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disinfectant or preservative in funeral homes and medical labs), or 
via indoor air (e.g., resulting from combustion processes such as 
heating, cooking, or tobacco smoke, or emanating from building 
materials). 

The assessment of human health risks from the possible varia-
tions in inhalation exposures can be challenging when based on in 
vivo toxicity data. Such data are often limited to information from 
an animal experiment with a standard exposure regimen such as  
6 h/day for 5 days per week over 28 days or 90 days as prescribed 
in OECD Test Guidelines 412 and 413, respectively. If epidemio-
logical data are available, the exposure generally is expressed as a 
rough estimate, i.e., as ppm-years, or as an inhaled average daily 

1  Introduction 

Real-life inhalation exposures are dynamic and may vary from 
a brief peak exposure of a few minutes to a continuous 24/7 ex-
posure from environmental air. Exposures may be daily, once a 
week or less frequent. Exposures include single daily peak expo-
sures (e.g., during use of a spray such as a deodorant) or multiple 
daily peak exposures such as vaping or smoking tobacco ciga-
rettes. In addition, sources of exposure to a chemical may vary, 
leading to several possible exposure scenarios for one chemical 
or particle. For example, exposure to formaldehyde may be oc-
cupational (production and occupational use as, e.g., an industrial 
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origin representing the different compartments of the respiratory 
tract. The exposure characteristics and the design of in vitro meth-
ods differ significantly from those of respective in vivo methods. 
This includes both the exposure and the post-exposure period until 
toxicity measurements are performed. These differences are dis-
cussed in light of their relevance and applicability for human risk 
assessment. Where possible, guidance is provided for the design 
and performance of in vitro experiments to generate the most op-
timal data suitable to assess human health risks of respiratory tract 
effects relevant to real-life inhalation exposures.

2  Methods and data

Literature search
In order to obtain examples that illustrate the impact of the vary-
ing exposure conditions (i.e., concentration, duration, and fre-
quency) on the in vitro toxicity outcome and its relevance for 
safety assessment of inhalation exposures, a literature search was 
performed. The present paper is not a comprehensive, systematic 
overview of the available data, but is narrative in nature.

A literature search for publications on in vitro methods with 
exposure of respiratory epithelial cells to chemicals (i.e., gases, 
vapors, or aerosols1) via the air liquid interface (ALI) was per-
formed using the database embase.com starting from 2015 up to 
and including 2022. The search strategy initially included search 
terms for air exposure systems and cell models representing the 
respiratory system. The strategy focused on exposure (to chemi-
cals) and was further refined with search terms for parameters of 
cell viability, barrier formation, cytokines/chemokines, oxidative 
stress, and some specific parameters such as morphology, cilia, 
or mitochondrial function. The detailed search strategy is pre-
sented in Table S12.

The obtained records were first evaluated based on the abstract, 
and original research papers describing exposure (to chemicals) 
of respiratory epithelial cells at the ALI were selected for full text 
review. Records were considered relevant if the study design in-
cluded quasi-ALI, aerosol exposure, closed chamber exposure or 
continuous exposure; if different exposure concentrations, dura-
tions or frequencies were applied; and if effects in relation to these 
variations were observed. Studies that included read-outs of at 
least one toxicity endpoint at different timepoints after exposure in 
the study design were considered relevant as well for the purpose 
of the review. Table S22 presents an overview of the relevant in 
vitro methods obtained.

It was outside the scope of this review to specify the currently 
available respiratory tissue models that mimic the different com-
partments such as the human airway and lung parenchyma. This 
has been extensively described elsewhere (Nichols et al., 2014; 
Ahookhosh et al., 2020; Miller and Spence, 2017; Hiemstra et al., 
2018; Rothen-Rutishauser et al., 2023). However, as some of the 
endpoints discussed below are cell- and compartment-specific, a 
brief overview is provided. 

dose. Based on such data, temporal characteristics within a day 
and among days cannot be accounted for, and health risks for in-
halation exposures of varying durations are assessed by linear ex-
trapolation to the exposure conditions of interest, i.e., application 
of Haber’s Law. This refers to the assumption that with inhala-
tion exposures health effects are related to the product of exposure 
concentration and duration (i.e., C×t), irrespective of the dosing 
rate. However, this assumption has been challenged (Bos et al., 
2021; Atherley, 1985; Belkebir et al., 2011; Kuempel et al., 2015). 
For instance, within emergency response planning, acute exposure 
guideline levels (AEGLs) are derived for different levels of health 
effects ranging from discomfort to death. AEGLs are derived for 
single exposures lasting from 10 min to 8 h. For many substances, 
it appears that Haber’s Law does not apply by default, but that ex-
trapolation over time is best described by Cn×t, in which the expo-
nent n depends on the acute health effect and generally varies be-
tween 1 and 3 (ten Berge et al., 1986). In addition, for local effects 
on the respiratory tract, it is considered that the environmental 
concentration is the driving force, and exposure duration does not 
play a major role (ECHA, 2012). However, as reviewed by Bos et 
al. (2021), extrapolation over time for local respiratory effects also 
appears to be more complex. 

