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effects of inhalable aerosols generated during purposeful room conditioning
using an in vitro inhalation model
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ABSTRACT
Objectives: An integrated in vitro inhalation approach was outlined to estimate potential adverse acute
inhalation effects of aerosols from commercial nebulizer applications used for purposeful room condi-
tioning such as disinfection, scenting or others. Aerosol characterization, exposure estimation and
evaluation of acute biological effects by in vitro inhalation were included to generate dose-response
data, allowing for determination of in vitro lowest observable adverse effect levels (LOAELs).
Correlation of these to estimates of human lung deposition was included for quantitative in vitro to
in vivo extrapolation approach (QIVIVE) for acute effects during human exposure.
Methods: To test the proposed approach, a case study was undertaken using two realistic test materi-
als. An acute in vitro inhalation setup with air-liquid interface A549-cells in an optimized exposure situ-
ation (P.R.I.T.VR ExpoCubeVR ) was used to expose cells and analysis of relevant biological effects
(viability, mitochondrial membrane potential, stress, IL-8 release) was carried out. Results: The observed
dose-responsive effects in a sub-toxic dose-range could be attributed to the main component of one
test material and its presence in the aerosol phase of the nebulized material. QIVIVE resulted in a fac-
tor of at least 256 between the in vitro LOAEL and the estimated acute human lung exposure for this
test material.
Conclusions: The case-study shows the value of the non-target in vitro inhalation testing approach
especially in case of a lack of knowledge on complex product composition. It is expected that
approaches like this will be of high value for product safety and environmental health in the future.

HIGHLIGHTS
� Design of a routine in vitro inhalation approach to estimate biological effects of nebulized
products.

� Application in a case study on a potential real product for purposeful room conditioning by use of
a commercial nebulizer.

� Combining results from aerosol characterization and in vitro inhalation experiments allowed for
comprehensive correlation of product composition, aerosol properties and biological effects.

� Assignment of sub-toxic biological effects to a specific product component enabled identification
of a product composition with potentially even less biological effect.

� Combined in vivo exposure estimation and in vitro LOAEL determination enabled a QIVIVE
approach.

Abbreviations: ADME: absorption, distribution, metabolism and excretion; AE-Box: aerosol extraction
box; A549: human alveolar lung cell line; ATCC: American type culture collection; LOAEL: lowest
observable adverse effect level; FBS: fetal bovine serum; QIVIVE: quantitative in vitro to in vivo extrapo-
lation; ALI: air-liquid interface; COVID-19: corona virus disease 2019; GRAS: generally recognized as
save; FDA: food and drug agency; e-cigarette: electronic cigarette; ED50: 50% effective dose; FT-IR: fou-
rier-transform infrared spectroscopy; WST-1: water-soluble tetrazolium; JC-1: mitochondrial membrane
stain; IL-8: interleukin 8; ELISA: enzyme-linked immunosorbent assay; MMAD: mass median aero-
dynamic diameter; MTT: 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazoliumbromide; FACS: fluores-
cence-activated cell sorting; DNA: deoxyribonucleic acid; MPPD: mutiple-path particle dosimetry
model; HCS: high-content screening; NOEL: no-observed-effect level; QIVIVE: quantitative in vitro to
in vivo extrapolation
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Introduction

Aerosols are released from several sources in the natural
environment (e.g. fog, mists) from engine emissions (indus-
trial sources, automobiles, heating, etc.) or at work places
(welding fumes, etc.) but are also used for medical applica-
tion as inhalable sprays to achieve effective and gentle treat-
ment of lung-related diseases. Nowadays, aerosols are also
applied for purposeful conditioning of indoor air, for
example to disinfect or humidify room air or to release
defined scents or smells. This might take place in shops or
malls to set the customer into a favorable mood as a recent
marketing strategy. Room disinfection by aerosols with
chemically active ingredients has come up during the
COVID-19 pandemic (Lou et al. 2021; Srivastava et al. 2021;
Vlaskin 2022). Such aerosols can be technically set up using
commercial nebulizers with a liquid filling. In the best case,
all components of these liquids are known and toxicologic-
ally characterized. However, even in this case, the toxico-
logical properties of the single components are usually only
characterized for other routes than inhalation. This, for
instance, is true for so-called GRAS substances, which are
‘generally recognized as safe’ for food application but are
not necessarily tested for inhalation toxicity (Hallagan et al.
2020; FDA 2022). Moreover, liquids for nebulization usually
represent very complex mixtures with different components
for specific functionalities such as disinfection, humidifica-
tion, generating scents (‘active ingredient mixture’) or dis-
solution or technical aerosol formation (‘main
components’). Even if the complete toxicological profile of
all the single components would be known, it would not be
possible to predict the final toxicological profile due to a
lack of knowledge on the resulting toxicology of the com-
plex mixture.

A case study is presented here as an approach for the
development of a non-animal method to generate toxico-
logical relevant data for safety assessment. Two test materi-
als were studied as nebulizer fillings. They are used in a
commercial nebulizer and represent potential products to be
tested with only very limited knowledge on composition.
Basically, they are composed of two main groups of com-
pounds. A main ingredient acting as solvent or providing
necessary technical properties to enable nebulization and an
active ingredient mixture (scents, disinfectants, etc.) of
unknown composition. Of these, test material 1 (TM1) con-
tained 80% of a main component type 1 (MC1) and 20% of
an active ingredient mix. Test material 2 (TM2) contained
the same active ingredient mix (30%) but a different main
component type 2 (MC2, 70%). Starting from this situation
of very limited information, the strategy of the study was to
generate as much experimental information as possible for
potential further safety assessment. The method is aimed at
future routine use for comparative testing of products or
product variations.

We focused on local lung irritation as a potential risk,
which might be induced by various ingredients of the nebu-
lized fillings. The modes of action (MoA) for tissue irrita-
tion are in many cases nonspecific and diverse, a single
adverse outcome pathway (AOP) can thus not be proposed.

