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A B S T R A C T   

Contamination of aircraft cabin air can result from leakage of engine oils and hydraulic fluids into bleed air. This 
may cause adverse health effects in cabin crews and passengers. To realistically mimic inhalation exposure to 
aircraft cabin bleed-air contaminants, a mini bleed-air contaminants simulator (Mini-BACS) was constructed and 
connected to an air-liquid interface (ALI) aerosol exposure system (AES). This unique “Mini-BACS + AES” setup 
provides steady conditions to perform ALI exposure of the mono- and co-culture lung models to fumes from 
pyrolysis of aircraft engine oils and hydraulic fluids at respectively 200 ◦C and 350 ◦C. Meanwhile, physico-
chemical characteristics of test atmospheres were continuously monitored during the entire ALI exposure, 
including chemical composition, particle number concentration (PNC) and particles size distribution (PSD). 
Additional off-line chemical characterization was also performed for the generated fume. We started with sub-
merged exposure to fumes generated from 4 types of engine oil (Fume A, B, C, and D) and 2 types of hydraulic 
fluid (Fume E and F). Following submerged exposures, Fume E and F as well as Fume A and B exerted the highest 
toxicity, which were therefore further tested under ALI exposure conditions. ALI exposures reveal that these 
selected engine oil (0–100 mg/m3) and hydraulic fluid (0–90 mg/m3) fumes at tested dose-ranges can impair 
epithelial barrier functions, induce cytotoxicity, produce pro-inflammatory responses, and reduce cell viability. 
Hydraulic fluid fumes are more toxic than engine oil fumes on the mass concentration basis. This may be related 
to higher abundance of organophosphates (OPs, ≈2800 µg/m3) and smaller particle size (≈50 nm) of hydraulic 
fluid fumes. Our results suggest that exposure to engine oil and hydraulic fluid fumes can induce considerable 
lung toxicity, clearly reflecting the potential health risks of contaminated aircraft cabin air.   

1. Introduction 

Concerns have been raised regarding the potential health risks of 
exposure to contaminated air in aircraft cabins (Michaelis, 2011; 
Ramsden, 2012; Winder and Michaelis, 2005). Health effects reported 
by a fraction of aircraft cabin crews include cough, sore throat, nausea, 
dizziness, disorientation, and tremors during flight. Those health com-
plaints, which are sometimes collectively referred to as “aerotoxic syn-
drome” (Michaelis et al., 2017; Van Netten, 2005), have been associated 
with exposure to cabin air contaminants, particularly during so-called 

fume events (Abou-Donia et al., 2013; Brown et al., 2001; Reneman 
et al., 2016; Winder and Michaelis, 2005). 

The primary source of outside air used to pressurize and ventilate the 
cabin and cockpit (so-called “bleed air”) is extracted from the main 
engine compressors (during flight) or from the Auxiliary Power Unit (on 
ground level). Bleed air passes through the air conditioning system (so- 
called “PACKs”) of the Environmental Control System (ECS) before 
being distributed to aircraft cabin and cockpit. However, during this 
process, bleed air contamination may occur, for example, due to oil 
leaks. Oils from those leaks are subjected to high temperatures and their 
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thermal degradation products can contaminate bleed air, subsequently 
resulting in aircraft cabin air contamination (Michaelis, 2011; Michaelis, 
2016). It has been reported that organophosphates (OPs), volatile 
organic compounds (VOCs), carbon monoxide (CO) and ultrafine par-
ticles (UFPs, particle size <100 nm) are the main contaminants (Denola 
et al., 2011; Howard et al., 2018; Shehadi et al., 2016; Solbu et al., 
2011). 

Inhalation exposure to a complex mixture of those contaminants in 
an aircraft cabin may pose considerable health risks for crews and pas-
sengers (Michaelis et al., 2017). A large health survey on 4011 flight 
attendants, conducted by the Occupational Health Research Consortium 
in Aviation (OHRCA) in 2014, showed that almost 50% of flight atten-
dants reported one or more symptoms, in which respiratory symptoms 
and neurological problems accounted for 23% and 17%, respectively 
(OHRCA, 2014). However, given the difficulties to capture fume events 
in real time in aircraft cabins, current information on characteristics of 
fume events as well as their inhalation toxicity is still scarce. 

The use of a simulation setup for generating fumes under controlled 
laboratory conditions allows a steady output of test atmospheres to 
measure the composition (e.g. chemicals and particles) of fume events, 
regardless the type and state of the engine or ECS. It has been reported 
that various chemicals can be derived from simulated fume events, of 
which CO and tricresyl phosphate (TCP) isomers were the most 
frequently reported compounds (Van Netten and Leung, 2001; Winder 
and Balouet, 2002). High concentrations of UFPs were also detected 
after pyrolysis of aircraft engine oils (Amiri et al., 2017; Mann et al., 
2014). The chemical composition of fume emissions from laboratory 
pyrolysis can differ depending on oil types (Van Netten and Leung, 
2001), which probably affects toxic properties of the generated fumes. 
Therefore, understanding the composition profile of fumes generated 
from different types of aircraft engine oil and hydraulic fluid is essential 
for further investigation of inhalation toxicity by cabin air 
contaminants. 

