, the electrical mobility classified particles can be 

mass classified. By using the electrical mobility diameter as the diameter of the apparently 

spherical particles and measuring the mass of the particles, the so-called apparent density of 

the particles can be determined. This is a measure of the agglomerate density and can be used 

to convert a mobility-based particle size distribution to a particle mass distribution and the 

particle number concentration to a particle mass concentration. 

 

Determination of deposition efficiency  

The deposition efficiency of the Vitrocell-TP was determined with two independent methods:  

1. Estimation of the total deposited number by manually counting of particles on the cell 

monolayer with subsequent comparison to the total number of particles administered to 

the cell monolayer. Deposited were Polysciences Fluoresbrite Microspheres 0.1 µm, which 

were polystyrene-latex (PSL) nanoparticle with an embedded fluorescent dye (YG) and a 

diameter of 100 nm. After deposition, the PSL-particles could be visualized with the help 

of a fluorescence microscope. For each monolayer, counting happened in 12 randomly 

chosen areas of 100x100 µm². Counts were then averaged. Assuming a homogenous 
deposition density, the total number of deposited particles 𝑁𝑐𝑜𝑢𝑛𝑡𝑒𝑑 for the whole 

monolayer was extrapolated. The total number of administered particles was estimated 

from the results of particle monitoring, i.e. the histogram of the particle size distribution 
was analyzed to obtain the average particle number concentration 𝑃 of PSL-particles. The 

deposition efficiency was then calculated with this equation: 

𝜂 =
𝑁𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑃𝑄𝑡
 

where 𝑄 is the flow rate of the Vitrocell-TP (usually 5 ml/min) and 𝑡 is the exposure time. 

Since thermophoresis is a mechanism that doesn’t depend on particle properties, 

deposition efficiencies for PSL-particles can be regarded as representative for all 

nanomaterials. 

2. Analogous to INERIS, the deposited mass dose was determined using ICP-MS. After 

exposure, membranes of inserts were cut with a scalpel and frozen. The samples were 

then sent to INERIS for analysis. 

 

GAIKER 

A system using Vitrocell® devices was set up to expose A549 monocultures grown in ALI. The 

system was composed of 12 wells, 9 of which are dedicated for experimental systems and 3 are 

used as controls to assess deposition of NM using a quartz-µbalance. Nine A549 inserts are 

exposed to NM aerosol at the same time. Aerosol generation takes place upon introducing the 

NM suspensions as liquids through an aerosol generating system (Aeroneb® Lab) located at the 

top of the chamber. Exposure of cells to aerosolized NM takes place in remote computer 

connected manner. 
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INERIS 

Exposure system 

A system using Vitrocell® devices was set up to expose mono-cultures or co-cultures to aerosols 

of NM (Table 2). The system is composed of two chambers (Vitrocell, 6/4 and 6/3 CF Stainless 

cultivation base module) in which cells seeded on inserts were exposed in ALI, to aerosols of 

TiO2 NM105 or to filtered air. The NM exposure chamber contains 4 wells. Three wells are 

dedicated to expose cells grown on inserts to aerosol of NM, and one to assess the real-time 

deposition of NM on quartz-µbalance. The air exposure chamber contains 3 wells in which cells 

grown on inserts are exposed to air. Culture medium supplemented with 25 mM HEPES (ref:  

Gibco) was individually supplied to each well compartment to maintain cells in ALI during 

exposure. The chambers were connected to a water bath to maintain cells at 37°C. 

To generate aerosol, suspensions of 1 g/L, 5 g/L and 10 g/L of NM were prepared in Mili-Q 

water, and then sonicated during 5 min in an ultrasonic bath (Bioblock, Leo-80). A nebulizer 

(Palas, AGK 2000), supplied with filtered air (Norgren, SPGB/BMR/28262), was used at a flow 

rate of 5 L/min, to aerosolize the suspension. A dryer composed of silica gel (Roth, P077) was 

used to prevent condensation into the system. To expose cells, a vacuum pump (KnF), and 

mass flow controllers (Vitrocell) were used to suck aerosols or air into Vitrocell chambers at a 5 

ml/min flow rate. 

Characterization of aerosols and depositions on cells 

A scanning mobility particle size spectrometer (SMPS) CPC + longDMA (ref: Grimm) and an 

optic counter (OPC) (Grimm, 1.109) were used to measure the number size distribution of 

particles in the aerosol. Particles ranging from 10 nm to 10 µm of diameter were measured. A 

quartz microbalance (QCM) (ref: Vitrocell) was used to check the mass deposited in real time. 

The deposition of NM on cells after 3 h exposure was also characterized. ICP-MS measurements 

were performed to measure the mass deposited on cells. Briefly, A549 cells at confluency were 

exposed during 3h to aerosol. At the end of exposure, inserts membranes were directly cut with 

a scalpel and kept in tubes (Dutsher, 030402) at -20°C before analysis. Samples were 

mineralized to perform analysis. EM grids (Agar scientific, Quantifoil S143-3) were used, to 

assess the shape, the size, the chemical composition and the distribution of NM deposited. EM 

grids were deposited on the apical side of insert, exposed during 3 h to aerosol and then 

analyzed by Transmission Electron microscopy TEM. 