Consequently, lung irritation is understood in a ‘non-target
way’ as any kind of significant biological change upon inhal-
ation using well-known toxicological in vitro endpoints (e.g.
viability and mitochondrial effects). Worst-case conditions
were chosen to account for uncertainties in the approach
for quantitative extrapolation from in vitro results to the
in vivo exposure situation (QIVIVE, Hartung 2018). To
achieve further relevance of the model by evaluation of
effects below acute cell-toxic doses, analysis of an in vitro
cellular stress parameter and interleukin-8 release was
applied. Although sub-toxic events represent biological
changes which do not have to be adverse by definition, they
are likely to elicit relevance for long-term exposure in vivo
and might contribute to toxicity, adverse physiological tissue
effects or changes in the immune system in the long run. It
is supposed that they might give information on potential
biological effects beyond the ‘acute exposure’ setting which
is usually defined by the limited exposure time possible in a
‘routine’ in vitro inhalation test model. There are still no
well-established in vitro methods which might predict
resulting long-term or so-called ‘chronic’ effects upon
inhalation. Relatively laborious in vitro approaches such as
long-term or repeated exposures (Person et al. 2013;
Mennecier et al. 2014; Gindele et al. 2020; Bukowy-Bieryłło
2021) are applied to account for approximation of this aim,
but are not suitable for a ‘routine’ test design.

Although only consisting of a single cell type from the
human alveolar space, the human alveolar type-II-like A549
lung cell line (Lieber et al. 1976; Nardone and Andrews
1979) was chosen as a species- and organ-relevant cell
model. It is well-characterized, extremely reproducible to
handle, has shown promising qualities regarding the in vitro
to in vivo prediction perspective, and thus, seems well-suited
for the intended in vitro inhalation approach (Upadhyay
and Palmberg 2018; Selo et al. 2021). Moreover, predictivity
of viability read-outs for acute in vivo respiratory toxicity
may be promising especially using the A549 cell line (Lim
et al. 2021).

As a first step in the direction of in vivo prediction from
in vitro results, a concept according to Figure 1 was out-
lined. It started with (I) the rough estimation of possible

Figure 1. Concept for experimental design, starting from non-target in vitro
inhalation exposure based on worst-case conditions and aiming at quantitative
in vitro to in vivo extrapolation (QIVIVE).
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real room concentrations using the relevant nebulizer, (II)
use of these room concentrations for setting up relevant
worst-case exposure scenarios for the in vitro inhalation
model, (III) experimental identification of characteristic
toxicological values (ED50 values, LOAELs) from in vitro
dose-response and finally comparison of the characteristic
values to (IV) estimated real human exposure. The human
exposure estimation was carried out based on more realistic
calculation of equilibrium aerosol room concentrations dur-
ing real use. Comparison of in vitro results and estimated
human exposure enabled (V) discussion of a quantitative
in vitro to in vivo extrapolation approach (QIVIVE).

In summary, the concept described here aimed on deriv-
ing as much toxicological information for potential risk
assessment as possible using an alternative in vitro inhal-
ation approach. The ‘non-target’ character is understood in
two ways: (I) detection of biological effects which are not
representative for specific toxicological mechanisms or cor-
related to AOPs and (II) biological effects occur as an effect
of the exposure situation to nebulized relevant test mixtures
without detailed knowledge on material composition. Due
to the given situation of very limited information on ingre-
dients, potential validation of the developed inhalation
model could not be achieved by comparison of results to
well-known toxicological data base profiles or literature
data. Value of the approach for use of results in risk assess-
ment is based on two aspects. First, evidence exists on the
relevance of such in vitro models for in vivo prediction
(Dwivedi et al. 2018; Lim et al. 2021; Di Ianni et al. 2021)
and from using model substances in a comparable experi-
mental setting (Ritter et al. 2018). Second, it was possible to
include an experimental matrix consisting of different test
situations to evaluate the conclusiveness of the results. This
test matrix included dose-response testing using nebulized
TM1 and experimental variations of the nebulized test mate-
rials such as filtering, using the pure main component from
of nebulized TM1, only and nebulized TM2. By merging
aerosol characteristics and dose-response data a high level of
conclusiveness of the results could be shown.

Materials and methods

Aerosol generation

The reference target concentration for aerosol generation
during the in vitro inhalation testing was based on a ‘worst-
case’ assumption that neglected any physico-chemical proc-
esses resulting in a steady-state balance between generation
and depletion (aggregation, settlement by gravitation, air

change in the room and others). It was assumed that the
complete aerosol produced by the nebulizer (Prolitec,
Milwaukee, USA, Model AQ160) would stay airborne. Four
concentration levels were set based on this assumption (CL1
– CL4). The basic ‘worst-case’ scenario for TM1 was defined
based on the nebulizer output rate, a reference room size
according to the manufacturers’ advice and a continuous 1-
day use (output rate 15mg/min, room volume 135m3, 24 h)
resulting in a value of 160mg/m3 total mass concentration.
Concentration levels 1–4 were set using factors of 0.4�, 2�,
or 6� of this basic concentration resulting in a range from
60 to 900mg/m3 as target total mass concentrations.
Additional testing scenarios included filtering of the TM1
aerosol, the main component of TM1 only and TM2
(Table 1).

For aerosol generation during in vitro inhalation experi-
ments, the primary aerosol flow from the nebulizer was con-
ducted into a sheath flow of clean air and divided into a
reduced flow, which was conducted into an aerosol box
(‘AE-box,’ Ritter et al. 2018) followed by a final dilution
with clean air (Figure 2). Flows (pre-dilution flow, reduction
flow, final dilution flow) were in the ranges given in
Figure 2(a) depending on the exposure scenario to meet the
target total mass concentrations.

Aerosol characterization

The primary droplet size of the aerosol from the nebulizer
was measured by laser diffraction analysis (Malvern
Spraytec, Malvern Panalyticel Ltd, GB, 300mm lens,
0.1–900mm (Dv50: 0.5–600mm)). The ‘total mass concentra-
tion’ (total airborne material in gas and aerosol phase) was
calculated from the mass of nebulized liquid and applied
flow rates (primary flow, pre-dilution, delivered flow and
final dilution, Figure 2(a)). The mass of nebulized liquid
during cell exposure experiments was determined gravimet-
rically from the nebulizer cartridge. The ‘actual aerosol con-
centration’ in the AE-box was analyzed using gravimetrical
filter analysis after sampling directly from the box. The
‘relative aerosol concentration’ [V] was followed using a
custom light scattering photometer which was positioned
directly in front of the cell exposure device. For ‘filtered’
scenarios, a filter (Munktell LP-050, Ahlstrom, Sweden, par-
ticle retention efficiency �99.998% (0.3 mm)) was positioned
in front of photometer and cell exposure device. Hence, the
photometer validated the filter performance, while gravimetri-
cal filter analysis of the original source aerosol was still pos-
sible directly from the box. For analysis of the gas phase
concentration of the exposure atmosphere only (‘relative gas

Table 1. Exposure scenarios using nebulized TM1 and TM2, filtered aerosol and the pure main component from TM1.