Upon inhalation, particles can be gradually deposited onto human 
tracheobronchial epithelium based on the size and aerodynamic 
behaviour (Braakhuis et al., 2014). Therefore, human bronchial 
epithelial cell models are preferred for inhalation exposure studies. To 
more accurately evaluate the responses to UFPs originating from, for 
example, pyrolyzed oils, macrophages can be added onto the epithelial 
carpet (Ji et al., 2018; Wottrich et al., 2004), as macrophages are known 
to play an important role in the uptake and clearance of particles in the 
lungs (Hu and Christman, 2019). Importantly, cell models should allow 
for a continuous exposure to the generated fumes under air-liquid 
interface (ALI) exposure conditions to realistically mimic inhalation 
exposure of the bronchial epithelium. 

The primary goal of this study is to investigate the hazards of 
simulated aircraft fume events under controlled laboratory conditions. 
We hypothesize that aircraft engine oil and hydraulic fluid fumes can 
induce cytotoxicity and inflammation responses in human lung cell 
models under ALI exposure conditions. To test this hypothesis, a mini 
bleed-air contaminants simulator (Mini-BACS) was set up for generating 
fumes, including 4 types of engine oil fumes (Fume A, B, C, and D) and 2 
types of hydraulic fluid fumes (Fume E and F). Chemical composition, 
particle number concentration (PNC), and particles size distribution 
(PSD) of the generated fumes were investigated. For testing the toxicity 
of the generated fumes in vitro, we started with submerged exposure of 
the lung model to establish a dose-response relationship to gain a basic 
understanding of their toxic potency. In accordance with the results 
obtained from submerged exposure, the 4 types of fume samples that 
exerted the highest toxicity were selected and subsequently tested under 
ALI exposure conditions to further evaluate their toxicity. An aerosol 
exposure system (AES) was connected with the Mini-BACS to allow long- 
term ALI exposure to the generated fumes using a monoculture of human 
bronchial epithelial (Calu-3) cells and a co-culture of Calu-3 + human 
monocyte-derived macrophages (MDMs). Adverse effects on the cell 
models, including changes in transepithelial electrical resistance 

(TEER), cell viability, lactate dehydrogenase (LDH) release and in-
flammatory responses, were measured at 24 h post exposure. Addi-
tionally, the off-line chemical characterization was performed to 
measure the concentrations of aldehydes-ketones, OPs, VOCs, and 
organic acids in the generated aircraft cabin fumes. 

2. Materials and methods 

2.1. Chemicals and reagents 

We selected 4 types of engine oil and 2 types of hydraulic fluid that 
are the most abundant based on market share. More information of those 
samples, provided by distributors of aviation oils and fluids, is shown in 
Table S1. Culture medium and supplements, as well as enzyme-linked 
immunosorbent assay (ELISA) kits for measuring interleukin (IL)-6, IL- 
8, IL-10 and tumor necrosis factor (TNF)-α were purchased from Life 
Technologies (Thermo Fisher Scientific Inc., the Netherlands); WST 
assay kit was purchased from Promega (Fitchburg, Wisconsin, USA); 
LDH detection kit was purchased from Roche Diagnostics (Mannheim, 
Germany); All other chemicals, unless otherwise noted, were purchased 
from Sigma Aldrich (the Netherlands). 

2.2. Cell culture under submerged and ALI conditions 

Calu-3 cells purchased from American Tissue Culture Collection 
(ATCC, Rockville, MD) were cultured in minimum essential medium 
(MEM) with 10% fetal bovine serum (FBS), 1% Non-Essential Amino 
Acid (NEAA) solution and 1% penicillin/streptomycin. Primary human 
CD14+ monocytes isolated from buffy coats (Sanquin, the Netherlands) 
were differentiated to MDMs by addition of macrophage colony- 
stimulating factor (M-CSF, 50 ng/mL) for 6 days as previously 
described (He et al., 2021). Monocytes and macrophages were cultured 
in RPMI-1640 medium with 10% FBS and 1% penicillin/streptomycin. 
All cells were cultured in flasks in an incubator with 5% CO2 at 37 ◦C. 

When reaching approximately 80% confluence, Calu-3 cells were 
detached enzymatically by 0.05% trypsin-EDTA. Then, 0.5 mL of cell 
suspension (density: 2.5 × 105 cells/mL) was seeded on the apical side of 
cell culture inserts (0.4 μm pore membrane, 1.12 cm2 polyester mem-
brane, Costar, Germany) in 12-well plates, with 1.5 mL cell culture 
medium on the basolateral side of the inserts for nutrient supply. After 
submerged culture for 7 days to reach confluence, the apical medium 
was removed to obtain ALI conditions. Calu-3 cells on the inserts were 
cultured for an additional 7 days under ALI conditions before being used 
for subsequent ALI exposure or co-culture with MDMs. To create the 
Calu-3 + MDM co-culture model, 0.5 mL of MDMs suspension was added 
onto the Calu-3 epithelial carpet for 4 h with a density of 5 × 104 

macrophages/cm2. After removing the apical medium, the Calu-3 +
MDM co-culture model was cultured for an additional 20 h under ALI 
conditions. During cell culture on the inserts, the apical and basolateral 
medium were refreshed every 2 or 3 days. 