 

KI 

Exposure system 

An aerosol was generated from dry powder using the PreciseInhale™ system (see 

www.inhalation.se). A small amount of powder (typically 2 mg) is loaded into the powder 

chamber and an even aerosol is generated into the holding chamber by using compressed air 

(100 bar) causing rapid decompression of powder agglomerates. The aerosol is pulled out from 

the holding chamber by a vacuum source to the cell exposure unit (XposeALI). The delivered 

mass can be estimated by a light dispersion instrument (Casella) and the exposure is controlled 

by a computer. The flow rate over the cells was set to 5 ml/min. The excess of particles not 

deposited on the cell surface is further pulled up and out through the aerosol outlet into the six 

mm end-filters. Typical time in exposure XposeALI is around 10 min (depending on desired 

dose), after which the cells are transferred to a cell incubator, typically for 20-24 h (still in ALI) 

before toxicity analysis.  

Characterization of deposition 

http://www.inhalation.se/
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SEM microscopy was used to analyse the size and shape of the deposited nanoparticle. These 

experiments were performed on collagen-coated cover slips put in cell-free inserts. The amount 

of deposition was analyzed using ICP-MS. Briefly, following exposure the membranes were cut 

with a scalpel and put in 1 mL water in a 15 mL Falcon tube. The whole filter was processed 

using microwave digestion and the digested solution was analyzed for Ce content. The total 

mass (g) and mass per cm2 of CeO2 was calculated. 

 

TCD  

Exposure system 

Aeroneb Professional Nebulizer System  was used to expose ALI culture of A549 to aerosol of 

NPs. The system includes: nebulizer unit (Aerosol Generator and filler cap) T-piece (adult) with 

plug, control module, control module cable, AC/DC adapter, and mounting brackets. A 

preliminary experiment was carried out to determine the time for nebulazing 30 µl of NPs 

suspension. This volume was chosen to keep costant the ALI condition.  ALI cultures were 

exposed to 3 sub-cytotoxic doses (obtained with MTS assay on A549 cells monalyers seeded in 

96-well plate) of NM100, NM101, NM212 and NM220 for 24 h by nebulizing 30 µl of NMs 

dispersions on the apical side of the culture (nebulization + 23.5 h in incubator). Untreated cells 

(nebulization with media) will be included as control. 

 

Characterization of aerosols and depositions on cells 

SEM microscopy was used to image the deposition of the particles after the nebulization. The 

amount of deposited particles was calculated using a code implemented in Matlab language. In 

brief, all the images have been imported in Matlab and transformed to matrices of X rows and Y 

columns and then a greyscale threshold was set in order to extract the number of pixels that 

could be associated with nanoparticle. A pixel will be associated to a NP if its value was higher 

than the selected threshold. 
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ANNEX 2: Details of cell culture by partners 
 

INERIS 

Cell lines were cultivated in RPMI 1640 medium (Gibco, 61870) supplemented with 10 % fetal 

bovine serum (FBS) (Gibco, 15070) and 1% penicillin-streptomycin (Gibco, 15070) (culture 

medium) at 37 °C in a humidified atmosphere containing 5% CO2. A549 and THP-1 cells were 

seeded in 75 cm2 tissue culture flasks (Falcon, 353136), with 700 000 A549/flask and 3 000 000 

THP-1/flask. At 90 % confluency, A549 cells were trypsinized (Gibco, 25300), and seeded in 24-

well plates (Falcon, 353047) with 50 000 cells/well, (0,5 ml of culture medium/well) for 

submerged exposures or seeded in 6 well plates inserts (4.67 cm² of diameter, 0.4 µm pore 

size) (Costar, 3450) with 80 000 cells/insert (1 ml in apical side and 2 ml of culture medium in 

basal side/insert) for aerosol exposures. To produce co-cultures, THP-1 cells were differentiated 

into mature macrophage-like cells in culture flasks with 300 ng/ml of Phorbol Myristate Acetate 

(PMA) (Sigma-Aldrich, P1585) for 24 h and then seeded on A549 cells 18 h before exposure, at 

a ratio of 1 THP-1 for ten A549 (Fig 1).  

For mono-culture exposures, A549 cells were grown for four days until confluence. Then the 

culture medium in apical side of cells was removed to adapt the cells to the ALI for one day 

before the exposure. For co-culture exposures, A549 cells were grown for four days until 

confluence. During A549 growth, THP-1 cells were differentiated into mature macrophage-like 

cells. The day before the exposure, once differentiated, THP-1 cells were trypsinized (Gibco, 

25200) and seeded on A549 cells with a ratio of one THP-1 for ten A549. Three hours after 

seeding, the culture medium in the apical side of the cells was removed to adapt the co-culture 

to the ALI for 20h before exposure. 

 

Fig 1 INERIS protocol for cell culture at the ALI in inserts 

 

GAIKER 

Gaiker followed the same culturing protocols as provided by INERIS for A549. 

 

BAuA 

Analogous to INERIS, BAuA used also the A549 cells with media from a different distributor: 

RPMI 1640 medium (Biochrom, FG 1415 or FG1215) supplemented with 10 % fetal bovine 

serum (FBS) (Biochrom, S0115) and 1% penicillin-streptomycin (Biochrom, A2212) (culture 
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medium). A549 cells were seeded with 900 000 A549/75 cm2 tissue culture flasks (Falcon, 

353136). At 90 % confluence, A549 cells were trypsinized (Biochrom, L2163), and seeded in 6 

well plates inserts (4.67 cm² of diameter, 0.4 µm pore size) (Costar, 3450) with 72 000 

cells/insert (1 ml in apical side and 2 ml of culture medium in basal side/insert) for aerosol 

exposures.  