Test material
Concentration

level

Target total mass
concentration

[mg/m3]
Basic

scenarios Test material
Concentration

level

Target total mass
concentration

[mg/m3]
Additional
scenarios

1 1 60 TM1-CL1 1 (filtered) 2 160 TM1 (filt.)-CL2
1 2 160 TM1-CL2 1 (filtered) 4 900 TM1 (filt.)-CL4
1 3 300 TM1-CL3 1 (main component only) 2 160 TM1 (mc)-CL2
1 4 900 TM1-CL4 1 (main component only) 4 900 TM1 (mc)-CL4

2 2 160 TM2 (filt.)-CL2
2 4 900 TM2 (filt.)-CL4

INHALATION TOXICOLOGY 3



phase concentration’), a FT-IR method was set up allowing
for analysis of relative changes in gas concentrations. A
mobile FT-IR analyzer (Gasmet DX4000) was used to deter-
mine the FT-IR spectrum of the complex gas mixture gener-
ated by nebulizing the fillings. Following basic principles of
FT-IR gas analysis methods from complex mixtures such as
DIN 38409-18:1981-02 (1981), the IR-extinction at 2933 cm−1

was analyzed, representing unspecific C-Hx vibrations.

Cell culture

The human A549 cell line (ATCCVRCCL-185TM) was pur-
chased from American Type Culture Collection (ATCC; LGC
Promochem). Cells were routinely taken from a stock pool
and grown in 75 cm2 flasks by use of Dulbecco’s MEM
medium (Seromed, Berlin) supplemented with 10% fetal
bovine serum (FBS) and antibiotics (0.01% Gentamicin) at
37 �C in a humidified atmosphere containing 5% CO2. Cells
were passaged every 3–4 days. During each passage, micro-
scopic observation was conducted and cell quality and quan-
tity were checked by use of an electronic cell counter

(CASYVR Cell CounterþAnalyzer System; Sch€arfe System,
Reutlingen, Germany). During a cell passage an aliquot of the
cells was seeded on microporous membranes (0.4mm 1cm2;
BD Falcon). Cells were cultivated on membranes for approxi-
mately 72h until they reached a confluent monolayer as
inspected by light microscopy. Serum was removed from the
culture during a medium change 18h before exposure and
residual liquid from the apical side of the cell layer. After
exposure, A549 ALI-cultures were incubated under cell-spe-
cific conditions in a cell culture incubator for 24h.

Cell exposure

Cells were exposed using an exposure device for air-liquid
interface exposure under optimized conditions (P.R.I.T.VR

ExpoCubeVR , Ritter and Knebel 2014). Briefly, ten A549 ALI
cultures were transferred into the device in a 12-well plate
and subject to aerosol exposure organized in three different
experimental groups per plate. Four wells were exposed to
the test aerosol, two wells served as non-exposure controls
without exposure flow and four wells were exposed to clean

Figure 2. Concept (a) and realization of aerosol generation and cell exposure (b,c). (1) Nebulizer and cartridge, (2) dilution system, (3) temperature and humidity
control inside AE-Box, (4) ventilator, (5) final dilution flow, (6) box waste flow, (7) custom light scattering photometer, (8) P.R.I.TVR ExpoCubeVR , (9) exposure control
(flows, temperature), (10) filter and FT-IR sampling (11) sheath air flow, (12) primary aerosol delivery, (13) pre-dilution, (14) division of aerosol flow, (15) generation
waste flow, (16) delivered flow into AE-Box.
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air. Clean air and test aerosol exposures took place using an
exposure flow of 3ml/min during application of a thermal
gradient of 15 �C (cell temperature 35 �C, aerosol tempera-
ture 50 �C). The thermal gradient produces thermophoresis
conditions, enabling effective deposition of small particles
on the cellular surfaces and homogeneous deposition rates
for particles especially in the size range below 1000 nm inde-
pendent of their individual aerodynamic size (Ritter et al.
2018). Cell exposures were conducted for 60min. Values for
a number of exposure and dose related parameters were
determined, including total mass concentration (nebulized
material in gas and aerosol phase [mg/m3]), actual aerosol
concentration [mg/m3] or surface dose (delivered aerosol
mass on the cellular surface [mg/cm2]). Surface dose was cal-
culated from actual aerosol concentration using the expos-
ure device specific deposition rate of 80% for particle-sizes
larger than 2 mm (Ritter et al. 2018 and unpublished data)
according to Equation 1.

SD ¼ DR
100

� caer � Qexpo � texpo

Equation 1: Calculation of surface dose in cell exposure
experiments from aerosol concentration. SD [mg/cm2] ¼
surface dose, DR [%] ¼ exposure-device specific deposition
rate, caer [mg/ml] ¼ aerosol concentration Qexpo [ml/(min �
cm2)] ¼ exposure flow, texpo [min] ¼ exposure time

Cellular read-outs

Viability measurement, fluorescence imaging for MMP and
unspecific stress and interleukin-8 analysis were conducted
in a combined method from the same cultures.

Viability
Tetrazolium salt cleavage was analyzed at the end of a 24-h
post-exposure incubation phase using a 10% WST-1 solu-
tion (Roche) in culture media. After 60min reaction with
the dye under cell-specific conditions in the incubator,
100ml aliquots of the culture media were transferred into
96-well plates and absorption was determined in a multi-
well reader (Spectramax plus 386, Molecular Devices,
Sunnyvale, USA) at 450 nm with a reference wavelength of
690 nm.