2.3. Mini-BACS setup 

As illustrated in Fig. 1, aircraft engine oil and hydraulic fluid samples 
were guided to a spray nozzle (Schlick, Germany) by an adjustable 
motor driven syringe to be nebulized with pre-heated (90 ◦C) air into a 
heated mixing chamber (90 ◦C), controlled by a mass flow controller 
(MFC). The fumes then flowed through an oven (R50/500/12, Naber-
therm, Germany) for pyrolysis and vaporization. In previous studies, 
pyrolysis experiments were performed at various temperatures in the 
range from 200 to 600 ◦C (Amiri et al., 2017; Mann et al., 2014; Van 
Netten and Leung, 2001). Different temperatures will most likely have 
an effect on aerosol characteristics, however, according to the report of 
National Research Council (NRC) (2002), typical conditions for bleed air 
of an aircraft engine do not exceed 350 ◦C (NRC, 2002). To realistically 
reflect conditions during fume events, we therefore used 350 ◦C and 
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200 ◦C as the pyrolysis temperature for aircraft engine oils and hydraulic 
fluids, respectively. The whole system was kept pressurized at around 3 
bar using a critical orifice downstream of the oven and a back pressure 
regulator. After expanding through the critical orifice to atmospheric 
pressure, the generated fumes were diluted and cooled with compressed 
air controlled by a MFC to 20–25 ◦C measured by a temperature sensor, 
and transferred to a buffer tank made of anodized aluminum. To 
continuously monitor the characteristics of test atmospheres in the 
buffer tank, including PNC, PSD, and concentrations of VOCs and CO, 
we used a condensation particle counter (CPC) 3752 (TSI inc., St Paul 
MN, USA), a scanning mobility particle sizer (SMPS) 3936 (TSI inc., St 
Paul MN, USA), a total hydrocarbon analyser (THCA) RS 55-T (Ratfisch 
Analysensysteme GmbH., Poing, Germany) and a gas filter correlation 
CO analyser model 300E (ENVIRO-TEC., Largo Lakes Blvd, USA). 

2.4. Fume sampling, chemical analysis and submerged exposure 

Fumes generated from aircraft engine oil and hydraulic fluid with the 
Mini-BACS were collected for chemical analysis and in vitro toxicity 
testing via submerged exposure. Concentrations of aldehydes-ketones 
(C1 - C6), OPs (32 OPs), VOCs (C6 - C12), and organic acids (C1 - C8) 
in collected fume samples were measured. Details of sampling, extrac-
tion and chemical analysis can be found in the Supplementary Material. 

To perform submerged exposure, Calu-3 cell suspension (density: 8 
× 105 cells/mL) was added into 96-well plates (100 µL per well) and 
cells were cultured for 24 h to reach confluence. Before submerged 
exposure in 96-well plates, fume extracts in vials (described in the 
Supplementary Material) were dissolved in pure DMSO to make stock 
solutions at 100 mg/mL. The solution of each fume sample was 

subsequently diluted in Calu-3 cell culture medium to 8 exposure doses 
ranging from 4 to 512 µg/mL containing 0.5% DMSO. Calu-3 cells were 
exposed to those samples at 8 doses in triplicate for 24 h. The medium 
suspension of blank filter extracts containing 0.5% DMSO and the fresh 
culture medium were used as negative controls and medium controls, 
respectively. 

2.5. ALI exposure to the generated fumes 

The AES (Vitrocell, Waldkirch, Germany) used for this study has 4 
exposure modules, including 1 module for exposure to clean air and 3 for 
exposure to the generated fumes at different doses (Fig. 1 and Figure S1). 
Before starting an exposure, we filled each well in the modules with 3.5 
mL of Calu-3 cell culture medium and then transferred the inserts with 
the cells to each well. From the buffer tank (described in 2.3), streams of 
the generated fumes were fed into three manifolds where fumes were 
diluted with compressed air. A small volume of fume taken from each 
manifold was sprayed via the AES, with a flow-rate at 5 mL/min, onto 
the cells on the inserts for 4 h at 37 ◦C and 85% humidity. Compressed 
clean air with the same flow-rate was used as clean air control. The main 
flow of fume or compressed air through each manifold (5 L/min) was 
collected on filters (PTFE Membrane Disc Filters − 2 µm, VWR, the 
Netherlands) for calculating their mass concentrations during exposure: 

Mass concentration(mg/m3) =
Fume mass on the filter (mg) × 1000

5 L/min × 240 min 

Notably, nucleation may occur when the emission of the oil vapor 
cools down to reach temperatures that also are present in aircraft cabins. 

Fig. 1. Schematic representation of the mini bleed-air contaminants simulator (Mini-BACS, top) and ALI aerosol exposure system (AES, bottom). The Mini-BACS is 
connected to the AES for exposure to the generated fumes in vitro. The AES contains 4 exposure modules including 1 module for exposure to clean air (air control) and 
3 for exposure to the generated fumes at 3 doses each. For online measurement of particle number concentration (PNC), particle size distribution (PSD), and 
concentrations of volatile organic compounds (VOCs) and CO, the AES is connected to a condensation particle counter (CPC), a scanning mobility particle sizer 
(SMPS), a total hydrocarbon analyzer (THCA) and a gas filter correlation carbon monoxide (CO) analyzer. 
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In our study, particle agglomeration may mostly occur between the 
generation of oil fumes (after cooling down) and deposition onto the 
cells. This gives a very short residence time of the generated fumes (<2 
s) during this process, thus reducing chance of particle agglomeration. 
Meanwhile, 4 inserts were placed in an incubator: 3 for incubator con-
trols and 1 for measuring the maximum LDH release (LDHmax) in the 
cells. After exposure in the AES for 4 h, the inserts with the cells were 
placed back to new 12-well plates with 1.5 mL culture medium on the 
basolateral side and transferred to an incubator for an additional 24- 
hour exposure. 