KI 

A549 (from BAUA) and THP-1 cells were both cultured in RPMI 1640 supplemented with 10% 

fetal bovine serum (FBS) and 1% penicillin-streptomycin and co-cultures were made as 

described by INERIS with some modifications. Briefly, at day 1, 27.000 (30.000 cells/cm2) A549 

cells were seeded in each transwell (Falcon® inserts for 12-well plate, PET membrane, 0,4 μm 

pore size, 1,0×10⁸ pores/cm²) in 500 µL RPMI. At day 3, THP-1 cells were differentiated with 

300 ng/ml of PMA for 24 h, and were then seeded on A549 cells the day before exposure, at a 

ratio of 1:10 (THP-1:A549). After allowing the THP-1 cells to attach for 3 h, the co-culture was 

put in ALI. Thus, the co-culture system was kept in ALI approximate 20-24 h before exposure. 

TCD 

The human type II alveolar epithelial cell line A549 were obtained. The cells were cultivated in 

RPMI 1640 medium (Gibco, 61870) supplemented with 10 % fetal bovine serum (FBS) (Gibco, 

15070) and 1% penicillin-streptomycin (Gibco, 15070) (culture medium) at 37 °C in a 

humidified atmosphere containing 5% CO2. INERIS protocol was used for ALI culture. 

IPL  

Immersion culture 

For the immersion culture, cells were seeded on 6-well plates (Blind Cell Surface, Corning) at 2 

ml per well. Immersion, the 3 cell types were seeded at a density of 150 000 cells / well. 

Culture in ALI 

NHBE 

The cells were seeded onto inserts (Transwell Permeable Supports, Corning). To ensure a good 

adhesion, the inserts were previously coated with collagen I (Collagen I, rat tail, Gibco) diluted 

at 1/100 in PBS pH 7.2. The cells were seeded on the insert in a volume of 1 ml at 250 000 cells 

/ ml in B-ALI Growth Medium.  

A549 and BEAS-2B 

The cells were seeded at 80 000 cells / insert. The upper and lower media were changed every 2 

days until cell confluence. 

Differentiation of cells in ALI system 

Once cells were confluent on the inserts, they were placed in ALI. The upper and lower media 

were then removed and the medium (B-ALI Differentiation Medium reconstituted with growth 

factors for NHBE, Ham's medium for the A549 and BEAS-2B) was added only under the insert. 

The medium was renewed every 2 days.  

The process of differentiation is of 21 days for NHBE and of 4 days for A549 and BEAS-2B cells. 

Preparation of suspensions of nanomaterials 

Stock suspensions of NMs were prepared in BSA 0.05% at 2.56 mg/ml, following the 

nanogenotox protocol. Suspensions were sonicated in ice using a probe sonicator at amplitude 

14 during 16 minutes. Successive dilutions were further performed. Before exposure, DLS 

measurements were performed (Malvern, Zetasizer Nano S) on stock suspensions to assess the 
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number size distribution of particles in suspensions and in the culture medium (highest dose 

only). 
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ANNEX 3: Protocols for biological assessment 
 

 

Cytotoxicity assays 

INERIS 

Alamar blue assay 

Twenty-four hour after exposure to NM, alamar blue assays were performed to measure the 

metabolic activity of cells exposed to suspensions or aerosols. The culture medium, from above 

the cells for submerged exposures, and from the basal side for aerosol exposure, was retrieved. 

The cells were washed with HBSS (Gibco, 140025) (500µL for submerged exposure, 1 mL for 

aerosol exposure) and the washing liquids were also retrieved. The cells were then incubated at 

37 °C, 5 % CO2 for 1 h, submerged with 0.5 mL (submerged exposure) or 1 mL (aerosol 

exposure) of alamar blue solution (Invitrogen, prestoblue A13261) diluted at 10 % in culture 

medium. After 1 h of incubation, 100 µL of metabolized alamar blue was transferred in a 96 well 

plate (Falcon, 353072) and the fluorescence was read (excitation: 555 nm, emission: 585 nm) 

using a spectrophotometer (TECAN, infinite 2000, Switzerland). The value of each sample was 

expressed in percentage of cell functionality compared to the control. Cells exposed to clean air 

at the ALI served as controls for the aerosol exposures; Cells exposed to culture medium served 

as controls for the suspension exposures. 

Lactate dehydrogenase assay 

The lactate dehydrogenase (LDH) releases was measured in culture media retrieved 24 h after 

exposure from submerged and aerosol exposures and kept at 4°C until analysis. Culture media 

from submerged exposure were centrifuged during 5 min at 13 000 G and 4°C to remove 

nanoparticle. A commercially available kit (Promega, CytoTox-ONE Homogeneous Membrane 

Integrity assay) was used according to the supplier manual. The fluorescence was measured 

with an excitation wavelength of 550 nm and an emission wavelength of 585 nm using a 

spectrophotometer (TECAN infinite 2000, Switzerland). The values of each sample were 

expressed, in function of maximum LDH release by cells, in percentage of cell integrity 

compared to control. Cells exposed to clean air in ALI serve as controls for aerosol exposures; 

Cells exposed to culture medium serve as controls for suspension exposures. To measure the 

maximum LDH release, cells were lysed during 24 h using a 0.1X solution of triton (Sigma-

Aldrich, T8787). 