Live-fluorescence imaging
Before cell exposure, cultures were stained with JC-1
(Molecular Probes) and Hoechst 33258 (Sigma Aldrich) live-
fluorescence stains. Therefore, ALI cultures were incubated for
60min apically with 250ml Medium C including 5mg/ml JC-1
and 10mg/ml Hoechst 33258. Dye solution was removed and
cells were washed once with warm PBS. At times of analysis
immediately after exposure (0 h) and following to a 24-h post-
exposure incubation phase (24 h), cultures were transferred to
a high content screening system (Olympus ScanR) and fluores-
cence scanning was conducted at a 10� magnification
(Olympus UPlanSApo 10�/0.40) using 3 fluorescence channels
(Hoechst 350/450nm, JC-1 non-polarized 480/520nm, JC-1

polarized 565/595nm). Images were analyzed using an
Olympus ScanR-software package (ScanR Analysis version
3.01) in a custom image analysis process by defining regions
of interest (ROIs) based on image edge-detection and channel-
specific fluorescence intensities on the area of the cells.
Intensities from the Hoechst channel contributed to the read-
out ‘unspecific stress.’ A ratio of the fluorescence intensities
was calculated from the JC-1 polarized to non-polarized meas-
urements resulting in the mitochondrial membrane potential
(MMP) read-out.

Interleukin 8
Interleukin 8 was measured using an ELISA-based commer-
cial kit (RþD Systems). 100ml aliquots of culture media
were sampled at 24 h after exposure and analyzed according
to the protocol of the manufacturer using a microplate
absorption reader (Spectramax plus 386, Molecular Devices,
Sunnyvale, USA) and a calibration curve between 125 and
2000 pg/ml IL-8.

Statistical calculations

Percentage of control values was calculated from viability,
MMP, unspecific stress and interleukin-8 data raw data using
Microsoft Excel (Microsoft Office Professional Plus 2013).
Results from exposures to the test item were referenced to
clean air exposures. Means were calculated from read-outs of
four technical replicates exposed in parallel and represented
the result of one independent experiment. Mean values and
standard deviations for repetitions of independent experiments
were calculated for each standard exposure scenario. Best-fit
regression analysis including the calculation of confidence lev-
els at 95% was carried out using statistical software (OriginPro
2021b, OriginLab Corporation, Nothampton, USA) for dose-
response data from nebulized filling #1. Applied models for fit-
ting are given in the result figures. Results from alternative
scenarios were considered significantly different when outside
the 95% confidence interval of the dose-response fit from the
filling #1 exposures. LOAELs were defined by the first dosi-
metric values from the 95% confidence interval of a best-fit
that were correlated to <100% (MMP) or > 100% (stress, IL-
8) of control effect.

Results

Aerosol characterization

The primary aerosol was generated by the nebulizer at 1.35
lpm aerosol flow and 6–15mg/min depending on filling
type and resulted in a mean particle size of 6.0 mm as deter-
mined by laser diffraction. Against that, particle size analysis
from the nebulized TM1 at CL2 (160mg/m3) sampled from
the AE-Box resulted in a mean MMAD of 3.12mm and a
geometrical standard deviation of 1.42 mm. Results from
analysis of total mass concentrations, actual aerosol concen-
trations and relative gas-phase and aerosol concentrations in
comparison of the concentration levels using TM1 are pre-
sented in Figure 3.
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The results show that the targeted total mass concentra-
tions according to Table 1 could be successfully realized in
the AE-Box. Differences between the total mass concentra-
tion and actual aerosol concentrations are assumed to be a
result of losses during aerosol transport and sampling from
the AE-Box or partial evaporation of the nebulized substan-
ces into the gas-phase. Strong evaporation effects, however,
are also indicated by the analyzed large reduction in mean
aerosol particle size from 6 mm to 3.12 mm between the pri-
mary aerosol and the aerosol present in the AE-Box and
therefore assumed to be the most prominent reason.
Comparison of the aerosol recovery between total mass and
actual aerosol concentrations for the different scenarios
indicates a relatively stronger loss of aerosol material at the
highest concentration (Figure 3(a), recovery between 33%
and 41% for TM1 at CL1, CL2 and CL3, but 22% for CL4)
and may be a result of higher losses due to transport,
agglomeration and deposition at the highest concentration.
Relative gas-phase concentrations in comparison to relative
aerosol concentration, however (Figure 3(b)), were highest
in CL1, whereas this ratio was changing only to a low
extend with higher concentrations. A more effective evapor-
ation at lower concentrations due to higher difference to a
given saturation concentration-level in air, or a relatively
higher loss of aerosol at the lowest concentration level on
the transport from AE-box to cell exposure may be dis-
cussed as reasons for this observation. However, since the
photometer signal was used a relative signal, quantitative
interpretation should be carefully done.

Results from aerosol analysis during application of add-
itional scenarios characterized the qualities of the different
aerosols generated during filtering of nebulized TM1, from the
pure main component from TM1 and from TM2 (Figure 4):
(I) at comparable total mass-, actual aerosol- and gas-phase
concentrations to the non-filtered scenario with TM1 (Figure 3)

inside the AE-box, filtration was effective to reduce the aero-
sol concentration to non-detectability for cell exposure. (II)
In comparison to nebulization of complete TM1, nebulization
of the pure main component from TM1 only, resulted in
comparable actual aerosol concentrations in the box and rela-
tive aerosol concentrations at the point of sampling for the
cell exposure, but significantly reduced gas-phase concentra-
tions at the same time. (III) Against that, nebulization of
TM2 resulted in comparable total mass- and gas-phase con-
centrations to nebulization of TM1, but significantly reduced
actual and relative aerosol concentrations.

Cellular read-outs

Viability
None of the test scenarios resulted in a significant reduction
of cellular viability (WST-1) of exposed cells in comparison
to clean air controls after 24 h except for exposures at the
highest concentration-level using nebulized pure main com-
ponent of TM1 (TM1-CL4), where a weak effect of
89.66 ± 3.34% of control was found.

Mitochondrial membrane potential (MMP)
The effect of cell exposures toward nebulized TM1 at the
four concentration-levels on the MMP immediately (0 h) or
24 h after exposure is shown in Figure 5. The results were
plotted against the experimental total mass concentrations
as dose-metric and evaluated statistically by calculation of a
dose-response-fitting with 95% confidence intervals.

Except for exposures to the lowest aerosol concentration
(60mg/m3), all other exposure scenarios resulted in concen-
tration depending depletion of the MMP immediately after
exposure to nebulized TM1 and even more pronounced fol-
lowing to the 24 h post-exposure incubation period.