2.6. Biological responses after submerged and ALI exposures 

After submerged exposure to fume samples collected from pyrolysis 
of aircraft engine oils and hydraulic fluids for 24 h, viability of Calu-3 
cells was measured via the WST assay as previously described (He 
et al., 2018) to establish the dose-response relationship for engine oil 
and hydraulic fluid samples. 

TEER values of the Calu-3 monoculture and the Calu-3 + MDMs co- 
culture on the inserts were measured after exposure under ALI condi-
tions for 24 h as an important indicator of barrier function and integrity 
in the lung cell models. The Evom2 Voltohmmeter with 4 mm chopstick 
electrodes (World Precision Instruments Inc., FL, USA) was used for 
TEER measurement by adding 0.5 mL culture medium to the apical side 
of the inserts. TEER values were corrected for the insert surface area 
(1.12 cm2) and for the resistance of cell-free 12-well inserts (≈130 
Ohm). After measuring TEER, apical and basolateral medium were 
collected and viabilities of the cells on the inserts were measured using 
the WST assay. Briefly, cells on the inserts were incubated with 10% 
WST solution for 30 min before absorbance measurement was per-
formed as previously described (He et al., 2020). To investigate cyto-
toxicity, LDH release in the apical and basolateral medium was 
measured. Briefly, 100 μL of medium and 100 μL of LDH reagent were 
successively added to a 96-well plate and then incubated at room tem-
perature (in dark) for 20 min before absorbance measurement. LDH 
values were corrected for the maximum LDH release (LDHmax) as pre-
viously described (He et al., 2020). In addition, production of cytokine 
IL-6, IL-8, IL-10 and TNF-α as markers for inflammatory responses in 
medium was measured using ELISA kits according to the manufacturer’s 
protocol. 

2.7. Statistical analysis 

Results from submerged exposures were obtained from 2 indepen-
dent experiments for each fume type, with 3 parallel inserts per exper-
iment. Results from ALI exposures were obtained from 1 or 2 
independent experiments for each fume type, with 3 or 4 parallel inserts 
per experiment. Differences between groups were compared by one-way 
analysis of variance (ANOVA), a p-value ≤ 0.05 is considered statisti-
cally significant. Data analysis was conducted using GraphPad software 
(version 8.2.1). Benchmark dose (BMD) analysis was used to derive a 
dose–response relationship for each fume sample (PROAST, version 
67.0, www.rivm.nl/proast). More information of BMD analysis was 
described in our earlier study (He et al., 2020). In accordance with the 
European Food Safety Authority (EFSA) as well as taking the variation of 
the data into account, a 20% increase compared to incubator controls in 
total levels (apical + basolateral) of LDH release and inflammatory cy-
tokines production was chosen as a benchmark response (BMR) for 
modelling (EFSA, 2009). After fitting the data to several models, the 
Exponential model turned out to be the optimal model for analysis. The 
lower 5% (BMDL) and upper 95% (BMDU) confidence limits (90% BMD 
confidence interval (BMDc.i.)) and the mean BMD of each fume were 
derived from the model analysis for effect markers. BMDc.i. was used for 
potency comparison between fume samples. More overlap between the 
BMDc.i of fume samples indicates less difference in their potency. If 
there was no 20% change or no BDMU determined at the tested dose- 

range, fume sample was not included in the rank order. 

3. Results 

3.1. Chemical profiles of fume samples 

The concentration (µg/m3) of aldehydes-ketones (C1 - C6), OPs (32 
OPs), VOCs (C6 - C12), and organic acids (C1 - C8) in the collected fume 
samples were measured and total levels of aldehydes-ketones, OPs, 
VOCs, and organic acids were calculated (Fig. 2A and Table S2). Overall, 
engine oil fumes (Fume A, B, C and D) showed different concentration 
profiles. Total level of aldehydes-ketones was comparable among Fume 
A, B and D, around 6000 µg/m3, which was higher than that of Fume C at 
4257 µg/m3. Fume B and C had a comparable OP level (≈2400 µg/m3), 
which was around 2 and 5 times as high as that of Fume D (1077 µg/m3) 
and Fume A (495 µg/m3), respectively. Fume D had the highest level of 
organic acids (1246 µg/m3), followed by Fume B (825 µg/m3), Fume A 
(709 µg/m3), and Fume C (340 µg/m3). Total VOCs levels of engine oil 
fumes were relatively low ranging from 93 to 378 µg/m3. In comparison 
to engine oil fumes, hydraulic fluid fumes had much lower levels of 
aldehydes-ketones (<80 µg/m3) and organic acids (<10 µg/m3), but 
relatively high levels of OP (≈2800 µg/m3). The two hydraulic fluid 
fumes showed a comparable chemical profile, with the exception of total 
VOCs level which was around 60 times higher measured in Fume E 
(≈600 µg/m3) compared to Fume F (≈10 µg/m3). 

3.2. Cell viability after submerged exposure 

For viability of Calu-3 cells under submerged exposure conditions, a 
clear dose-response relationship was observed for all of fume samples at 
doses > 32 µg/mL (Fig. 2B). The median lethal concentration (LC50) of 
fume samples for Calu-3 cells was calculated to rank their potency. Fume 
E and F had relatively low LC50 at 80 and 100 µg/mL, respectively, 
followed by Fume A and B at around 250 µg/mL, and Fume C and D at 
around 480 µg/mL. This indicates the higher toxicity of Fume E and F 
(hydraulic fluid fumes) as well as Fume A and B (engine oil fumes), 
which were therefore selected for subsequent ALI exposure using the 
Calu-3 monoculture cell model. Fume F was also tested using the Calu-3 
+ MDM co-culture model. 