Currently, many efforts are being invested towards the transition 
to animal-free innovations in chemical risk assessment, i.e., the de-
velopment and adoption of new approach methodologies (NAMs) 
(Escher et al., 2022; ECHA, 2016). Also, for human health risk 
assessment of inhalation exposures, NAMs offer promising possi-
bilities from a scientific, economic, and ethical perspective. Scien-
tifically, the added value of NAMs in studying inhalation exposure 
may be to better address the temporal characteristics in inhalation 
exposures than can be done in vivo. For example, the duration of 
cellular or tissue contact with an inhaled substance can be better 
controlled and determined in vitro than in vivo. This helps to bet-
ter address multiple exposure scenarios with varying exposure 
durations and allows identification of the appropriate dosimetry 
relevant for the human situation. Where animal experiments are 
time- and resource-consuming, multiple combinations of exposure 
duration, frequency, and concentration can be tested with in vitro 
methods in a timely and more economic manner. In this way, it is 
possible to move away from animal studies and at the same time 
provide better insight into the relationship of adverse effects as a 
function of exposure conditions, i.e., concentration, duration, and 
frequency, which will help to address potential health risks from a 
broad variety of human-relevant exposure scenarios. 

It is noted that temporal issues in testing designs may apply to 
in vitro methods in general. The present paper focuses on in vitro 
methods that address local effects on the respiratory tract and their 
relevance to support the assessment of human health risks from 
inhalation exposures. It aims to describe the impact of varying ex-
posure conditions – not only regarding concentration but also du-
ration and frequency – on the toxicity outcome. It discusses the ef-
forts that have been made to address these exposure characteristics 
using in vitro methods with primary cells or cell lines of human 

1 A heterogeneous mixture of particles together with the gas or gas mixture surrounding them. 
2 doi:10.14573/altex.2305311s1
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and nicotine using the same dose rate (concentration x duration) in 
different scenarios. The quasi-ALI exposure method is described 
below and in supplementary file 23. Detailed information on the 
experiments can be found in the supplementary files3,4.

3  Exposure-related effects

Terminology describing in vitro exposures varies and differs from 
that used for in vivo exposure. To compare results of different in 
vitro methods with each other and to verify their relevance for hu-
man health risk assessment of in vivo exposures, a clear and con-
sistent terminology is needed. 

In vivo exposures generally are defined by the airborne con-
centration of the chemical and the exposure duration. Exposure 
duration then refers to the time period during which a chemical is 
inhaled. Dissolution in the epithelial lining fluid or deposition of a 
chemical in the respiratory tract will continue during exposure un-
til the exposure has ceased. Following exposure, the chemical will 
still be present until it has been cleared. The retained or deposited 
dose for in vivo exposures is often unknown, and health effects are 
related to the external exposure characteristics. 

For in vitro exposures, the exposure may be described differ-
ently. Concentration may refer to the concentration in air (in case 
of gases and vapors), to the concentration in the aerosols that are 
deposited onto the cells, or to the concentration in aerosols that are 
directly applied to the cells. The exposure of cells is expressed as 
applied dose or, preferably (Schmid and Cassee, 2017), deposited 
dose, e.g., mass per surface area. For in vitro methods, the depos-

Human primary cultures of nasal, tracheal, and bronchial epi-
thelial cells, which can be derived by nasal brushings or biop-
sies, can re-differentiate under ALI conditions into pseudostrati-
fied epithelium. In this way, they retain important properties of 
differentiated airway epithelial cells such as growth in polarized 
monolayers with extensive tight junction belts and cilia (Stokes 
et al., 2014; Forbes and Ehrhardt, 2005; Steimer et al., 2005). The 
cultures can be used for long-term experiments (chronic/repeated 
aerosol exposures) over several weeks to months and allow the 
study of mucus production and mucociliary beating frequency. 
Immortalized cells, i.e., cell lines, can be cultured at ALI for expo-
sure to airborne compounds. Although they have their advantages, 
especially in terms of ease of handling and homogeneity, they re-
semble the human airway epithelium less well than differentiated 
primary human epithelial cells. Recently, progress has also been 
made in mimicking the alveolar region, and primary cells from 
lung biopsies or immortalized cell lines have been used to study 
the effects of aerosols. Some of the models can also be kept sta-
ble at the ALI to study repeated exposure to aerosols (Silva et al., 
2023; Barosova et al., 2020b; Blank et al., 2006).

Original data
Table S32 describes an exposure scheme for volatile chemi-
cals, which we applied for dichlorvos exposure of ALI-cultured  
Calu-3 bronchial cells. As no effects were found, the data are not 
described further. Supplementary files 23 and 34 contain original 
data on continuous exposure to crystalline silica (also referred to as 
quartz), e.g., DQ12, at the same total dose but for different exposure 
periods and quasi-ALI exposures to benzo[a]pyrene, chlorpyrifos, 

3 doi:10.14573/altex.2305311s2 
4 doi:10.14573/altex.2305311s3

Tab. 1: Definitions of exposure concentration, exposure duration, exposure frequency and post-exposure period for the different 
exposure systems

 In vitro    In vivo

 Quasi-ALI Aerosol exposure Closed chamber Continuous ex- 
 (non-volatile  (aerosols onlya) (gases and vapors) posure (gases/ 
 chemicalsa)    vapors or aerosolsa)
Exposure 
intensity 
 

Exposure 
duration 

Exposure 
frequency 
(within 24 h)

Post-exposure 
period

Quantity of test 
compound applied 
in relation to surface 
area

Time it takes to  
apply dose 

Number of 
applications within 
24 h

Time between 
applying the 
last dose and 
measurements

Quantity of test 
compound deposited 
in relation to surface 
area

Duration of 
aerosolization  

Number of 
aerosolizations 
within 24 h

Time between end 
of aerosolization and 
measurements

Concentration of  
test compound in 
the air 

Duration in the 
closed chamber 

Number of 
exposures within 
24 h

Time between 
removal from 
chamber and 
measurements

Concentration of test 
compound in the air 
and for aerosols also 
the deposited dose

Duration of exposure 
to a test atmosphere 
flow

Number of 
exposures within 
24 h

Time between end 
of exposure and 
measurements

Concentration of test 
compound in the  
air (and, if available, 
also retained dose)

Duration of exposure 
to a test atmosphere 
flow

Number of 
exposures within 
24 h

Time between end 
of exposure and 
measurements

a This method can be used for exposures to mixtures, however, processes like aerosol aging and evaporation of volatiles should be considered.
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2 presents an overview of the advantages and disadvantages of 
these exposure systems for risk assessment.