Figure 3. Results from aerosol characterization during application of basic scenarios using TM1 at different concentration levels. (a) Total mass and actual aerosol
concentration inside the AE-box. (b) Relative results from gas-phase analysis by FT-IR and aerosol concentration measurement by light scattering carried out in
front of the exposure device.
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These results from exposures toward nebulized TM1 are
compared to results from testing nebulized TM1 after filter-
ing (TM1(fitr.)), nebulized pure main component of TM1
(TM1(mc)) and nebulized TM2 (TM2) in Figure 6 by com-
pilation of the dose-response fit from testing nebulized TM1
with confidence intervals according to Figure 5 and the
results from single experiments of the other scenarios.

In agreement with the MMP data from both times of
analysis, exposures to filtered aerosol from TM1 and expo-
sures to nebulized TM2 resulted in significantly lower deple-
tion of the MMP than exposures to complete aerosol from
nebulization of TM1. MMP effects from exposures to the
nebulized pure main component from TM1 were compar-
able to the effects from complete TM1 aerosol.

Unspecific stress
Exposures to nebulized TM1 induced unspecific cellular
stress at different levels, depending on aerosol concentration
and timepoint of analysis (Figure 7).

Immediate cellular response is indicated by the cellular
stress data and was detected for all but the lowest concen-
trations from nebulizing TM1. Higher concentrations
induced a low and non-concentration dependent response
immediately after exposure and strong concentration-
depending inductions of cellular stress 24 h later.

Following the same concept of data evaluation as intro-
duced for the MMP above, unspecific stress data from expo-
sures to nebulized TM1 is presented in Figure 8 for
comparison to the results from exposures to filtered aerosol
from nebulized TM1, to nebulized pure main component
from TM1 or nebulized TM2.

Effects on cellular stress were less pronounced immediately
after exposure in comparison to 24h later. Consequently, the
measurement at 24 h characterized the discriminating effects
on the cellular stress induced by the different exposure scen-
arios more clearly. Immediately after exposure, all but expo-
sures to filtered aerosol from nebulized TM1 induced a small
effect. 24 h later, exposures to filtered aerosol from nebulizing

Figure 4. Results from aerosol characterization during application of additional scenarios. (a) Total mass and actual aerosol concentration inside the AE-box. (b)
Relative gas-phase and aerosol concentrations during sampling for cell exposure after filtering of aerosols from TM1 (TM1(filtr)), with the pure main component
from TM1 (TM1(mc)) or during nebulization of TM2 at different concentration levels (CL2 or CL4).

Figure 5. Effects on the cellular mitochondrial membrane potential (MMP) after exposure to nebulized TM1 at different concentration levels. (a) Measurement immedi-
ately after exposure (0 h); (b) measurement following to a 24-h post-exposure incubation phase. Results are presented as percentage of control in comparison to clean air
controls. Dots represent results from single exposure experiments. Statistical best-fit analysis with 95% upper and lower confidence intervals (UCL, LCL).
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Figure 7. Effects on cellular stress after exposure to nebulized TM1 at different concentration levels. (a) Measurement immediately after exposure (0 h); (b) meas-
urement following to a 24-h post-exposure incubation phase. Results are presented as percentage of control in comparison to clean air controls. Dots represent
results from single exposure experiments. Statistical best-fit analysis with 95% upper and lower confidence intervals (UCL, LCL).

Figure 8. Results from analysis of cellular stress immediately after exposure (0 h) (a) or 24 h later (b). Fit (dashed line) with confidence interval at a level of 95%
(dotted lines) represent the results from exposures toward nebulized TM1 (Figure 7). Results from single experiments using additional scenarios are shown in com-
parison (open circles¼ nebulized TM1 (filtered), black diamonds¼ nebulized main component from TM1, crosses¼ nebulized TM2). Total mass concentrations dur-
ing filtered scenarios refer to the related AE-box concentrations during these exposure scenarios before filtering. Results not lying within the confidence interval
from the TM1 fit are considered as significantly different.

Figure 6. Results from analysis of the mitochondrial membrane potential (MMP) immediately after exposure (0 h) (a) or 24 h later (b). Fit (dashed line) with confi-
dence interval at a level of 95% (dotted lines) represent the results from exposures toward nebulized TM1 (Figure 5). Results from single experiments using add-
itional scenarios are shown in comparison (open circles¼ nebulized TM1 (filtered), black diamonds¼ nebulized main component from TM1, crosses¼ nebulized
TM2). Total mass concentrations during filtered scenarios refer to the related AE-box concentrations during these exposure scenarios before filtering. Results not
lying within the confidence interval from the TM1 fit are considered as significantly different.

8 D. RITTER ET AL.



TM1 as well as to aerosols from nebulization of TM2 resulted
in a significantly reduced cellular effect in comparison to
exposures to nebulized TM1. Again (as it was the case for
MMP), exposures to nebulized pure main component from
TM1 resulted in comparable results with exposures toward
nebulized complete TM1.

Interleukin 8
Interleukin 8 was measured 24 h after exposure and results
for exposures to nebulized TM1 at different concentrations
are presented in Figure 9. With the exception of results from
the lowest concentration level at 60mg/m3 they indicate a
strong, concentration-dependent increase of IL-8 release.

Comparison of this data with results from exposures using
filtered aerosol from nebulized TM1, the nebulized pure main
component of TM1 or TM2 resulted in comparable observa-
tions to those after analysis of effects on MMP and cellular
stress (Figure 10). The strong dose-responsive effects from
exposures to complete aerosol after nebulization of complete
TM1 were significantly reduced after exposures to filtered
aerosol from TM1 or nebulization of TM2. Comparable, in
single experiments even slightly higher effects were found after
exposures to the nebulized pure main component from TM1.

Discussion

Basic concept

Aerosols generated from different fillings of a commercial
nebulizer were subject to evaluation of potential biological
effects upon inhalation using an in vitro inhalation test sys-
tem. Fillings represented potential products for commercial
use in purposeful room conditioning and data on the nature
and composition of the fillings were limited. TM1 was
treated as a potential ‘reference product’ and in vitro inhal-
ation effects from the nebulized TM1 were compared to
in vitro inhalation effects from application of exposure scen-
arios including variation of product composition or aerosol
treatment. Variations in aerosol treatment included setup of
different aerosol concentration-levels referenced to real
application and filtering of the aerosol generated by usage-
relevant nebulization. Variations in product composition
included testing of aerosols generated from the pure main
component of TM1 only and from a second test material
TM2, which was composed of an alternative main compo-
nent 2, but the same active ingredient mix that was present
in TM1 (Table 1).