3.3. Characteristics of test atmospheres during ALI exposure 

ALI exposure experiments were performed to more closely mimic 
inhalation exposure during a fume event. For ALI exposure, aircraft 
engine oils and hydraulic fluids were pyrolyzed at stable temperatures 
around 350 ◦C and 200 ◦C, respectively. In parallel, the characteristics of 
test atmospheres, including PNC, PSD and concentration of VOCs and 
CO, were continuously monitored during ALI exposure (Fig. 3 and 
Table 1). The geometric mean (GM) mobility diameter of engine oil 
fumes (≈100 nm) was twice as large as that of hydraulic fluid fumes 
(≈50 nm). The mean PNC of engine oil fumes was around 2.0 × 108/ 
cm3, which was higher than that of hydraulic fluid fumes (≈8.5 × 107 

/cm3). The mean concentrations of VOCs and CO measured in engine oil 
fumes were around 10 and 20 ppm, respectively, which were higher 
than VOCs and CO levels of hydraulic fluid fumes (≈5.5 and 0.7 ppm, 
respectively). Mass concentrations of the generated fumes during ALI 
exposure were also calculated (Table 1). The highest exposure concen-
tration was 100 mg/m3 for Fume A and B, 55 mg/m3 for Fume E, 90 mg/ 
m3 for Fume F with the Calu-3 monoculture, and 50 mg/m3 Fume F with 
the Calu-3 + MDM co-culture. 

3.4. Barrier functions and cell viability after ALI exposure 

We measured TEER values and viabilities of the cells after ALI 
exposure to the different fumes for 24 h (Fig. 4). Compared to TEER 
values of controls, Calu-3 cells showed comparable TEER levels (≈1000 
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Ohm × cm2) after exposure to engine oil fumes at the tested dose-range. 
After exposure to hydraulic fluid fumes, a significant drop of the TEER 
value (lower than 500 Ohm × cm2, p < 0.05) was observed in the Calu-3 
cells at the highest exposure dose. However, there was no significant 
change in TEER values of the Calu-3 + MDM co-culture in response to 
hydraulic fluid fume (Fume F) exposure (Fig. 4A). After 24-hour expo-
sure to engine oil fumes up to 100 mg/m3, Calu-3 cells retained high cell 
viabilities (>80%), indicating the absence of cytotoxic effects. After 
exposure to hydraulic fluid fumes, viabilities of Calu-3 cells fell below 
80% at >55 mg/m3 of Fume E and 45 mg/m3 of Fume F. In comparison 
to the Calu-3 monoculture, the Calu-3 + MDMs co-culture retained a 
high cell viability (>80%) after exposure to Fume F up to 50 mg/m3 

(Fig. 4B). 

3.5. LDH release under ALI exposure conditions 

In response to aircraft engine oil and hydraulic fluid fumes exposure, 

LDH levels on the apical side of the Calu-3 monoculture and the Calu-3 
+ MDM co-culture were comparable (≈ 7% of LDHmax) over the tested 
dose-ranges (Fig. 5A). In contrast, on the basolateral side, an increase in 
LDH release was observed at the highest dose for all of the generated 
fumes, with the exception of Fume A. BMD values of fume samples 
inducing a 20% increase in total level (apical + basolateral) of LDH 
release were derived from BMD analysis to rank their degree of cyto-
toxicity (Fig. 5A and Table 2). The BMDU of Fume A could not be 
determined at the tested dose-range, indicating its low cytotoxicity. 
Fume A was consequently not included in the rank order. According to 
the BMD values of hydraulic fluid fumes for LDH release (Table 2), 
BMDc.i. of Fume F in the Calu-3 monoculture (23–28 mg/m3) was 
comparable to that in the Calu-3 + MDMs co-culture (27–34 mg/m3). 
Using the Calu-3 monoculture, the BMDc.i (23–28 mg/m3) of Fume F 
was lower than that of Fume E (35–45 mg/m3). The BMDc.i of hydraulic 
fluid Fume E and F in the Calu-3 monoculture was much lower compared 
to the BMDc.i of engine oil Fume B (67–78 mg/m3), indicating higher 

Fig. 2. Chemical profiles of fume samples collected on filters (A) and cell viability after submerged exposure to fume samples (B). (A) Total concentrations of 
aldehyde-ketones (C1- C6), OPs (32 types of OPs), organic acids (C1 – C8), and VOCs (C6 – C12) in the collected engine oil (Fume A, B, C, and D) and hydraulic fluid 
(Fume E and F) fumes. (B) Viability of the Calu-3 cells, determined using the WST assay, after submerged exposure to each fume sample for 24 h at 8 doses from 4 to 
512 µg/mL. The red dotted line in (B) indicates 50% viability. LC50 represents the median lethal concentration (µg/mL) of fume samples under submerged exposure 
conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cytotoxicity of hydraulic fluid fumes. 