3.1.1  Quasi-ALI 
Exposure of cells from the respiratory tract cultured at the ALI 
can be done relatively easily by applying a small volume of test 
solution to the apical side of the culture; this is called “quasi-
ALI exposure” or “droplet exposure” or “pseudo-ALI exposure” 
(Endes et al., 2014). This method allows testing of a larger range 
of chemicals and concentrations compared to air exposure and can 
be done in laboratories that do not have an exposure system for 
airborne chemicals at hand. However, quasi-ALI is not suitable for 
all test substances and is most often used for soluble and insoluble 
particles and for mixtures, i.e., environmentally collected samples. 
Jeong and colleagues showed that quasi-ALI exposure allows 
testing of many compounds in different quantities in a standard-
ized approach (Jeong et al., 2019). To achieve different doses, 
the chemical is applied in varying quantities to the apical side. As 
the chemical is applied by pipetting, the duration of application 
(the exposure duration, as defined in Tab. 1) is very short. How-
ever, application of multiple exposures is easily possible with this 
method, although dilution issues of both the exposed agent as well 
as the biological factor measured (e.g., an inflammatory media-
tor released by the cells) may have to be considered. After a post-
exposure period, the cells are harvested, and parameters of interest 
are measured. To use these data for risk assessment, the quantity of 
test material in the droplet relative to the cell surface area should 
be related to inhaled doses.

3.1.2  Aerosol exposure and closed chamber exposure
A simple way to expose ALI-cultured cells to airborne compounds 
is to nebulize the test compound and let it settle on the cells. Many 
research groups use the commercial VITROCELL® cloud system 
for this purpose (Bannuscher et al., 2022; Nair et al., 2020; Ba-

ited dose is usually applied over a relatively short period of time 
followed by a post-exposure period. The term “exposure duration” 
is used interchangeably and subjectively, but often refers to the 
period during which the cells are in contact with the test material, 
in contrast to its use in in vivo exposures. In the present paper, this 
timeframe is referred to as the “post-exposure time”, while expo-
sure duration is explicitly used for the time period of application, 
similar to its use for in vivo exposures. Further, a chemical may be 
applied more frequently, i.e., more than once, within an in vitro 
experiment, for which we distinguish two situations. In case mul-
tiple depositions take place within 24 h, the number of depositions 
is referred to as frequency of exposure within 24 h. The amount of 
chemical deposited within 24 h then is the total deposited dose. If 
multiple depositions are divided over two or more periods of 24 h, 
this is referred to as frequency of exposure beyond 24 h or repeat-
ed exposure, where units of time are 24-h time periods (Meldrum 
et al., 2022). This is further described in Table 1. 

Figure 1 gives a schematic overview of in vivo and in vitro 
exposure and health effects. We use “exposure intensity” to de-
scribe the quantity of chemical as “exposure concentration” can be 
confusing for quasi-ALI and cloud exposures. These definitions 
are inspired by human exposure, where the exposure duration is 
defined as the time the test compound is inhaled. Once inhaled, 
the compound comes into contact with the cells of the respiratory 
tract, where the local exposure is expressed as mass per surface 
area. For all exposure methods, the deposition is the quantity of 
test compound on the apical side of the cell culture, and repeated 
exposure is the number of days (i.e., 24-h periods) on which the 
exposure is repeated. 

3.1  Exposure systems 
Since the terminology used may differ among exposure systems, 
we first introduce the exposure systems that are most commonly 
used in the in vitro method studies discussed in this section. Table 

Fig. 1: Overview 
of the relation 
between exposure 
and health effect, 
going from air 
concentration to 
local concentration 
in the airways to the 
in vitro deposited 
dose or local 
concentration 
This deposited dose 
can be used to study 
in vitro biological 
effects and relate this 
to effects that would 
be expected in vivo 
to identify a human 
health hazard.
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3.2  Deposited dose
A direct comparison between human exposure and in vitro con-
centration based on air concentrations may not always be rep-
resentative for exposure of human respiratory epithelial cells. 
Instead, the deposited dose is used for this purpose. For vapors 
and gases, in vitro deposition can often be determined from the 
concentration in the air at the site of the cells, e.g., using chemi-
cal analysis. For aerosols, the in vitro deposited dose can be de-
termined by chemical analysis. For aerosol or continuous expo-
sures it is also possible to determine the in vitro deposited dose by 
weighing, with a Quartz microbalance, or to model the deposited 
dose using in silico models (e.g. the Multiple-Path Particle Do-
simetry (MPPD) model from Applied Research Associates, Inc.). 
However, for complex mixtures measuring the deposited dose is 
challenging and may not be feasible, although chemical analysis 
and deposited mass can give insight into the actual exposure. For 
cloud exposures, the in vitro deposited dose can be quite accurate-
ly calculated from the quantity aerosolized and the total surface 
area of the system (including the spaces between the inserts). 