Aerosol concentration levels during in vitro inhalation
testing were referenced to real application based on the
commercial nebulizer use as recommended by the manufac-
turer in a ‘worst-case scenario.’ This included the assump-
tion that the material nebulized during a 24-h period of use
would completely stay airborne, which is unlikely due to
naturally occurring processes such as evaporation, agglomer-
ation and gravitational deposition on walls, floor and furni-
ture leading to an equilibrium concentration between
aerosol generation and depletion and, consequently, to a
much lower concentration. To achieve concentration-

dependent testing of the aerosol, this basic worst-case con-
centration of 160mg/m3 was varied to higher and lower
concentrations between 60mg and 900mg/m3.

Aerosol characterization

Observations from aerosol characterization attributed dis-
criminating properties to aerosols from nebulization of
TM1, of the pure main component from TM1, or TM2 or
after filtering the aerosol from nebulization of TM1, espe-
cially regarding the presence of the 2 filling components
(main component and the active ingredient mix) in the
resulting gas- or aerosol phases after nebulization.
Nebulization of the pure main component of TM1 resulted
in comparable aerosol concentrations in comparison to the
nebulization of complete TM1 but significantly lower gas-

Figure 9. Effects on IL-8 release after exposure to nebulized TM1 at different
concentration levels. Measurements following to a 24-h post-exposure incuba-
tion phase. Results are presented as percentage of control in comparison to
clean air controls. Dots represent results from single exposure experiments.
Statistical best-fit analysis with 95% upper and lower confidence intervals
(UCL, LCL).

Figure 10. Results from analysis of Il-8 release within 24 h after exposure. Fit
(dashed line) with confidence interval at a level of 95% (dotted lines) represent
the results from exposures toward nebulized TM1 (Figure 9). Results from single
experiments using additional scenarios are shown in comparison (open cir-
cles¼ nebulized TM1 (filtered), black diamonds¼ nebulized main component
from TM1, crosses¼ nebulized TM2). Total mass concentrations during filtered
scenarios refer to the related AE-box concentrations during these exposure
scenarios before filtering. Results not lying within the confidence interval from
the TM1 fit are considered as significantly different.
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phase concentrations at the same total mass concentration-
levels. Hence, it can be concluded that the main component
1 was mainly present in the aerosol phase, whereas the
active ingredient mix from TM1 evaporated into the gas-
phase to a large extent. Nebulization of TM2 resulted in sig-
nificantly lower actual aerosol concentrations in comparison
to TM1 at the same total mass concentration. Since both
mixtures contain the identical active ingredient mix but dif-
ferent main components, this leads to the conclusion that
the pure main component 1 had a significantly lower vapor
pressure than main component 2 from TM2 (which was not
tested as a single component) leading to a higher evapor-
ation rate of its main component 2 from the aerosol phase
into the gas-phase.

These simple observations were of highest value for fur-
ther interpretation of the biological response during the
in vitro inhalation testing since they offered the unique pos-
sibility to correlate product composition, aerosol characteris-
tics after nebulization (Table 2) and biological effects.

Cellular effects

None of the tested exposure situations induced a significant
effect on viability as measured by the tetrazolium-based
assay WST-1, except for a small effect (10.34% loss of viabil-
ity against air control) after nebulization of the pure main
component 1 at the highest concentration level, which was a
highly elevated worst-case scenario. Tetrazolium-based
assays such as WST-1 or MTT are generally seen as repre-
sentatives for cell number and/or cellular viability (Slater
et al. 1963; Berridge et al. 2005; Stockert et al. 2018). Hence,
these assays are broadly used for determination of cell tox-
icity (Guertler et al. 2011) and discussed to be highly indica-
tive of in vivo acute toxicity (Lim et al. 2021). As a result,
the present experimental in vitro outcome indicates a lack
of acute respiratory toxicity potential of the aerosols from
the test items under realistic and elevated exposure concen-
trations. Due to the characteristics of the test items as
potential real products, this finding is not too surprising,
since it can be expected that the single components for fil-
lings and the main components will have been checked by
the producer based on relevant toxicity data bases (e.g.
www.echa.eu). However, since combinational toxicity effects
from complex mixtures cannot be predicted due to a lack of
knowledge, a non-target testing approach such as described
here, might be helpful to confirm the actual lack of acute
respiratory toxicity of the complex mixture.

Models for detecting potential biological sub-acute effects
upon inhalation, however, are by far harder to set up
and established approaches are rarely to find. Sub-acute
effects might result in changes in the immune-system or
have long-term consequences for health, where the term
‘sub-acute’ in the context of in vitro approaches is usually
referring to a dose-level below observation of effects on cell-
viability. Several experimental in vitro approaches are under
discussion and have been conducted to describe long-term
aka ‘chronic’ effects on respiratory tissues, such as re-organ-
ization of the basolateral cells by chronic smoking (Gindele
et al. 2020). Also, complex methods such as the guard assay
(Malmborg and Borrebaeck 2017; Grundstr€om and
Borrebaeck 2019) have been established to identify skin or
respiratory sensitizers by in vitro methods. However, all
those experimental approaches involve relatively cost- and
time-intensive biological models such as primary 3D-models
or read-outs such as gene-expressions analysis and are hard
to integrate into a more routine, cost- and time-effective
study design. For the realization of routine-design and
detection of sub-toxic effects as potential indicatives of
long-term biological changes at the same time, two live-
fluorescence endpoints which are commonly used in high
content screening (HCS) methods and FACS analysis
(Salvioli et al. 1997; Zuliani et al. 2003; Guan et al. 2004)
were integrated together with analysis of IL-8 release.
Especially IL-8 release from A549-cells showed promising
predictivity for in vivo effects (Dwivedi 2018). The non-
invasive MMP (Cossarizza et al. 1993) and stress live-fluor-
escence measurements were carried out in a repeated man-
ner kinetically at two time-points from the same cultures
and by that supported the routine-design. MMP is involved
in several toxicological pathways such as apoptosis (Bedner
et al. 1999; Kamal et al. 2015) and others. Also, evidence
has been shown for the relevance of mitochondrial dysfunc-
tion for toxicity of various types of chemicals (Dreier et al.
2019). Hence, this read-out seems well-suited for indication
for unspecific detection of potential biological effects. A
similar situation has been found for the unspecific nucleus
stress indicator. Analysis is based on DNA-stain intercal-
ation where the intensity of the staining is generally depend-
ing on the accessibility of the nuclear DNA for the stain
(Stokke and Steen 1986; Ligasov�a and Koberna 2021).
During toxicological events, the DNA can be in a less dense
packed, condensed or fragmented status in the nucleus
(Majtnerova et al. 2021) due to activation of gene

Table 2. Assignment of components of the nebulized materials to the respective aerosol phases at the different exposure
scenarios as a result of the aerosol characterization.