BAuA 

Presto blue assay 

Analogous to INERIS, the PrestoBlue assay (Invitrogen, A132262) was performed 24 h after 

exposure to NM to access the metabolic activity. Apical side of cells were washed with 1 ml 

HBSS (Biochrom, L2035) and assay performance was done like INERIS with fluorescence 

measurement (excitation: 530/25 nm, emission: 610BP10 nm) using a spectrophotometer 

(Biotek Instruments, Synergy HT, USA). 

Lactate dehydrogenase assay 

To access the cell integrity the lactate dehydrogenase (LDH) was determined by a commercially 

available kit (Promega, CytoTox-ONE Homogeneous Membrane Integrity assay) according to the 

supplier manual. Fluorescence measurement was performed with an excitation wavelength of 

530/25 nm and an emission wavelength of 610BP10 nm using a spectrophotometer (Biotek 

Instruments, Synergy HT, USA). The maximum LDH release control was prepared by lysing the 
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cells using a 0.1X solution of Trition X-100 (Sigma Aldrich). Cells exposed to synthetic air served 

as controls for aerosol exposures.  

TCD 

Alamar blue assay 

After 24 h of aerosol NPs exposure of ALI culture, alamar blue assay was performed to evaluate 

the viability of the cells. INERIS protocol was used. The values of each sample were expressed 

in percentage of cell functionality compared to control (untreated cells). Since nanomaterials 

could interfere with this assay, a preliminary experiment was performed incubating both dyes 

with NPs dispersion at the highest concentration used (100 µg/ml). No fluorescence signal was 

detected above the background signal. 

KI 

Alamar blue assay and LDH assay 

Following exposure, the transwells used for Alamar blue assay was transferred to an empty 6-

well plate. Then, 400 µl of 10 % Alamar blue solution (Invitrogen) in RPMI was added and left 

for 3 h. The solution was mixed and 3 100µl was added to a 96-well plate and fluorescence was 

read in a plate reader. Cell medium was collected for LDH assay from each transwell. For the 

submerged cultures, medium was collected both from the apical and the basal side of the 

transwell and centrifuged for 30 min at 13.000 rpm in 4 °C. For ALI samples, medium was 

collected from the basal side. 50 µL of the medium was used to measure LDH activity using the 

LDH activity assay kit (Sigma) following the supplier’s instructions. 

GAIKER 

Resazurin Test  

Solvent: NaCl Solution 0.9 % NaCl – 1.25 mM CaCl2 – 10 mM HEPES (1M CaCl2 125 µl + 1 M 

HEPES 1ml + 98.875 ml of 0.9 % NaCl). 

Stock Solution: 6 mM Resazurin 15 mg Resazurin in 10 ml NaCl solution. 

Working solution: 20 µl stock solution (6 mM Resazurin) en 20 ml NaCl solution (20 ml for 24 

well plates). 

Protocol: NaCl solution was heated at 37 ºC and kept in the dark until use. 500 µl and 200 µl of 

working solution were added into plate wells and inserts respectively. Plates and inserts were 

left at 37 ºC for 1 hour. Following the incubation, 100 µl of working solution were added to each 

to cells (seeded in 96 well plates). As negative control, solution was added to a plate without 

cells. Fluorescence was measure in an ELISA plate reader at 570 nm and 600 nm and in a 

fluorimeter at 530 nm (excitation wavelength) and 590 nm (emission wavelength). 

LDH 

(As previously reported by BAuA) 
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Oxidative stress assays 

INERIS 

DCF assay 

After performing alamar blue assay, the cells were washed with PBS (Gibco, 10270). 

Afterwards, the cells were incubated at 37°C, 5% CO2 with 10 µM of CM-H2DCFDA probe (Life 

technologies, C6827) in PBS (0,5 mL/well or insert) for 35 min. After 30 min of incubation, the 

probe was removed in some wells, 1 mM of H2O2 in Milli-Q water was added, and cells were 

incubated for 5 min, to serve as positive control. After incubation, the cells were washed with 

PBS and incubated during 5 min in 90 % DMSO (Sigma-Aldrich, D2438) in PBS (0.5mL/well or 

insert). Then the cells were scraped using scrapers (TPP, 99002 ), well or insert contents were 

recovered in tubes (Eppendorf, 3810X ) and the tubes were centrifuged at 10000 rpm, 4°C, for 

5 min to eliminate the dead cells. The tube contents were transferred in 96 well black plates 

(150µL/well) (Greiner Bio-one, 655076) and the fluorescence of the samples was read 

(excitation: 488 nm, emission: 530 nm) using a spectrophotometer (TECAN infinite 2000, 

Switzerland). The value of each sample was expressed in percentage of cell functionality 

compared to the control. Cells exposed to clean air at the ALI served as controls for the aerosol 

exposures; Cells exposed to culture medium served as controls for the suspension exposures. 

BAuA 

DCF assay 

The assay was performed in analogy to INERIS with different materials: PBS (Biochrom, L1825), 

scrapper (neolab, C-8122), DMSO (AppliChem, A1584), tubes (Eppendorf, 0030120086), 96 

well black plate (100 µL/well) (Nunc, 437111) and fluorescence of samples was read (excitation: 

485/20 nm, emission: 528/20 nm) using a spectrophotometer (Biotek Instruments, Synergy HT, 

USA).  