3.6. Inflammatory responses under ALI exposure conditions 

Production of inflammatory cytokines (IL-6 and IL-8) in the apical 
and basolateral medium from mono- and co-culture cell models was 
measured after ALI exposure for 24 h (Fig. 5B and Fig. 5C). In general, 
levels of IL-6 and IL-8 on the apical side were much higher than on the 

basolateral side. On both apical and basolateral sides, an increase in IL-6 
production was clearly seen for all of the generated fumes at the highest 
dose, with the exception of engine oil Fume A (Fig. 5B). For IL-8 pro-
duction, an increase on both sides was observed only for hydraulic fluid 
Fume F at the highest dose using the Calu-3 monoculture model 
(Fig. 5C). IL-10 and TNF-α, markers for macrophages, were not detected 
on either side of the Calu-3 monoculture and the Calu-3 + MDM co- 
culture models exposed to engine oil and hydraulic fluid fumes at the 

Fig. 3. Characteristics of test atmospheres during ALI exposure in the AES for 4 h. (A) Oven temperature for pyrolysis, (B) particle size distribution, (C) CO con-
centration, and (D) VOCs concentration of fumes generated from engine oils (Fume A and B) and hydraulic fluids (Fume E and F) during ALI exposure using the Calu- 
3 monoculture cell model. Fume F was also tested using the Calu-3 + MDM co-culture model. 
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tested dose-range (data not shown). 
BMD values of each fume sample evoking a 20% increase of total 

levels (apical + basolateral) of IL-6 and IL-8 production were obtained 
from BMD analysis (Fig. 5B, Fig. 5C and Table 2). For aircraft engine oil 
fumes, the BMDU of Fume A for IL-6 production could not be determined 
and Fume A and B were not able to induce a BMR for IL-8 production. 
Therefore, Fume A was not included in the rank order of IL-6 and IL-8 
production and Fume B was not included in the rank order of IL-8 pro-
duction. This also indicates few pro-inflammatory effects of engine oil 
fumes at the tested dose-range. In comparison, a 20% increase of IL-6 
and IL-8 production was identified for hydraulic fluid fumes. Howev-
er, no distinctions were observed due to the substantial overlap between 
BMDc.i. of Fume E and Fume F (monoculture). Also, minor differences in 
BMDc.i. for IL-6 and IL-8 production were seen between the Calu-3 
monoculture and the Calu-3 + MDMs co-culture in response to Fume 
F exposure. 

4. Discussion 

Earlier studies conducted with simulated fume events under labo-
ratory conditions mainly focused on the composition (e.g. chemicals and 
particles) of aircraft engine oil and hydraulic fluid fumes (Amiri et al., 
2017; Mann et al., 2014; Van Netten and Leung, 2001). Our unique 
combination of a Mini-BACS and an AES integrates generation of fumes 
from aircraft engine oils and hydraulic fluids via a bleed-air simulator 
under controlled conditions, deposition of the generated fumes onto the 
cells with a continuous airflow via the AES, and online physicochemical 
measurements of test atmospheres during the entire ALI exposure. This 
system thus provides a realistic inhalation exposure for testing toxicity 
of fume events in vitro. The toxicological data demonstrate that, for the 
Calu-3 mono-culture and the Calu-3 + MDM co-culture lung cell models, 
fumes from hydraulic fluids are more harmful than fumes derived from 
engine oils. 

Under submerged exposure conditions, the values from the WST 
assay increased up to 150% of control after exposure to the generated 
fumes, particularly engine oil fumes, at 32–128 µg/mL for 24 h. Values 
from the WST assay directly correlate to the metabolic activity of the 
cells in the culture. It thus suggests that the cells are experiencing 
(oxidative) stress under exposure to engine oil fumes at 32–128 µg/mL, 
resulting in enhanced mitochondrial activity. Notably, the cells were 
exposed to oil fumes under submerged conditions by adding the fume 
suspension into the cell culture medium. The fume suspension consist of 
a mixture of particles and chemicals, which may reach the cells by 
sedimentation/diffusion (particles) and dissolving (chemicals), 
depending on their characteristics (e.g. solubility) and kinetics. The 
delivered dose of fumes to the cells under submerged exposure condi-
tions consequently remains unknown. Therefore, it is difficult to 
compare the delivered doses of fumes under submerged conditions to 
the doses under ALI conditions. 

Many in vitro studies have shown the important role of macrophages 
for co-culture cell models in promoting cellular responses and increasing 
sensitivity to particulate matter (Ji et al., 2018; Rothen-Rutishauser 
et al., 2007; Wottrich et al., 2004). Despite the high PNC (mean PNC 

≈ 9.1 × 107) measured in Fume F, the presumed higher sensitivity of the 
co-culture model was not noted in our study in which we compared 
effects induced by Fume F in the Calu-3 + MDMs co-culture to those 
observed in the Calu-3 monoculture. Usually, increases in IL-10 and 
TNF-α production are regarded as markers for the activation of macro-
phages (Hoppstädter et al., 2015; Mosser and Edwards, 2008). When 
challenged with lipopolysaccharide (LPS) as a positive control, the Calu- 
3 + MDM co-culture model shows increases in IL-10 and TNF-α pro-
duction and a higher sensitivity to LPS compared to the Calu-3 mono-
culture (He et al., 2021), indicating that MDMs in our co-culture model 
can be activated. However, IL-10 and TNF-α were not detected in the 
Calu-3 + MDM co-culture model after exposure to Fume F, suggesting 
that hydraulic fluid fumes did not activate macrophages under ALI 
exposure conditions in our study. It should be noted that during pyrol-
ysis of hydraulic fluid at 200 ◦C many unburned/unreacted fluid drop-
lets were observed in fume emission. It is therefore possible that 
abundant particles in hydraulic fluid fumes stick to the surface and the 
interior of fluid droplets, which could limit the macrophages-particles 
interactions when deposited onto the cells. 