Scenario Composition Assignment to nebulized aerosol phases

TM1 Main component 1 Aerosol phase main component 1
Active ingredient mix Vapor phase active ingredient mix

TM1 (mc) Pure main component 1 Aerosol phase main component 1
Vapor phase negligible

TM1 (filtered) Main component 1 Aerosol phase negligible
Active ingredient mix Vapor phase active ingredient mix

TM2 Main component 2 Aerosol phase main component 2
Active ingredient mix Vapor phase main component 2

þ active ingredient mix
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transcription- repair and other mechanisms and, hence,
accessibility and following fluorescence intensity is
increased.

The results from determination of these three endpoints
resulted in a conclusive picture with respect to biological
effects correlated to exposure scenarios and concentration lev-
els. Generally, and without exception, the lowest concentra-
tion-level did not lead to any detectable biological response
according to a no observed effects level (NOEL). Exposures at
higher concentrations induced immediate MMP reduction,
immediate stress increase and enhanced interleukin-8 release
in a concentration-dependent way after nebulization of the
complete TM1 or the pure main component 1. Effects after
exposure toward filtered nebulized TM1 or nebulized TM2
were significantly lower, indicating that gas-phase effects
in this case were mainly not responsible for the detected
sub-toxic exposure effects. It is noteworthy that effects from
exposures toward nebulized TM1 and exposures toward the
nebulized pure main component 1 fitted nearly quantitatively.

A comparable low increase of cellular stress was observed
immediately after exposure to nebulized TM2 as it was
observed after exposure to nebulized complete TM1. For
TM1 exposures however, the effect persisted after 24 h in an
enhanced and concentration-level dependent manner
whereas it was only transient after exposure to nebulized
TM2, thus, not being detectable at 24 h. This may be inter-
preted as observation of an immediate cellular response and
complete cellular recovery only with TM2. Against that,
exposures to filtered nebulized TM1 did not result in any
observable biological changes.

Quantitatively, total mass concentrations during testing
of pure main component 1 included 20% more of this
material than during testing of nebulized TM1, since the lat-
ter was composed of 80% main component and 20% active
ingredient mix. This small difference might be responsible
for the slightly higher effects in the IL-8 release after expos-
ure to nebulized pure main component 1 in comparison to
results from nebulized TM1 on the basis of the total aerosol
mass concentration (Figure 10), thus, emphasizing the basic
conclusiveness of results.

In summary, following qualitative characteristics of the
test materials can be described at this level of interpretation
by combining results from aerosol characterization and
in vitro inhalation dose-response:

I. No effects from nebulized TM1 indicating strong acute
toxicity could be found

II. Nebulized TM1 induced sub-acute, concentration-level
depending effects

III. A NOEL was found for the concentrations at
60mg/m3

IV. Effects from nebulized TM1 could mainly be attributed
to the aerosol-phase, which, again, was mainly formed
by the main component from TM1

V. Change of main component 1 to main component 2
clearly decreased biological response and aerosol con-
centrations at the same time.

As a consequence, an alternative main component was
identified indicating a less harmful product during TM2
application under realistic use conditions.

Quantitative in vitro to in vivo extrapolation of results

Whereas the foregoing discussion focused qualitative in vitro
to in vivo prediction by conclusively attributing biological
effects to single components from the complex set of test
items, quantitative meaning of results has further to be dis-
cussed with the focus on two topics. (1) Discriminating bio-
logical effects between TM1 and TM2 could be based on
different toxicological characteristics between main compo-
nent 1 and main component 2 or a consequence of different
dosimetric situations. (2) The relevance of the exposure situa-
tions tested here for the human real-life exposure (QIVIVE).

Different response toward filling #1 and filling #2
Significantly lower aerosol concentrations at the same level
of total mass concentrations were produced during nebuliza-
tion of TM2 in comparison to nebulization of TM1 or the
pure main component 1 (Figure 4(a)). Moreover, any
detected biological effect could be attributed to the aerosol
phase of these testing scenarios. Conclusively, it seems rea-
sonable to change the dose-metric in the biological dose
responses (Figures 6, 8, and 10) from ‘total mass concentra-
tion’ to ‘actual aerosol concentration.’ This is shown in
Figure 11 for the stress (24 h) and interleukin-8 release as
the most pronounced detected biological effects.

Again, results from testing of nebulized TM1 are repre-
sented as fittings from statistical evaluation of results with
95% confidence limits. The resulting LOAELs were 60 and
40mg/m3 for stress and IL-8, respectively. Aerosol-concen-
trations above these LOAELs were not reached after nebuli-
zation of TM2 due to less aerosol formation at the same
level of total mass concentration in comparison to TM1. It
has been discussed above that this may be a result of a
higher vapor-pressure of the main component 2 in compari-
son to the main component 1. As a conclusion, it cannot be
decided from these data whether the reduced biological
effects from nebulized TM2 are a result of different toxico-
logical properties of the different main component or a
result of different physico-chemical properties such as a
lower vapor pressure leading to lower aerosol concentrations
at the same level of total mass concentration.

Quantitative in vitro to in vivo extrapolation of results
To reach quantitative in vitro to in vivo extrapolation of the
present in vitro results, two exposure-related topics are dis-
cussed. (a) More realistic estimation of real-life air concen-
trations during use of the nebulizer system and (2) in vivo
dose estimation.

More realistic estimation of relevant room concentrations
during real use can be achieved by considering naturally
occurring aerosol phenomena like gravitational settling and
deposition on walls, furniture, and floor as well as coagulation
processes, at least as a part of a rough model. Such
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mechanisms lead to decrease of the airborne aerosol concen-
tration and in summa to a steady-state concentration between
continuous aerosol generation and loss. This potential equilib-
rium concentration is dependent on several additional factors
such as the room air exchange rate or the dispersion coeffi-
cient. The physical distance of the nebulizer to the human
being as the receptor is also an important factor in this con-
text. By taking these factors into account and applying basic
principles of aerosol technology (Baron and Willeke 2001)
equilibrium concentrations as displayed in Table 3 have been
calculated.