Inflammation assays 

INERIS 

Cytokines and chemokines quantification by ELISA 

Pro-inflammatory mediator secretion was measured in culture media retrieved after 24 h of 

exposure in submerged conditions or at the ALI and kept at -80°C until analysis. Before 

freezing, the culture media from submerged exposures and the washing liquids from aerosol 

exposures were centrifuged during 5 min at 13,000 G and 4 °C to remove the nanoparticles. Il-

1β, IL-6, IL-8 and TNF-α releases were measured using a commercial available ELISA multiplex 

kit (Mesoscale discovery) and a multiplex reader (MSD Sector Imager 24000) according to 

supplier recommendations. The value of each sample was expressed in percentage of cytokine 

secretion compared to the control. Cells exposed to clean air at the ALI served as controls for 

the aerosol exposures; Cells exposed to culture medium served as controls for the suspension 

exposures. Cells exposed during 24 h to a concentration of 20 µg/ml of lipopolysaccharides 

(LPS) (Sigma-Aldrich, L2880) were used as positive control. 

BAuA 

Cytokine quantification by ELISA 

For pro-inflammatory mediator secretion of Interleukin-8 (IL-8) medium was collected 24 h after 

NM aerosol exposure and kept at -80°C until analysis. IL-8 release was analyzed by using a 

commercial available ELISA kit (BD, 555244) according to supplier recommendations. As 

positive control cells were treated with 50 ng/ml of TNF-α (Preprotech, 300-01A) for 24 h.  
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KI 

Cytokine quantification by multiplexing 

Secretion of pro-inflammatory cytokines was measured in culture media retrieved 24 h after 

exposure. For the submerged cultures, medium was collected both from the apical and the basal 

side of the transwell and centrifuged for 30 min at 13.000 rpm in 4 °C. For ALI samples, 

medium was collected from the basal side.  The medium was kept at -80°C until analysis. Before 

analysis, 50 µL of the collected medium was diluted 1:1 in fresh medium. The concentrations of 

IL-1β, IL-6, TNF-α and MCP-1 were analyzed using Bio-Plex Pro multiplex assay (Bio-Rad). The 

multiplex analysis was performed according to the manufacturer’s instructions and the data was 

acquired on a Bio-Plex 200 system (Bio-Rad).  Cells exposed during 24 h to a concentration of 

0.1 µg/ml of lipopolysaccharides (LPS) (Sigma-Aldrich, L2880) was used as positive control. 

TCD 

Cytokines secretion by ELISA 

After exposure to NPs aerosol, apical and basolateral media of ALI cultures were collected and 

analysed for cytokine secretion using Biolegend ELISA kits. TNF-α, IL-6, IL-8 and IL-1β were 

measurement in the media according to the manufacturer’s protocol.  

GAIKER 

(as previously reported by INERIS) 

Genotoxicity assays 

IPL 

MICRONUCLEUS TEST 

The test was performed with cells cultured in immersion. 

Treatment 

Prior to treatment, the cells were rinsed with PBS in order to remove any dead cells. The 

treatment solution was then deposited on the cells, enough to cover the entire surface of the 

wells. The treatment volume for immersion in micronucleus test was 2 mL. 

The plates are then incubated at 37 ° C under 5% CO2 for 24 h. 

End of treatment 

After the treatment, the treatment solution was removed. The wells and the inserts were rinsed 

with PBS and then the cells were detached with Trypsin-EDTA for 3 minutes at 37 °C. The action 

of trypsin was then stopped by the addition of the TNS (v / v) to NHBE while Ham's medium was 

added to A549 and BEAS-2B cells.  

 

Cells harvesting 

The cells were then harvested in tubes and counted on a Malassez cell with Trypan blue to 

highlight a possible cytotoxic effect of treatment (cell viability test). 

Thereafter, the cells were subjected to hypotonic shock for 8 min using BEGM medium 

containing sterile water: BEGM medium – sterile water (1 - 3) for NHBE cells, and for 10 min 

using Ham's medium containing sterile water: Ham's medium – sterile water (1 - 2) for A549 

and BEAS2B cells.  
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A step of pre-fixation was realized by adding 0.5 mL of a Carnoy-ethanol mix: ethanol-acetic 

acid (3:1). After centrifugation, most of the supernatant was eliminated and the cells were fixed 

for at least one night at +5±3°C using 2 mL of a Carnoy-ethanol mix. 

After centrifugation, the supernatant was eliminated and replaced by 0.5 mL of Carnoy-ethanol 

mix. The cells were gently resuspended, spread on slides (5-6 drops per slide, 2 slides per 

culture), exposed to air for at least one night at room temperature and then stained with a 

dilution of Giemsa reagent in mineral water for 10 minutes (2% for NHBE cells and 4% for A549 

and BEAS2B cells). A coverslip was fixed on each slide with Eukitt. 

Reading 

Two slides per culture were prepared with 2 cultures per concentration, and the incidence of 

micro-nucleated cells out of 1000 mono-nucleated cells per culture was counted (4000 mono-

nucleated cells/concentration). 

COMET ASSAY 

The test was performed with cell cultured in ALI. 

Treatment  

Prior to treatment, the cells were rinsed with PBS in order to remove any dead cells and to 

moisten the inserts. The treatment solution was then deposited on the cells, enough to cover 

the entire surface of the inserts. The treatment volume for the comet assay in ALI was 300 .µL. 

