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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 ty pes, 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. pulmon ary 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 type s 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, ceriu m 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 type s 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, hum an 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 - lab oratory 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 inter laboratory 

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 nano TiO2 and examined for variations upt ake 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 cytotoxic ity 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 TiO 2) 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 Q uality Nano. 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 suitab le 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 follo wing four specific questions are investigated:  

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

measured and improved?  

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

submerged expos ure?  

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

cultures?  

Å 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 

cel ls at the ALI to aerosols of NMs have been compared. For the comparisons, a ttention was 

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

equipment to carry out aerosol exposure is e xpensive and requires specific ski lls 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 submerge d exposures to NM suspensions.  

The m ain achievement s 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 

val idated, 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 s ensitive 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, th us 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 use d in several l aboratories 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 t hat 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 spa nning 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, Bé ruBé 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 200 8). 

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 examp le, 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 th at 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 di fferent methods are available for assessing cellular end -points. These may 

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

immunological, genetic and óïomicô 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  PreciseInhaleÊ 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 

ther mal 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 cl assical 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 pe rformed among partners in task 5.4 to 

estimate the capabilities of task 5.4 to address the N ANoREG regulatory questions. The se 

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

Table 1. Experimental setting explored in tas k 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  

Xpose ALI  

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  

BaSO 4  

NM220  

CeO 2  

NM212; 

BaSO 4  

NM220  

TiO 2  NM100 

and NM101 ; 

CeO 2  NM212 

;  BaSO 4  

NM220  

CeO 2  NM212  

TiO 2  NM100 

and TiO 2  

NM101; CeO 2  

NM212 ;  

BaSO 4  NM220  

TiO 2  NM100 

and NM101 ; 

CeO 2  NM212 ;  

BaSO 4  NM220  

TiO 2  NM100 

and NM103  

SiO 2  

NM200  

Cell models  A549  
A549; airway 

epithelia  

A549 and 

A549+THP -1 
A549+THP1  A549  A549  

NHBE A549 

BEAS2B 



 

 

NANoREG Deliverable 5. 04 

Page 9 of 78  

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 

NP s  

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  

 

  



 

 

This project has received funding from the European Union  
Seventh Framework Programme (FP7/20 07-2013 ) 

under grant agreement no 310584  
 

 

   

 

2.2.4  Aerosol exposure systems used  

Within task 5.4 different pieces of equipment were proposed as enumerated in T able 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  

±ǘ 
Vitrocell Cloud 
12 well insert 
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KI  

 

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

PreciseInhaleÊ system (left) in combination with the Xpose ALI cell exposure unit 

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

chamber. An a erosol is generated using rapid decompression of powder 

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

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

MS. Typical time in exposure Xpose ALI  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 t he 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 e xperiments 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 i nto 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% CO 2. 

A549 and THP -1 cells were seeded in 75 cm 2 tissue culture flasks, with 700  to 900, 000 

A549/flask and 3  000  000 THP -1/flask. At 90  % confluenc e, 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 aeroso l 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 confluenc e. 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
Ą 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 af ter 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 in to 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 confluenc e. 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 o ne day before the exposure. Basal medium was 

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

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

with fresh culture medi um 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 CeO 2 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 (cyto kines 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. NM s 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 : NM s were suspended directly in Mi lli -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.  

Submer ged 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 perfor med 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) (Hinder liter 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 an d 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 cy tokines 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 prese nted 

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, A lamar  (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 c ells were washed with and the washing liquid s were  also retrieved. Alamar 

or Presto blue solution was added on cells that were  then incubated at 37  °C, 5  % CO 2. 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 spectr ophotometer . 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 fo r the aerosol exposures; Cells exposed 

to culture medium serve d 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 a erosol 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 Sigm a, 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 58 5 nm using a spectrophotometer . The values of each sample were expressed, 

in functio n 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 ma ximum 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% CO 2 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 H 2O2 in Milli -Q water was added, and cells were incubate d 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 recove red in tubes further  centrifuged at 1000 0 rpm, 4°C, fo r 5 min to eliminate the dead 

cells. The tube contents were transferred in 96 well black plate s (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 serve d as controls for the aerosol 

exposures; Cells exposed to culture medium serve d as controls for the suspension exposures.  
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Inflammati on 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 exposure s and the washing liquids from aerosol 

exposure s were centrifuged during 5 min at 13 ,000 G and 4  °C to remove the nanoparticle s. 

Different cytokine ( Il -1ȁ, IL-6, IL -8, MCP-1 and /or  TNF-Ŭ)  release s were  measured using 

commercial available ELISA kit s 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 serve d as controls for the aerosol exposures; Cel ls exposed to 

culture medium serve d 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-Ŭ (Preprotech, 300 -01A) were used as pos itive control.  