4  Exposure intensities

A quasi-ALI setup has been used to study exposure intensity-
related effects of chemicals or particulate matter by measuring 
endpoints such as cell viability, reactive oxygen species (ROS) 

rosova et al., 2020a), in which a single aerosolization takes about 
15 min. A closed chamber can be used for exposure to vapors and 
gases (Thimraj et al., 2019). Here, the cells are placed in a closed 
chamber with a fixed concentration of vapor or gas, without 
airflow and without suppletion of losses in test compound. The 
choice of the method depends on the test compound. Cloud expo-
sure works quite well for particle or stable chemical suspensions, 
but compounds that are instable in aqueous solutions will be de-
graded before they reach the cells. 

3.1.3  Continuous exposure
A further exposure method is continuous (or dynamic) exposure, 
in which the cells are exposed to a continuous flow of test atmos-
phere (Polk et al., 2016). Continuous exposure allows variation 
of concentration, duration, and frequency. It is more difficult to 
determine deposition for continuous exposure, but information on 
deposition should be collected or measured for continuous flow 
systems. As mentioned in Table 2, this method is suitable for all 
kinds of substances, in contrast to the other exposure methods de-
scribed. Complex aerosols, like combustion engine emissions or 
tobacco smoke, and other mixtures of compounds may change in 
the process due to aerosol aging or temperature changes. Continu-
ous exposure of the cells most closely resembles human exposure 
to complex aerosols concerning their composition and particle 
size distribution. Still, one should be aware of changes in aerosol 
dynamics during exposures to such complex mixtures.

Tab. 2: Advantages and disadvantages of the different in vitro exposure systems for risk assessment (including derivation of 
health-based guidance values)

 Quasi-ALI Aerosol exposure Closed chamber Continuous exposure 
  (aerosols only) (gases and vapors) (gases/vapors or aerosols)

Advantage

 
 
 
 
 
 
 
 
 

Disadvantage

– Allows testing of a wider 
range of doses without 
the technical need for an 
air exposure system.

– Allows exposure of 
multiple cell cultures 
simultaneously (high n)

– Allows application 
of relatively high 
concentrations

– Limited quantity of 
chemical needed for 
exposures

–	Exposure	duration	fixed

– Not suitable for gases and 
vapors

– Comparable to in vivo 
intratracheal instillation 
and therefore possibly 
less relevant for human 
situation

– Relatively easy way of  
air exposure

– Even distribution of 
aerosol on cells

– Limited quantity  
of chemical needed  
for exposures

 
 
 
 
 

– Exposure duration fixed 
(possibility for repeated 
exposures)

– Not suitable for gases  
and vapors

– Low throughput

– Relatively easy way  
of air exposure

– Allows exposure of 
multiple cell cultures 
simultaneously  
(high n)

 
 
 
 
 

– Technical expertise 
required

– Not suitable for aerosols

– Less suited to apply 
different exposure 
concentrations

– Low throughput 
when testing multiple 
concentrations

– Mimics in vivo exposure 
most closely 

– Suitable for all type 
of chemicals (gases, 
vapors, aerosols)

– Allows variation of 
concentration, duration, 
and frequency

 
 
 
 

– Complex exposure 
method; technical 
expertise required

– Low throughput

– Deposited dose is 
relatively low 

– Relatively large quantity 
of chemical needed for 
exposures
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protein expression. However, it would have been interesting if 
they had included a scenario that would have resulted in the same 
dose over 24 h to assess the effects of concentration in relation to 
duration. 

5  Exposure durations

In the following examples, different deposited doses were 
achieved by varying the exposure duration in a continuous expo-
sure system while the aerosol concentration (and flow) was kept 
constant. More detailed information on the experiments can be 
found in Table S22.

Different exposure durations were applied by Jing et al. (2015) 
(2 or 4 h), Medina-Rey et al. (2020) (1 or 4 h) and Tilly et al. 
(2020) (15, 30, 45 or 60 min) when investigating nanoparticles 
and -fibers. Duration-related effects were noted for viability, ROS 
production, inflammatory markers, and DNA strand breaks.

Similarly, Ji et al. (2019) and Klein et al. (2017) varied the ex-
posure duration to deposit different doses at constant aerosol flow 
rate and (nano)particle aerosol concentration. Duration-related ef-
fects on inflammatory markers and cellular (oxidative) stress were 
noted (Klein et al., 2017; Ji et al., 2019). However, the exposure 
durations of these two studies were quite short, i.e., 1, 2 or 3 min 
with 6- and 24-h post-exposure read-out timepoints for Ji et al. 
(2019), and 1 min 8 s, 2 min 17 s or 6 min 52 s with 6-, 24-, or 48-h 
post-exposure read-out timepoints for Klein et al. (2017).

Jeannet et al. (2016) applied a similar approach by varying the 
exposure duration from < 1 min up to 1 h. Deposited particles not 
attached or taken up by cells were removed after 4 h by wash-
ing the apical cell surface. Exposure duration-related effects were 
noted for various inflammatory markers.

For testing of cigarette smoke and/or e-cigarette aerosol, Neil-
son et al. (2015) and Bishop et al. (2019) varied the exposure du-
ration at fixed aerosol concentration. Neilson et al. (2015) used 
exposure durations of 1 to 6 h, whereas Bishop et al. (2019) used 
various exposure durations up to 1 h. Exposure duration-related 
effects were noted for viability, TEER, and cilia function (Neilson 
et al., 2015; Bishop et al., 2019). In the example of Ishikawa et al. 
(2018), as presented in Section 4, also the exposure duration was 
varied. They found a difference between a single exposure (5 min) 
to 2 cigarettes and a double exposure (10 min), indicating that ex-
posure duration does contribute to the observed effects.