The plates are then incubated at 37 °C under 5 % CO2 for 4 h. 

Cells harvesting 

See § Micronucleus test. 

End of treatment 

See § Micronucleus test. 

Comet assay process 

Dried slides preparation (pre-layering) 

Conventional slides were dipped in hot 1.5 % normal melting point agarose in PBS. After gentle 

removal, the underside of each slide was wiped in order to remove excess agarose. The slides 

were then laid in a tray on a flat surface to dry. 

Slide preparation 

Before use, a volume of 85 µL of 0.8 % of Normal Agarose (NA) was added on the microscope 

slide pre-layered with 1.5% of NA and then covered with a glass coverslip. Slides were placed at 

+2-8°C until the agarose layer hardens (3 to 5 minutes). The cells of the different doses tested 

were mixed with 0.5 % of Low Melting Point Agarose (LMPA) (75 µL/slide) kept at 37 °C and 

added on the microscope slide after gently sliding off the coverslip. The slides were then 

covered with a new glass coverslip, and were placed once again at +2-8 °C. 

Two slides per concentration were prepared for the Comet assay.  

Lysis 

After the top layer of agarose has solidified, the glass coverslips were removed and the slides 

were immersed for at least 1 h at ca. + 4 °C in the dark in a lysing solution. 

Unwinding, electrophoresis and staining 

After this incubation period, the slides were then removed and placed on a horizontal gel 

electrophoresis unit and the unit filled with freshly prepared alkaline buffer (pH > 13) to around 
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0.25 cm above the slides. In order to avoid excessive variation across the groups during each 

electrophoretic run, only one of the replicate slides were processed in each run for each animal 

(DNA – unwinding and electrophoresis) The cells were exposed to the alkali for 20 minutes to 

allow the DNA unwinding, and expression of single-strand breaks and alkali-labile sites. Next, 

electrophoresis was conducted for 20 minutes at <10°C by applying an electric current of 0.7 V 

/ cm (25 V / 300 mA). All these steps were conducted protected from daylight to prevent the 

occurrence of additional DNA damage. After electrophoresis at pH >13, the slides were 

neutralized twice for 5 minutes with 0.4 M Tris (pH 7.5) and the DNA was exposed for 5 minutes 

to absolute ethanol in order to preserve all the Comet assay slides. Subsequently, the slides 

were air dried and then stored at room temperature until they were scored for DNA migration. 

Image analysis 

Just prior to scoring, the DNA was stained using propidium iodide (final concentration of 20 

µg/mL sterile water; 25 µL/slide). 

Slides were examined with a 200 x magnification, using a fluorescent microscope (Leica 

Microsystems SAS - DM 2000, Heerbrugg, Switzerland), equipped with an excitation filter of 

515-560 nm and a barrier filter of 590 nm, connected through a gated monochrome CCD 

IEEE1394 FireWire video camera (Allied Vision Technologies), to the Comet Assay IV Image 

Analysis System, version 4.11 with Windows XP Pro Software (Perceptive Instruments Ltd, 

Suffolk, UK). 

For all concentrations, 2 cultures were prepared. Two slides per culture and per concentration 

were analysed with 50 nuclei per slide randomly scored, i.e. 200 analysed nuclei per 

concentration.  

Tail parameters 

Recent publications focused on the interpretation of the results through the analysis of the 

median of the percentage of DNA in tail, with the animal as statistical unit (D. Lovell and T. 

Omori, 2008). 

In fact, this parameter appears to be the most linearly related to dose (B. Burlinson et al., 

2007). 
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ANNEX 4: Aerosol characterisation and deposition by 
partner 

 
 

BAuA 

Aerosol characterization 

Fig 1 shows the average particle size distribution for NM220 (BaSO4), when the aerosol was 

generated with the TSI 3076 atomizer operated with a pressure of 1 bar and the suspension 

concentration was 1 mg/ml of NM220 in deionized water. Regardless of the nanomaterial used, 

the particle size distribution exhibited two peaks, one for the water remains and one for the 

nanomaterial. The measured total number concentration was therefore misleading, since the 

water particles were part of that concentration. Hence, the particle size distribution had to be 

further analyzed to obtain the “real” particle number concentration of the nanomaterial aerosol. 

The particle size distribution was multipeak-fitted with a lognormal model, adjusted for the TSI-

SMPS system and a dN/dlog(dp) presentation of data, i.e. with a ln-log10 conversation 

parameter of 2.35: 

 

𝑦(𝑥) = 𝑦0 𝑥 +
2.35 𝐴

√2𝜋 log(𝑤)
Exp [−

(log(𝑥) − log (�̃�))
2

2 𝑙𝑜𝑔(𝑤)2
]. 

 

The fitting parameters where therefore 𝑦0 (offset), 𝐴 (amplitude, i.e. total number of particles), 

𝑤 (geometric standard deviation) and �̃� (mean particle size, electromobility diameter). A 

multipeak-fit means that several, this case two, lognormal models are superpositioned, so that 

the enveloping curve fits the data. The amplitude of the nanomaterial peak was used as the 

number concentration of the nanoparticle administered to the cells.  
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Fig 1 Selected average particle size distribution for NM220, generated with the atomizer at 1 

bar pressure. Results of the fit for peak 2 were 𝐴 =  201771, 𝑤 = 1.72 and �̃� = 92.07. 