In this study we used BMD analysis to identify the degree of toxicity 
of aircraft engine oil and hydraulic fluid fumes under ALI exposure 
conditions. Compared to engine oil fumes, hydraulic fluid fumes had a 
lower BMDc.i. for LDH release and inflammatory cytokines production, 
indicating their higher toxicity. Different chemical profiles between 
engine oil and hydraulic fluid fumes may be an explanation for their 
different toxic properties. A number of studies have discussed the pos-
sibility of OP formation from fume events and their potential harmful 
effects on cabin crews and passengers (Hood, 2001; Liyasova et al., 
2011; NRC, 2002; Solbu et al., 2011). Additionally, tri-n-butyl phos-
phate (TBP) and triphenyl phosphate (TPP), which were detected in the 
generated fumes (Table S2), have previously been shown to reduce cell 
viability (200 µM of TBP and TPP) of the lung cell lines in vitro and 
induce cytotoxicity (5 µL TBP, 20% v/v in n-dodecane) in lungs of rats in 
vivo (An et al., 2016; Salovsky et al., 1998). To estimate the contribution 
of OPs from fumes on cytotoxicity in the lung cell models under ALI 
exposure conditions, we studied the relationship between total OP levels 
of the different fumes and the mean BMD values of those fumes for LDH 
release derived from ALI exposures. Total OP levels showed a significant 
negative correlation with the BMD values for LDH release (R2 = 0.96, p 
< 0.05, Figure S2A). Notably, TBP accounted for the largest fraction 
(>95%) of total OP level for the different fumes (Table S2). To deter-
mine the influence of other OPs on cytotoxicity, we further conducted 
correlation analysis for total OP levels excluding TBP, where a signifi-
cant negative correlation with the BMD values still existed (R2 = 0.97, p 
< 0.05, Figure S2A). Our data therefore suggest that under ALI exposure 
conditions higher cytotoxicity can be induced by fumes with higher total 
OP levels. As such, the relatively high OP level detected in hydraulic 
fluid fumes may explain their higher cytotoxicity under ALI exposure 
conditions compared to engine oil fumes. However, such significant 
correlations were not observed between total OP levels and the LC50 
values of fume samples derived from submerged exposures (Figure S2B). 
The poor water solubility of the most abundant OP detected in fumes 
(TBP and TPP: log Kow > 4, (Leo and Hoekman, 1995)) may provide an 

Table 1 
Characteristics of test atmospheres, including the particle number concentration (PNC), geometric mean (GM) mobility diameter ± geometric standard deviation 
(GSD), concentrations of VOCs and CO, and mass concentration, during ALI exposure in the AES using the Calu-3 monoculture cell model. Fume F was also tested using 
the Calu-3 + MDM co-culture model.  

Fume sample Mean PNC (per 
cm3) 

Mobility diameter GM ± GSD 
(nm) 

Mean VOCs concentration 
(ppm) 

Mean CO concentration 
(ppm) 

Mass concentration range (mg/ 
m3) 

Fume A ~2.0 × 108 97 ± 3.1 9.0 ± 1.6 15 ± 4.9 0–100 
Fume B ~2.3 × 108 96 ± 1.7 12 ± 3.6 20 ± 9.9 0–100 
Fume E ~8.1 × 107 60 ± 9.7 4.7 ± 0.3 0.7 ± 0.1 0–55 
Fume F 

(monoculture) 
~7.8 × 107 40 ± 4.7 6.1 ± 0.7 0.7 ± 0.1 0–90 

Fume F (co-culture) ~9.1 × 107 45 ± 0.7 5.6 ± 0.4 0.8 ± 0.1 0–50  
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explanation for the absence of a correlation between total OP levels and 
cytotoxicity under submerged conditions, as it likely prevents OPs from 
dissolving in the cell culture medium to a sufficient degree. In addition, 
smaller sized particles have larger surface area to volume ratios and 

higher reactivity to absorb more chemicals, thereby increasing their in 
vitro toxicity (Jonsdottir et al., 2019; Stone et al., 2017). Therefore, the 
smaller particle size observed in hydraulic fluid fumes (mean size ≈ 50 
nm) under pyrolysis may also contribute to their higher toxicity 

Fig. 4. TEER values (A) and viabilities (B) of the cells after ALI exposure to fumes generated from aircraft engine oils (Fume A and B) and hydraulic fluids (Fume E 
and F) at different doses for 24 h using the Calu-3 monoculture cell model. Fume F was also tested using the Calu-3 + MDM co-culture model. Error bars indicate the 
standard deviation of 3 or 6 parallel inserts with the cells. * represents p < 0.05, ** p < 0.01 and *** p < 0.001. The red line (B) indicates 80% viability. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Induction of cytotoxicity and inflammatory responses after ALI exposure to fumes generated from engine oils (Fume A and B) and hydraulic fluids (Fume E 
and F) at different doses for 24 h using the Calu-3 monoculture cell model. Fume F was also tested using the Calu-3 + MDM co-culture model. Relative LDH release 
(A) and production of IL-6 (B) and IL-8 (C) on the apical and basolateral sides of the inserts, combined with summary of the derived BMDc.i. and mean BMD of the 
different fumes for total level (apical + basolateral) of LDH release (A), IL-6 production (B) and IL-8 production (C). BMDU of Fume A could not be determined in 
LDH release (A) and IL-6 production (B). A 20% increase (BMR) of IL-8 production (C) could not be determined for Fume A and B. Error bars indicate the standard 
deviation of 3 or 6 parallel inserts with the cells. IC represents incubator control. 
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compared to engine oil fumes (mean size ≈ 100 nm). 
Fume events are difficult to capture in real time, in part because it is 