Variation of the exposure duration is easily applied under con-
tinuous exposure conditions, as presented in the examples above. 
Here, the exposure duration is defined as the period during which 
the cells are exposed to a test atmosphere flow. For both quasi-ALI 
as well as aerosol exposure the exposure duration (i.e., the time it 
takes to apply the dose and the duration of aerosolization, respec-
tively) is fixed. Varying the exposure duration is feasible for static 
exposure of vapors and gases in a closed chamber. However, such 
examples were not found in the literature search. Examples as pre-
sented above were restricted to the continuous exposure method 
and, regarding the type of test item, limited to aerosols.

These examples indicate duration-related effects for multiple 
parameters upon exposure to many different test items. Such ef-

production, transepithelial electrical resistance (TEER), FITC-
dextran paracellular flux, inflammatory markers, intracellular 
glutathione, and gene expression (Zhang et al., 2020; Ma et al., 
2021; Jang et al., 2021; Kim et al., 2016; Willoughby, 2015; 
Meldrum et al., 2022; McGee Hargrove et al., 2021; Baiocco et 
al., 2021; Welch et al., 2021). This shows that quasi-ALI expo-
sure is a suitable method to find exposure intensity-related ef-
fects of exposure. 

To obtain different deposited doses (or varying exposure inten-
sity) with a cloud system, the concentration of the solution that is 
aerosolized can be varied (Wang et al., 2021; Stoehr et al., 2015; 
Nair et al., 2020; Hu et al., 2020; Fizeşan et al., 2019; Chary et 
al., 2019; Binder et al., 2021; Bessa et al., 2021), the volume of 
the solution can be varied (Schmid et al., 2017; He et al., 2020; 
Di Ianni et al., 2021), or the exposure can be repeated sequen-
tially to increase the deposited dose (Barosova et al., 2020a). 
The approach chosen depends on the test compound. For exam-
ple, particles in suspension will more easily aggregate at a higher 
concentration compared to a lower concentration, implying that 
dilution of a suspension may result in a different exposure, for 
example in terms of particle number and size distribution. Most 
researchers describe their approach to obtain different exposure 
intensities, although it is not always clearly stated whether differ-
ent exposure intensities were achieved by aerosolizing solutions 
of different concentrations or by repeated aerosolization (Friesen 
et al., 2022a,b). For testing the effects of (nano)particles, usually 
a single concentration is chosen to prepare the dispersion, and the 
number of nebulizations is adapted to achieve different deposited 
doses. Irrespective of the method used to achieve different expo-
sure intensities, concentration-related effects have been described 
for parameters such as cell viability, inflammatory response 
(mostly interleukin (IL)-8 and IL-6), or gene expression param-
eters. Exposure via nebulization has therefore been shown to be a 
good method to obtain concentration-related responses. None of 
the reports describe the variation of exposure duration or exposure 
frequency (within 24 h) in addition to the exposure intensity. 

Exposure concentration or exposure duration can be varied to 
obtain different doses for continuous exposure. Varying exposure 
concentrations is technically more complicated as it requires di-
lution of test atmospheres. This exposure method can be applied 
for aerosols (Wang et al., 2019; Svensson et al., 2016; Sayes and 
Singal, 2021; Kooter et al., 2017; Jonsdottir et al., 2019; Ishikawa 
et al., 2018; He et al., 2021) and for vapors or gases (Verstraelen 
et al., 2021; Sayes and Singal, 2021; Moreau et al., 2022; Méau-
soone et al., 2019, 2021; Dwivedi et al., 2018). 

However, most studies do not vary the exposure dura-
tion or frequency within 24 h in addition to the concentra-
tion. The study by Ishikawa et al. (2018) is an exception, as 
they not only varied the number of cigarettes smoked (1 or 2 
cigarettes simultaneously), but also the dilution of the smoke 
(no dilution, 1 or 3 L/min dilution) and the duration of smok-
ing (once or twice 2 cigarettes), thereby creating a variation 
in both concentration as well as duration. They described 
concentration-related effects on cell viability, cytokines 
(IL-8, IL-6, monocyte chemoattractant protein (MCP)-1),  
gene expression, including heme oxygenase (HMOX)-1, and 
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a single 8-min versus 6 separate 8-min exposures. Furthermore, 
by varying both the exposure duration as well as the exposure 
frequency, they designed scenarios that resulted in the same to-
tal dose (i.e., repeated 6×8 min exposure versus single 48-min 
exposure). They found that, in general, changes in gene expres-
sion and cell viability effects were greater after a single 48-min 
exposure than after multiple exposures (6×8 min). The authors 
suggested that an adaptive (recovery) response might explain 
the differences, as for the multiple exposure (within 24 h) sce-
nario cells were only exposed 6 times for 8 min/h and a single 
8-min exposure was shown to have minor effects (Anthérieu et 
al., 2017).

A special case is presented by Chortarea et al. (2015), who  
compared single exposure to two different scenarios for repeated 
exposure to multi-walled carbon nanotubes (MWCNT) (via the 
VITROCELL® cloud system). Cells were exposed three times 
over one day or three times in three days, applying different fre-
quencies. Although for the single exposures three different con-
centrations (low, mid and high) were aerosolized, only the high 
aerosol concentration was selected for the repeated exposures. 
This allows for a comparison of single versus repeated exposure 
and thus varying the exposure frequency (at similar exposure con-
centration and duration, and thus different total dose). Interest-
ingly, this study design also allows for a comparison of different 
repeated exposure scenarios with different exposure frequencies 
at similar total dose. Regarding the latter, it was shown that at 
similar total dose, higher MWCNT uptake was observed in the 
3-d repeated exposure compared to the 1-d repeated scenario. The 
study authors suggested that the cells need more time to internal-
ize MWCNTs at the selected doses, thus indicating the internali-
zation to be more efficient at three days of exposure. However, no 
significant effects on cytotoxicity, cell morphology, pro-inflam-
matory markers or glutathione levels were observed (Chortarea 
et al., 2015).