The mean particle size �̃� for NM220 was 90-105 nm and for NM212 115-120 nm, the geometric 

standard deviation 𝑤 for NM220 was 1.55-1.75 and for NM212 1.65-1.75. The offset was usually 

around zero. 

Measurement with the DMA-PMC system showed, that NM220 particles generated with the 
atomizer had an apparent density 𝜌𝑎𝑝 of 3.1 g/cm³ (90 nm particle size) and NM212 particles of 

ca. 4.7 g/cm³ (60 nm). This data was used to convert the number-based metric to a mass-base 

metric. So in case of a measure particle number size distribution, data was converted to particle 

number mass distribution: 

𝑁(𝑀) = 𝑁(
𝜋

6
𝑑𝑚

3 𝜌𝑎𝑝) 

By calculating the integral of over the particle mass distribution, the total mass concentration 

was determined.  

Note, that the apparent density usually changes depending on the mobility diameter of the 

measured particle. However, the more spherical a particle is, the less its apparent density 

changes. Particle emitted from an atomizer are usually fairly spherical so a constant apparent 

density was assumed.  

 

Deposition 

Determination of the deposition efficiency is explained exemplarily. 

Fig 2 shows an example of a particle size distribution of atomized PSL-particles, the result of a 

multipeak-fit using a lognormal fit function and the particle number concentration as a function 

of time. The suspension concentration was arbitrary (roughly 2 ml PSL in 50 ml H2O) and the 

pressure for the atomizer chosen to be 1 bar. According to the aerosol characterization, the 

aerosol consisted of water remains (peak 1, from the aqueous PSL-suspension), singlets of PSL 
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particles (peak 2 & 3, i.e. primary particles) doublets (peak 4) and larger agglomerates as well 

as wet particles (peak 5, i.e. singlets with water coronas).  

 

 

Fig 2 Example of an average particle size distribution, fitting results and particle number 

concentration as a function of time of PSL-particles with 100 nm diameter. 

In this particular example, the total number concentration of particles that should be visible 
under a fluorescence microscope is ca. 99000/cm³. When the exposure time 𝑡 was 21 minutes 

and the flow rate 𝑄 of the Vitrocell-TP was 5 ml/min, the total number of administered particles 

was ca. 10.4 × 106.  

After exposure, the membrane was cut and put under the fluorescence microscope. With a 

magnification of 1000, the ocular featured a marked area of 100x100 µm². Twelve different 

locations on the membrane were chosen and all particles (visible as yellow dots) counted in that 

area. For the exposure, the second transwell of three, the average count was (46 ± 16) per 

10000 µm². The whole area of the membrane was 𝜋 ∙ (12000 µm)2. The extrapolated total 

number of particle was therefore 1.95 × 106.  

The deposition efficiency in this case was 1.95/10.4 = 0.188, i.e. ca: 19% of administered particles 

were deposited on the cell monolayer.  

This procedure was repeated six times with three different particle number concentrations. The 

average deposition efficiency of PSL particles on the cell monolayer was ca. 20 %. 
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This number was used in every exposure experiment, to estimate the dose, i.e. the deposited 

number in a 1/cm² metric. By using the apparent density, this metric could be converted to 

deposited mass in µg/cm². 

 

NM number concentration Deposited number Deposited mass 

1/cm³ 1/cm² µg/cm² 

11000 72946,01558 1,01843 E-4 

12839 85141,2631 1,18869 E-4 

13845,6 91816,48667 1,28189 E-4 

60940 404120,92633 5,64211 E-4 

77689 515191,18224 7,1928 E-4 

119260,9 790873,40636 0,0011 

322406 2,13802 E+6 0,00298 

424075,3 2,81224 E+6 0,00393 

469362,3 3,11256 E+6 0,00435 

1,29864 E+6 8,61187 E+6 0,01202 

Table 1. NM220 Exposure doses in different metrics. 

 

INERIS 

Aerosol characterization and deposition 

The size distribution curves below (right part of Fig 3) were obtained at INERIS by nebulization 

of NM suspensions. NM220 (BaSO4) was not used at the ALI. NM105, although not in the 

NANOREG core list, was used as a reference NM. 
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Fig 3 Left: Representative size distribution curves for NM aerosols generated with Palas 

nebulizer. Right: TEM pictures of deposited NM on cells at the ALI (INERIS data). 

Aerosols were generated by nebulization of suspensions of TiO2 (NM105, 101, 100) and CeO2 

(NM212) at 1 g/L (light grey), 5 g/L (dark grey), 10 g/L (black). The size distribution of NM in 

aerosols was measured using a SMPS, measuring particles ranging from 10 nm to 1095 nm 

(Left). The deposition of NM on TEM grids was assessed after exposure (Right). TEM grids were 

placed in the apical side of inserts and exposed for 3 h to aerosols generated using suspensions 

of 10 g/L in the nebulizer. After exposure, TEM grids were analyzed by TEM to assess the size, 

shape and distribution of deposited NM. 
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Table 2 Technical parameters for aerosol generation with the Palas AGK2000 nebulizer and 

deposition efficiency on cells (INERIS). 

 

Generally, we observed some isolated particles of primary size, but most of the particles were 

agglomerated (Fig 3, left). Furthermore, we observed that the Geometric mean diameter (GMD) 

of the NM in aerosols was depending on the NM primary size, but also on the mass 

concentrations measured in the aerosols (Table 2). 