Without including additional, individual room character-
istics such as furniture, non-consistent air exchange flows or
others, the results demonstrate significantly lower equilib-
rium aerosol concentrations than the originally assumed
worst-case concentration of 160mg/m3 (total mass concen-
tration) and 59.39mg/m3 (actual aerosol concentration) for
nebulized TM1.

Since results attributed any biological effects to the aero-
sol-phase of the nebulized fillings only, gas-phase exposure
will not be included into dosimetric evaluations for
QIVIVE. Transfer of data from dose-response with ‘total
mass concentration’ to ‘actual aerosol concentration’ as

relevant dose-metric delivered LOAELs for the most sensi-
tive biological read-outs stress (24 h) and IL-8 release. The
relevant in vitro dose, however, is not represented by aerosol
concentration but by aerosol deposition on the surface of
the cells. Meanwhile, it is common sense that the surface
dose can be a relevant dose-metric to translate in vitro to
in vivo results quantitatively (Schmid and Cassee 2017). The
in vitro surface dose (SD) at the LOAEL exposure situation
can be calculated according to equation 1 using the expos-
ure flow rate (3ml/min), exposure time (60min) and the
specific deposition rate under the experimental conditions.
The deposition rate using the P.R.I.T.VR ExpoCubeVR exposure
device is a conservative value which is mainly dependent on
particle size and can be assumed 80% for the present 3.2mm
particles (Ritter et al. 2018). 8.64mg/cm2 or 5.76mg/cm2

aerosol surface doses resulted for in vitro LOAEL exposures
for stress (24 h) and IL-8 read-outs, respectively.

As the corresponding in vivo values for QIVIVE, the
inner lung surface load could be estimated for human
exposure based on the equilibrium concentrations as pre-
sented in Table 3, the particle diameter of 3.2 mm and
assuming an 8 h working day single exposure, a tidal volume
of 0.8 l, a breathing rate of 16.5 l/min, and an inner lung

Table 3. Estimation of more realistic room concentrations during nebulization using the given nebulizer at maximum output according
to the manufacturers’ manual in a 54m2 room for different use cases including variations of room air exchange rate and nebulizer to
receptor distance.

Case Characteristic Equilibrium aerosol concentration

Conservative � Small distance nebulizer to receptor: 1 m
� Small dispersion coefficient: 0.01 m2/s
� Air exchange rate 1/h

3.69mg/m3

Case 1 Increased turbulent diffusion coefficient: 0.05 m2/s 2.25mg/m3

Case 2 Increased distance nebulizer to receptor:3 m 1.92mg/m3

Case 3 (‘best case’) Increased air exchange rate: 5/h 0.67mg/m3

Table 4. QIVIVE based on in vivo human exposure estimation and experimental in vitro inhalation LOAEL values.

In vivo In vitro
In vitro/in vivo

Estimation Scenario Equilibrium aerosol concentration Surface dose LOAEL Surface dose Factor

‘Pessimistic’ Conservative case 3.69mg/m3 22.52 ng/cm2 40mg/m3(IL-8) 5.76 mg/cm2 256
‘Optimistic’ Case 3(‘best case’) 0.67mg/m3 4.1 ng/cm2 60mg/m3(stress 24 h) 8.64 mg/cm2 2110

Figure 11. Results as presented in Figure 8(b) for stress and Figure 10 for interleukin-8 release transferred to the actual aerosol concentration as dose-metric.
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surface of 75m2 which are typical data for an average
human being. A relative particle retention of 81.5%. was
evaluated by application of MPPD software (Asgharian et al.
2001). 22.52 ng/cm2 and 4.1 ng/cm2 resulted from these cal-
culations for the ‘conservative’ or ‘case 3’ use-cases repre-
senting the highest and lowest potential exposure levels in
the exposure model.

In vitro dosages from the LOAEL exposure situations and
in vivo dosages from the two use-cases are compared in
Table 4. The calculated in vitro/in vivo factor represents the
relative difference between the human lung exposure esti-
mated for the use-cases on an 8-h working day and the
onset of a biological effect as derived from the in vitro
inhalation approach.

In the ‘pessimistic’ case, it would need a 256 times higher
dosage to induce a biological effect in real-life exposure
than from actual exposure estimated. However, for uncer-
tainties during translational approaches such as translation
from animal to human exposure, a safety factor of 100
would have to be applied during safety assessment, leaving a
factor of 2.56 or 21.1 in the ‘optimistic’ case. Additionally, it
must be considered that repeated exposures are likely such
as exposure during following working days. Assuming a 5-
day work week and a lack of knowledge on lung clearing
mechanisms and ADME during that time, this situation
might result in reaching the in vitro-derived LOAEL level.

Although having experimentally started with clearly
unrealistic worst-case concentration-levels, the resulting data
nevertheless delivered valuable information for a QIVIVE
approach and showed that the potential onset of biological
effects as determined in vitro might have relevance for the
in vivo situation. Moreover, with TM2 an even less harmful
potential design product could be identified based on the
in vitro inhalation experimentation. This represents impor-
tant data for safety assessment of product or product varia-
tions and may therefore be a valuable tool for safety
assessment strategies in the future.

Conclusion

The study shows how much information can be drawn on
potential biological effects, in vivo relevance and the contri-
bution of single components or individual aerosol
compounds by application of a routine in vitro inhalation
non-target testing approach although starting from a min-
imum of information on test materials and ending up in a
QIVIVE approach. It is undoubtable that many uncertainties
exist on the level of interpretation for conducting a QIVIVE
approach such as experimental validation of the predictivity
of the in vitro inhalation model, accuracy of LOAEL deter-
mination, human exposure estimation and others. However,
it seems unrealistic that experimental validation by ‘classic’
approaches for such in vitro inhalation approaches could
ever be carried out, since in vivo animal inhalation data are
lacking even for single substances which in this case would
also not help due to highly complex nebulized compounds
and the need to translate to human exposure. Hence, it is
expected that approaches like this will be of highest value

for product safety and environmental health for inhalable
products in the future, offering a high potential for toxico-
logical interpretation at reasonable effort without any
involvement of animal experimentation. Beyond that, grow-
ing knowledge from various applications might increase the
certainty on in vitro to in vivo prediction and enhance fur-
ther improvement of study design and interpretation of
results.
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