Different exposure frequencies refer in this case to variations 
within 24 h. Applying different exposure frequencies to ALI-cul-
tured cells is practicable for all four different exposure methods 
presented in Table 1. This can be achieved by varying the number 
of times a dose is applied for quasi-ALI or varying the number 
of exposures for continuous exposure. Regarding static exposure, 
this can be achieved by varying the number of aerosolizations for 
aerosols or varying the number of exposures in a closed chamber 
for gases and vapors.

Though varying the exposure concentration and exposure dura-
tion is in most cases aimed at obtaining different doses, this does 
not always apply to variation in exposure frequencies. Especially 
regarding continuous exposure, different exposure frequencies are 
usually applied to create specific exposure scenarios. The excep-
tion is aerosol exposure and quasi-ALI exposure, as here varying 
the exposure frequency can be used to obtain different doses in 
case varying the exposure intensity is limited by physical-chemi-
cal properties for a specific test item.

The example of Anthérieu et al. (2017) nicely shows that by 
varying the exposure frequency and duration at similar doses, in-
tervals without exposure are introduced, which might affect the 
cell responses.

fects are in most cases described by the authors as effects in rela-
tion to the deposited dose (mass per cm2) rather than in relation to 
the exposure duration. Importantly, in some cases the terms dose 
and concentration are used interchangeably when describing the 
mass per surface area, with such effects being presented as a con-
centration-related effect. This is considered incorrect.

As in the above examples variation in exposure duration was 
applied to obtain different deposited doses, for non-volatile sub-
stances the exposure duration and deposited dose are dependent 
variables and linearly related to each other. This makes it diffi-
cult to clearly distinguish between these variables in relation to 
the outcome of the in vitro method. In case of very short exposure 
durations relative to the post-exposure time-period, the difference 
in exposure duration may be negligible. It is also noted that the 
observed effects can be the result of a combination of exposure 
duration and the selected post-exposure read-out timepoint.

Variation in exposure duration under continuous exposure con-
ditions is applied within the hour-range but also in the minute-
range. For short exposure durations, the precision of the dosing 
time is then an important aspect. Nevertheless, the examples show 
that continuous exposure is a suitable method to explore exposure 
duration-related effects.

In the above-mentioned studies, exposure duration was the only 
variable used in the study designs to obtain a different dose. An 
exception to this is Anthérieu et al. (2017), who applied two ex-
posure durations within one day as well as two frequencies. This 
example is presented in more detail in Section 6.

Supplementary file 23 describes an experiment in which the 
same total dose of DQ12 particles (about 1.5 µg/cm2) was applied 
for 1 day, 3 days or 3 weeks (5 days per week, 4 h/day). Accord-
ing to our definitions in Table 1, this is a repeated exposure over 
multiple days and not a variation of exposure frequency or dura-
tion. Nevertheless, this is the only experiment we know of that 
used the same total dose for each of the exposure periods. Results 
show that exposure to a high exposure intensity for a short time 
period results in more pronounced effects than exposure to a low 
exposure intensity for a longer period. In addition, responses were 
different, with an increased IL-6 and IL-8 response on day 1 and 
a tumor necrosis factor α (TNF-α) response on day 3. As the ef-
fects are dependent on the exposure duration, these results indicate 
that extrapolation of concentrations to human-relevant exposure 
scenarios, as needed for risk assessment, cannot be achieved by 
simple extrapolation of the total dose. 

6  Exposure frequencies

Variation of exposure frequency was applied in the following 
examples. More detailed information on the experiments can be 
found in Table S22.

In addition to varying the exposure duration within one day, 
Anthérieu et al. (2017) also varied the frequency by applying 
single continuous exposures of 8 or 48 min and 6 separate 8-min 
exposures within one day (with 1 exposure/h). Their study de-
sign allows for comparison of single versus multiple exposures 
at different frequency and different total dose when considering 
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medium is not changed and cytokines are not degraded. Stoehr 
et al. (2015) and Dwivedi et al. (2018) found increased cytokine 
(IL-8 or matrix metallopeptidase (MMP)-9) secretion after longer 
post-exposure periods. After longer post-exposure periods, cy-
tokine production can return to baseline levels, as found by Welch 
et al. (2021). Some exposures can, however, still lead to increased 
cytokine production after a longer period (Baiocco et al., 2021; 
Meldrum et al., 2022).

Supplementary file 34 describes a quasi-ALI exposure with the 
same dose rate in different scenarios. The results show that some 
effects may only occur above a specific dose, or they may only oc-
cur at or after a specific time after exposure. Although extrapola-
tion of a concentration to another exposure duration is common in 
risk assessment, these data show that a different exposure scenario 
(at the same total dose) can lead to very different effects.

Finally, in addition to the timing of sampling, the location of 
sampling is also important for ALI-cultured cells. Cytokine re-
sponses on the apical side can be different from those on the 
basolateral side, as shown by several researchers (Wang et al., 
2021; Fizeşan et al., 2019; Dwivedi et al., 2018) and in supple-
mentary file 34. It is important to consider on which side of the 
cell culture the samples are taken, as this may affect the read-
out. For lung co-culture models, one should consider whether cy-
tokines released from macrophages – or other cells that are added 
to the apical side of the epithelial cells – can reach the basolateral 
sampling side (or vice versa). Especially in case of a tight barrier 
and high TEER, cytokines may be retained on a specific side of 
the epithelial cells.