not well understood under which conditions they are evoked. Conse-
quently, there is limited knowledge on the composition and levels of 
inhaled fume during a fume event in an aircraft cabin. Vasak (1992) has 
reported that mass concentrations of fumes were respectively 1.5 mg/m3 

and 1.3 mg/m3 in the cockpit and in the passenger cabin during a fume 
event. This fume level reported 20 years ago may be not the actual cabin 
levels under current exposure conditions, as types of aircraft engine oil 
have been updated and changed in the past 20 years. However, no newer 
data on fume/particle concentrations have been published in the open 
literature, to our knowledge. According to the multiple path particle 
dosimetry (MPPD) model analysis, the deposition efficiency of particles 
(10 nm < particle size < 100 nm) onto the tracheobronchial epithelium 
ranges from 10% to 40% (Braakhuis et al., 2014). It can thus be esti-
mated that the inhaled level of fume into the human tracheobronchial 

region theoretically ranges from 0.13− 0.6 mg/m3. Although mass con-
centrations of engine oil (0–100 mg/m3) and hydraulic fluid (0–90 mg/ 
m3) fumes during ALI exposure in our study are substantially higher, the 
deposition efficiency of UFPs in the AES (with the same exposure pa-
rameters used for ALI exposure to fumes) is low at around 2% for 
aerosolized UFPs (particle size ≈ 60 nm, data not shown). Upper esti-
mates for exposure levels of fumes onto the cells in our study thus 
amount to around 2.0 mg/m3. Using the BMD values (Table 2), we can 
estimate that, after adjusting for deposition efficiency (2%), the BMDL 
values of Fume A for LDH release (1.98 mg/m3) and IL-6 production 
(1.28 mg/m3) in the Calu-3 cells differ slightly from the realistic expo-
sure levels of fume in the lungs (0.13–0.6 mg/m3). For Fume B, this 
difference is even smaller with the BMDL for LDH release (1.34 mg/m3) 
and IL-6 production (0.76 mg/m3). For Fume E, the BMDL values for 
LDH release (0.70 mg/m3), IL-6 production (0.32 mg/m3), and IL-8 
production (0.70 mg/m3) fall within realistic exposure levels of fume 

Fig. 5. (continued). 

Table 2 
Summary of the derived BMD values of the different fumes for total levels (apical + basolateral) of LDH release, IL-6 production, and IL-8 production, including the 
mean BMD, lower (BMDL) and upper (BMDU) limits of the confidence interval inducing a 20% BMR, after ALI exposure to fumes for 24 h using the Calu-3 monoculture 
cell model. Fume F was also tested with the Calu-3 + MDM co-culture model.  

BMR:20% BMD values (mg/m3) 

LDH IL-6 IL-8 

Mean BMDL BMDU Mean BMDL BMDU Mean BMDL BMDU 

Fume A 140 99 – 107 64 – – – – 
Fume B 73 67 78 53 38 70 – – – 
Fume E 39 35 45 23 16 31 44 35 56 
Fume F (mono-culture) 26 23 28 28 18 41 59 44 74 
Fume F (co-culture) 31 27 34 14 9.0 21 42 34 56 

“–”: could not be determined. 
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in the lungs. This also holds for the BMDL of Fume F for LDH release 
(0.46 mg/m3), IL-6 production (0.36 mg/m3), and IL-8 production (0.88 
mg/m3) using the Calu-3 monoculture model as well as for LDH release 
(0.54 mg/m3), IL-6 production (0.18 mg/m3), and IL-8 production (0.68 
mg/m3) using the Calu-3 + MDMs co-culture model. Additionally, cabin 
fume is a complex mixture of gases and particles, in which the gaseous 
part is likely also toxic to the lungs. Therefore, the main gaseous con-
taminants (CO and VOCs) during fume events should also be taken into 
consideration to comprehensively evaluate how the fume levels in test 
atmospheres in vitro relate to exposure conditions in aircraft cabins. The 
reported levels of CO ranged from < 1 to 9.4 ppm and VOCs ranged from 
below the limit of detection to ≈ 10 ppm in aircraft cabin air (Shehadi 
et al., 2016). It is clear that CO and VOCs levels measured in test at-
mospheres (CO: 0.7–20 ppm; VOCs: 4.7–12 ppm) during in vitro expo-
sure substantially overlap with the realistic cabin levels. The 
toxicological data derived from ALI exposures in our study thus clearly 
reflect the potential health risks associated with fume events in aircraft 
cabins, particularly for hydraulic fluid fumes. 

5. Conclusion 

Our unique experimental “Mini-BACS + AES” setup is able to provide 
steady conditions to perform in vitro exposure under ALI conditions to 
aircraft engine oil and hydraulic fluid fumes, generated at respectively 
350 ◦C and 200 ◦C. Exposure of the Calu-3 monoculture and Calu-3 +
MDM co-culture lung cell models to high levels of aircraft engine oil and 
hydraulic fluid fumes under ALI conditions can reduce TEER and via-
bilities of the cells, induce cytotoxicity, and increase production of pro- 
inflammatory cytokines. Hydraulic fluid fumes are more toxic than en-
gine oil fumes on the mass concentration of fume basis, which may be 
related to higher abundance of OPs and smaller particle size of hydraulic 
fluid fumes. Our toxicological data clearly reflect the potential health 
risks during fume events in aircraft cabins. 
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