Exposing cells at the ALI for 3 h to aerosols, it seems that similarity exists between the size of 

particles deposited on the cell surface (Fig 3, right) and the size distribution of particles in the 

aerosols (Fig 3, left). Thus, all sizes of particles present in the aerosols might be able to deposit 

on the cell surface during the exposure. Furthermore, homogeneous distribution of particles on 

the surface was observed (Fig 3, right). Deposited mass of around 0.1, 1, 3 µg/cm² were 

measured for nebulized suspensions of 1, 5 and 10 g/L, respectively (Table 2). Based on the 

deposited mass and considering the mass concentration of the aerosol, the duration of the 

exposure (3 h) and the flow rate in VitroCell® chambers (5 mL/min), deposition efficiencies on 

cells were calculated. Mean depositions ranging from around 4% to 20 %, depending on NM 

physicochemical characteristics and on initial suspension concentrations, were calculated (Table 

2).  

We observed that the more the aerosol was concentrated in NM, the more the deposition 

efficiency was high 

In conclusion, using exposure system set-up at INERIS, the maximum deposited doses achieved 

were around 3 µg/cm² and the maximum deposition ratios were around 20 %. 

 

Nebulizer (Palas, AGK 2000) NM105 NM101 NM100 NM212

Suspension concentration 

(g/L)
1 5 10 1 5 10 1 5 10 1 5 10

Aerosol mass 

concentration(mg/m3) (n=3)
7.9 52.5 105.7 7.1 35.1 75.3 10.6 55.4 101.8 10.6 56.7 113.5

Aerosol GMD (nm) 160 210 200 61 74 85 289 319 317 135 190 210

Theoretical deposited mass

(µg/cm² in 3h)
1.5 10.1 20.4 1.4 6.8 14.5 2.0 10.7 19.6 2.0 10.9 21.9

Deposited mass measured

(µg/cm2 in 3h) (n= 3 - 6)
0.06 0.66 2.68 0.22 1.51 3.15 0.11 0.50 2.85 0.22 1.54 3.26

Deposition efficiency (%) 4.1 6.5 13.2 15.8 22.4 21.7 5.2 4.7 14.5 10.7 14.1 14.9
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KI 

Characterization of deposition 

When using the particle generator (PreciseInhale) and the cell exposure unit (XposeALI),  

uniform deposition of CeO2 NPs with sizes 50 – 200 nm was obtained on collagen coated cover 

slips put in the transwells (see Fig 4). This can be compared to the JRC report on the material 

(NM212) in which SEM images showed that the material had a diameter of approximately 30 nm 

(mean Feret’s diameter) and qualitative TEM analysis indicated that primary NM212 showed a 

non-homogenous size distribution with NPs ranging from below 10 nm to well in excess of 100 

nm. 

 

 

Fig 4 SEM images on deposition onto collagen coated cover slips confirmed generation and even 

deposition of CeO2 NPs and agglomerates with approx.size of 50-200 nm.  

The deposition of CeO2 following exposure in ALI and the cellular dose following submerged 

exposure were measured using ICP-MS. Deposited amounts of CeO2 NPs in ALI were 

approximately 0.5, 1, 2 and 5 µg/cm2. For the submerged cultures 2, 10, 20, 30 and 40 µg/cm2 

were applied, and the measured cell doses were approximately 50 % of the applied dose; 1, 5, 

9, 15 and 22 µg/cm2 (see Table 3). 

Deposited 

mass ALI 

(g/cm2) 

Deposited 

mass sub. 

(g/cm2) 

Added mass 

sub. (g/cm2) 

0 0 0 

0.5 1 2 

1 5 10 

2 9 20 

5 15 30 

 22 40 

Table 3 The deposited mass of CeO2 NPs (mean of typically 4 transwells) at ALI and submerge 

(sub.) conditions analyzed using ICP-MS. 
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TCD 

Characterization of deposition 

Table 4 showed the numbers of the particles nebulized onto the inserts, calculated by Matlab 

code.  

Fig 5 Panel A showed the deposition of NM100, NM101, NM212 and NM220 onto free inserts 

(SEM images). The concentrations of the particles nebulized (1 min to nebulize 30 µl) were 1-10 

and 25 µg/ml for NM100 and NM101 (0.027-0.27 and 0.68 µg/cm2) and 25-50 and 100 µg/ml 

(0.68-1.36 and 2.72 µg/cm2) for NM212 and NM220. Panel B showed an example of Matlab 

image. 

 

  1µg/ml  10 µg/ml 25 µg/ml 

NM100 0.46 particles/µm2 12.35 particles/µm2 73.82 particles/µm2 

NM101 

212.01 

particles/µm2 

849.81 

particles/µm2 

1796.07 

particles/µm2 

  

  

  

  25µg/ml 50µg/ml 100µg/ml 

NM212 1.03 particles/µm2 0.32 particles/µm2 1.95 particles/µm2 

NM220 8.80 particles/µm2 50.78 particles/µm2 225.78 particles/µm2 

 

Table 4 showed the numbers of the particles nebulized onto the inserts, calculated by Matlab 

code. 
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Fig 5 Panel A showed the deposition of NM100, NM101, NM212 and NM220 onto free inserts 

(SEM images). The concentrations of the particles nebulized (1 min to nebulize 30 µl) were 1-10 

and 25 µg/ml for NM100 and NM101 and 25-50 and 100 µg/ml for NM212 and NM220. Panel B 

showed an example of Matlab image. 