7.4  Gene expression changes
Gene expression changes reflect a momentary effect and can be 
used to differentiate between early and late responses to the expo-
sure for a deeper mechanistic insight (Thimraj et al., 2019; Klein 
et al., 2017; Fizeşan et al., 2019). Friesen et al. (2022b) found a 
time-dependent response of inflammatory markers (IL-1α, IL-1β, 
TNF-α, IL-6 and IL-8) after exposure to crystalline quartz (Min-
U-Sil5). Kim et al. (2016) found most response in the expression 
of MMP-2, MMP-9, TMP-1 and TMP-9 at the longest post-expo-
sure period (24 h). The measured genes are involved in the devel-
opment of fibrosis, which may explain the later response after ex-
posure. Mathis et al. (2015) followed gene expression responses 
from 2 to 48 h post exposure and found an oxidative stress re-
sponse shortly after exposure and an inflammatory response at 
later time points. Supplementary file 23 also shows the differences 
in gene expression for different post-exposure time points (and 
concentrations). These data highlight the importance of mechanis-
tic information in selecting the post-exposure time point.

7.5  Genotoxicity
Binder et al. (2021) and Medina-Reyes et al. (2020) found no 
dose-related effects on DNA strand breaks upon different post-
exposure periods. The absence of a dose-related response may be 
due to the different processes that are ongoing, like induction of 
DNA damage and DNA repair, and in some cases also continued 

7  Endpoint measurements

Many studies measure biological parameters over time, starting 
just after exposure and at different time points after exposure. For 
many in vitro methods this is an advantage over in vivo models, 
where it is more complicated to add sample times. This section 
aims to highlight the importance of selecting the post-exposure 
period for different measurements, i.e., in vitro bioassays. 

The aim to predict adverse health effects in a whole organ-
ism, based on observed in vitro responses, has resulted in a pro-
gram on the development of adverse outcome pathways (AOPs) 
launched by the OECD (2017). This framework takes human 
epidemiology, in vitro, and in vivo data into consideration to 
describe causally connected key events (KEs) starting from a 
molecular initiating event (MIE) and resulting in a specific ad-
verse outcome (AO) (Halappanavar et al., 2020, 2021). In the 
field of inhalation toxicology, relevant KEs leading to the AOs of 
inflammation-induced fibrosis are mainly used for hazard char-
acterization5 (Halappanavar et al., 2020, 2021). Some of the key 
events such as cell viability, inflammatory markers, and barrier 
integrity are described below as they have been investigated in 
the papers found in the literature research. This selection is far 
from complete, and other endpoints can be included in a study 
depending on the expected outcome in animals or humans. The 
focus is on the differences in response between different post-
exposure periods; more detailed information on the experiments 
can be found in Table S22.

7.1  Cell viability assessment
The results of Fizeşan et al. (2019) indicate that high concentra-
tions of insoluble particles may induce cell damage after shorter 
post-exposure periods than lower concentrations. Therefore, the 
peak in response is dependent on the concentration tested. Medi-
na-Reyes et al. (2020) also tested insoluble particles and fibers 
and found an increase in cytotoxicity during the post-exposure pe-
riod. These insoluble particles are likely to stay on the apical side 
of the cell culture or are taken up by the cells, which means that 
the cells stay in contact with the particles leading to cytotoxicity 
at later time points. Ren et al. (2022) and Wang et al. (2021) both 
found a difference in LDH response on the apical and basolateral 
side. This shows the importance of selecting both the relevant 
post-exposure period and sample location.

7.2  Epithelial barrier integrity
TEER is often used to monitor epithelial cell growth and differen-
tiation. Exposure to chemicals can damage the cell layer, resulting 
in a lower TEER. Welch et al. (2021) and Ren et al. (2022) found 
exposure-related effects on TEER. However, epithelial TEER 
may also change over time, as shown by Ma et al. (2021). This 
illustrates the importance of time-matched controls. 

7.3  Cytokine/chemokine production
Cellular cytokine production and release into the cell culture me-
dium reflects the accumulated cytokine production over time if 

5 https://aopwiki.org/aops/173

https://aopwiki.org/aops/173
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in the respiratory system will occur in vivo, which ensures that the 
chemical is no longer in contact with the cells. In vitro, depend-
ing on the system used, the deposited amount is well-controlled 
and is usually applied in a very short time period. Active clear-
ance of insoluble particles in incubated cells is limited and can be 
substituted by apically washing the exposed cells. Otherwise, the 
particles will (i) stay on the mucus layer of the cells, (ii) be moved 
to the edge of the cell culture well, or (iii) be taken up by the cells. 

Due to the differences in exposure and postexposure character-
istics, it is difficult to directly relate the outcome of in vitro experi-
ments to in vivo exposures in a quantitative way for the purpose 
of risk assessment or the derivation of a limit value for human ex-
posure. Such an extrapolation must consider the in vitro exposure 
scenario, the biological effect, and their implications for in vitro-
in vivo extrapolation and risk assessment. 

8.1  Considerations for the in vitro exposure scenario
We have defined exposure duration (Tab. 1) for different systems, 
but there may be marked differences in exposure duration between 
chemicals. Volatiles (and gases) are only in contact with the cells 
for a short time period when using quasi-ALI exposure, whereas 
aerosols, mainly those of insoluble compounds, will stay on the 
cells or on the mucus or lining layer. In vivo, such insoluble com-
pounds are cleared by mucociliary clearance or taken up by mac-
rophages. Willoughby et al. (2015) used quasi-ALI exposure, did 
not wash the cells, and measured after a 24- or 72-h post-exposure 
period. This approach is comparable to submerged exposures for 
different durations. On the other hand, Zhang et al. (2020) washed 
the cells after a post-exposure period and repeated this to create a 
repeated exposure over multiple days. The latter seems more com-
parable to human inhalation exposure.