2.2.9  Interactions between NM and assay s 

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 betwee n NM and LDH  (BAuA)  

To determine the interactions between NM and LDH assay, a suspension of 1 mg/ml of BaSO 4 

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 nanoparticle s 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 interfe rences between the cytokines and the NM, interaction tests were  

performed. For suspension exposure s, 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 -1ȁ, IL-6, IL -8 and TNF -Ŭ. After 24 h  incubation, the supernatants were retrieved 

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

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

For cytokines, interaction s were  characterized by decreas d or increased optical density. 

Interactions were noted for:  

-  NM105: IL -8 and TNF-Ŭ 

-  NM101 : IL -6, IL -8 and TNF-Ŭ 

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

No interaction s 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 a ir - 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 w ere expressed as µg/cm 2. 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 werenôt equal, results were 

analyzed by a non -parametric Kruskal -Wallis test followed by a Dunnôs post -hoc test to c ompare 

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

aerosol exposures; Cells exposed to culture medium serve d as con trol 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: c omparison 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 - liqu id 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  

Xpose ALI  

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 c ollection  24 h  
24 h/every 

7 days  
21 h  24 h  24 h  

Micronucleus 

24 h  

Comet 4 h  

Deposited 

d oses  

0.0001 -   

µg/cm 2 

1.6 -  8.0 

µg/cm 2 
0.1 -3 µg/cm 2 

0.5 -5.0 

µg/cm 2 

0.027 -2.72  

µg/cm 2 

Micronucleus 

1.8 -15.0 

µg/cm 2 

Comet 6.0 -

48 µg/cm 2 

*  www.inhalation.se  

 

Aerosol characterisation  

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

Mobility Particle S izer ) 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 (BaSO 4) 

generated with an atomizer (wet method)  



 

 

NANoREG Deliverable 5. 04 

Page 20  of 78  

 

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 ὃ  ςπρχχρ, ύ ρȢχς and Ὠ ωςȢπχ (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 stabl e 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 deposi ted NMs.  

As presented in table 3,  the  deposited doses were in the range of µg/cm 2 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 CeO 2 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 concentration s 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/cm 2)  and 25 -50 and 1 00 µg/ml 

for NM212  and NM220  (0.68; 1.36 and 2.72 µg/cm 2) . Panel B showed an example of Matlab 

image  (TCD data) .  

Full d etails of aerosol characterisation data and deposition for each partner  are 

presented in Annex 4.  

 

In conclusion , as the ALI in vitro  equipments were differ ent, it wa s not possible to 

conclude on their reproducibility regarding aerosol generation and cell exposure 

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

ensure significant NMs deposition on cells (in the order of µg/cm 2), 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 p artners are presented below. A more integral evaluation is 

specifically addressed in section 2.5. ñEvaluation and conclusionò.  

INERIS  

N.B: For more detailed information about the ALI exposures performed by INERIS, f ull 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 ñReport on 

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

 

Cytotoxicity and oxidative stress  

To assess the potential adverse effect of TiO 2 and CeO 2, 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 gener ally 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 wi th 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) ce ll 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 -1ȁ levels were below the quantification limit, the IL -6 and TNF -a 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 TiO 2 NM105, NM101 and NM100 and at the high dose for the 

CeO2 (Fig 9). Afte r exposure to aerosol s of TiO 2 NM105, we observed increases in IL -1ȁ, IL-6, 

IL -8 and TNF -Ŭ secretion compared to air at 1 and 3 Õg/cmĮ. After exposure to the  TiO2 NM101, 

we observed significant increases in IL -1ȁ, IL-6, TNF -Ŭ at 1 and 3 Õg/cmĮ and significant 

increase in IL -8 secretion compared to air at 3 µg/cm². After exposure to TiO 2 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 CeO 2 NM21 2, we observed a significant 

increase in IL -1ȁ 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/cm 2) for TiO 2  

(NM105, 101 and 100) and CeO 2  NM212 .  

The co - culture of epithelial cells plu s 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. Si gnificant 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 toxi cological data (a) Presto blue assay, (b) LDH assay, (c) DCF assay , (d) IL -8 

secretion.  

In conclusion , n o significant effects were detected for the tested biological 

parameters  with the system available  at BAuA  for BaSO 4  NM220 . This may be due to 

low cell deposited doses (equal or below 0.01µg/cm 2).  

KI  

Cytotoxicity and inflammation  

To assess the potential cytotoxic effects of CeO 2 following exposure of co -cultures (A549 and 

THP-1), Alamar blue and LDH -assay was used. The deposited amounts of CeO 2 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/cm 2), see Fig  10 .  






























