The literature does not yet describe in vitro studies that vary 
exposure concentration, duration, and frequency at the same total 
dose. The limited information available indicates that these factors 
can influence the test outcome. Therefore, to use in vitro toxicity 
information for human risk assessment, insight is needed on when 
and how variations in exposure concentration, duration and fre-
quency determine toxicity. Although a study design varying these 
factors is quite labor-intensive, it will give information that is es-
sential for risk assessment of inhaled toxicants. As an example, a 
study design in which the concentration, duration, and frequency 
is varied is shown in Table S32. In addition, supplementary files 23 
and 34 describe experimental designs in which the total dose or the 
dose rate was kept constant.

8.2  Considerations for the biological effect
Effects of exposure to higher concentrations may differ substan-
tially from effects at lower concentrations. Information on the 
mechanism of action may help to identify biological processes or 
steps that are rate-limiting, like the saturation of receptors, to de-
rive a relevant and adequate exposure-response relationship and 
to select suitable post-exposure periods for assessment of various 
toxicological parameters. The in vitro exposure scenario should 
be relevant (or at least be applicable with small adjustments) to 
possible human exposure scenarios, including high accidental ex-
posures. A central role herein is foreseen for the AOP concept, i.e., 

exposure with less possibility for recovery. This shows the impor-
tance of insight into mechanisms of adverse effects to select the 
post-exposure time point.

7.6  General considerations to select a post-exposure  
period
The paragraphs above reflect on selecting post-exposure periods 
for specific endpoints. Specifically for air exposures, it should 
be considered when the response begins. Some effects may start 
at the initiation of exposure. When the exposure duration is rel-
atively long, in case of continuous exposure or static exposures 
to gases and vapors, the peak of the response may occur during 
the exposure period. This should be considered when designing 
an experiment. For quasi-ALI, cloud exposures, and continuous 
exposures it should be considered whether and when the cells are 
washed on the apical side. Insoluble compounds will stay on the 
apical side, resulting in ongoing contact between the chemical and 
the cells. In human lungs, such compounds are cleared by ciliary 
movement or by uptake by macrophages in the lower airways af-
ter a certain time.

8  Discussion

Toxicity testing is performed to inform on chemical hazards or to 
assess human health risks from exposures during the stages of a 
chemical’s life cycle. The regulatory information needs may vary 
from just a qualitative yes or no answer (e.g., does this chemi-
cal cause a specific effect) to a detailed evaluation of all possi-
ble health risks in a specific human exposure situation (Bos et al., 
2020). 

In vivo, toxicity is determined by the combination of the in-
tensity, duration, and frequency of exposure, with dosing rate as 
an important factor for the toxicological outcome. Moving away 
from in vivo animal studies and using NAMs in human health risk 
assessment of inhalation exposure offers the advantage of varying 
the exposure conditions and the possibility to study a high number 
of parameters over time. This may provide important information 
on potential effects on the respiratory tract following inhalation 
exposure. 

The development of in vitro methods for inhalation exposures is 
challenging because of their specific characteristics. The first top-
ic is the design of the in vitro methods, in particular how aspects 
of exposure (intensity, duration, frequency) can be modeled so that 
test results can answer the regulatory questions of interest. A sec-
ond topic is that an important goal of toxicity testing is the deriva-
tion of an exposure-response relationship, often referred to as a 
dose-response relationship, to provide information that may serve 
as a basis to assess human health risks caused by a specific expo-
sure or to derive a limit value for human exposure. Where in vivo 
exposures focus on the relationship between health effects and 
external exposure characteristics, in vitro exposures focus on the 
direct contact of a chemical with cells or cell lines after exposure 
has ended (i.e., after deposition has ended). For modeling in vivo 
exposure to aerosols over hours, a time-dependent in vitro deposi-
tion may be too short. During and following exposure, clearance 
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help to identify pros and cons of different in vitro models in their 
use for risk assessment. Keeping in mind what steps need to be 
taken to use in vitro test results for human hazard or risk assess-
ment will help to identify the data gaps and to understand the limi-
tations of the presently available methods. This will help to put 
tools in place and to develop them further for use in hazard or risk 
assessment.

8.4  Recommendations for in vitro studies to assess  
inhalation toxicity 
In summary, the evaluation of the literature and our experience 
with different cell models and exposure systems has resulted in 
the following recommendations for in vitro experiments to assess 
toxicity of inhaled chemicals with the aim of supporting risk as-
sessment:
1. Consider what information really is needed for hazard or risk 

assessment: What is the regulatory question to be answered or 
the regulatory need to be met?

2. Choose the exposure system that is suitable for the chemical or 
particle of interest, the appropriate exposure method to vary the 
exposure characteristics, and an exposure scenario relevant for 
the in vivo situation, including potential accidental high expo-
sures.

3. Aim for a deposited dose that is relevant for human exposures 
at the specific site in the respiratory tract and consider washing 
the cells on the apical side after a predefined period to mimic 
mucociliary clearance when fully differentiated airway cultures 
are used.

4. Consider the post-exposure sampling times, whether the effect 
is initiated at the start of the exposure, measurement of response 
over time, and the side of the cell culture from which the sam-
ples are taken.

These recommendations can be used to improve in vitro study de-
sign in hazard and risk assessment on inhalation exposures and 
will be used as a guidance in our further projects including the 
NWA-ORC VHP4Safety project.
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