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EXECUTIVE SUMMARY: 
The purpose of this study was to evaluate the response of BEAS-2B cells and MucilAir tissue to 
oleoyl sarcosine. BEAS-2B is a human bronchial epithelial cell line and MucilAir is an in vitro 
model reconstructed from human respiratory epithelial. These in vitro assays represent new 
approach methodologies (NAMs) for assessing airway irritation. Three MucilAir donor tissues 
were exposed to 5 concentrations of oleoyl sarcosine ranging from 5 to 80 µg/cm2 for 24 hours 
(hrs), while BEAS-2B cells were exposed to 5 concentrations of oleoyl sarcosine ranging from 
0.6 to 3 µg/cm2 for 24 hrs. Experiments with both in vitro models included incubator controls, 
solvent controls, and positive controls (i.e., lipopolysaccharides [LPS] and isoproterenol 
hydrochloride [ISO]). Immediately after the 24-hr exposure, BEAS-2B cells and MucilAir 
tissues were evaluated for cell viability (i.e., resazurin metabolism via PrestoBlue Cell Viability 
Reagent), cytotoxicity (i.e., lactate dehydrogenase (LDH) release via the LDH Assay Kit-WST), 
and cytokine secretion (i.e., interleukin-6 [IL-6] and chemokine (CXC) motif ligand 8 [CXCL-8] 
secretion via the Meso Scale Discovery [MSD] V-PLEX Assay). MucilAir tissues, but not 
BEAS-2B cells, were also evaluated for barrier integrity using transepithelial electrical resistance 
(TEER), cilia average active area (AAA) and cilia beating frequency (CBF) via microscopy, and 
morphological changes via histology. MucilAir tissues, but not BEAS-2B cells, were also 
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assessed seven days post-exposure to oleoyl sarcosine to assess the reversibility of observed 
effects following a single chemical application. 
 
BEAS-2B Results: Treatment with oleoyl sarcosine for 24 hrs reduced cell viability (resazurin 
metabolism) at all tested concentrations (≥0.6 µg/cm2), while cytotoxicity (LDH release) was 
significantly increased at 0.6, 1.8, 2.4, and 3 µg/cm2 oleoyl sarcosine. LDH release appeared 
increased approximately 1.2-fold at 1.2 µg/cm2, however, the effect was not statistically 
significant. IL-6 and CXCL-8 secretion was significantly increased at all tested concentrations of 
oleoyl sarcosine (0.6, 1.2, 1.8 µg/cm2), however, cytokine secretion was not reported at the 
highest two concentrations of oleoyl sarcosine (2.4 and 3 µg/cm2) due to low cell viability (<10% 
of control). All observed effects in BEAS-2B cells occurred in a concentration-dependent 
manner. Based on benchmark dose/concentration (BMD/BMC) modeling, the most sensitive 
endpoint was IL-6 secretion (BMC1SD/BMCL1SD = 0.42/0.24 µg/cm2), followed by CXCL-8 
secretion (BMC1SD/BMCL1SD = 0.99/0.53 µg/cm2), cell viability (BMC1SD/BMCL1SD = 0.83/0.71 
µg/cm2), and LDH release (BMC1SD/BMCL1SD = 1.13/0.92 µg/cm2). 
 
MucilAir Results: Treatment with oleoyl sarcosine for 24 hrs significantly reduced cell viability 
(resazurin metabolism) at concentrations of 40 and 80 µg/cm2 and increased cytotoxicity (LDH 
release) at concentrations of 10 µg/cm2 and above. IL-6 and CXCL-8 secretion increased starting 
at the lowest tested concentration of oleoyl sarcosine (5 µg/cm2). Cytokine secretion was not 
reported in MucilAir tissues at the highest two concentrations of oleoyl sarcosine (40 and 80 
µg/cm2) due to low cell viability (4–25% of control). TEER measurements decreased in a 
concentration-dependent manner starting at 10 µg/cm2 oleoyl sarcosine. Cilia AAA and CBF 
were both significantly reduced starting at 40 µg/cm2 oleoyl sarcosine. However, the cilia AAA 
response was highly variable. Variability in the cilia AAA response is likely related to the high 
levels of cytotoxicity and reduced cell viability observed at the two highest concentrations, and 
as noted by study authors cilia AAA and CBF measurements reported at these concentrations 
should be interpreted with caution. 
 
Based on BMC analysis, the most sensitive endpoint in MucilAir tissue was CXCL-8 secretion 
(BMC1SD/BMCL1SD = 5.33/3.59 µg/cm2), followed by LDH release (BMC1SD/BMCL1SD = 
6.96/5.29 µg/cm2), IL-6 secretion (BMC1SD/BMCL1SD = 9.32/5.52 µg/cm2), TEER 
(BMC1SD/BMCL1SD = 11.1/9.18 µg/cm2), cilia AAA (BMC1SD/BMCL1SD = 25.9/16.0 µg/cm2), 
cell viability (BMC1SD/BMCL1SD = 27.0/17.2 µg/cm2), and CBF (BMC1SD/BMCL1SD = 74.1/31.7 
µg/cm2). 
 
This in vitro study evaluating airway irritation is Acceptable/Non-Guideline. It was 
developed in support of a NAM for refining inhalation risk assessment for contact irritants. 
 
COMPLIANCE: Good Laboratory Practice (GLP) regulations are not applicable for this non-
guideline study. 
 
  



Oleoyl Sarcosine/No PC Code Page 3 of 25  
 
I. MATERIALS AND METHODS 
 
A. MATERIALS: 
 
1. Test Material: 

  
 

 
Identification: 
Physical Description: 
Supplier: 

Oleoyl sarcosine 
Light yellow to brown clear liquid 
Tokyo Chemical Industry (TCI) Europe N.V., Zwijndrecht Belgium  

 
 
Catalog #: 
Lot #: 

 
O0113 
EEY8F-RK  

 
 
Retest Date: 
Oleoyl Sarcosine Concentration: 

 
Per manufacturer certificate of analysis: 01/2032 (recommended retest date) 
Laboratory Grade  

 
 
Storage Conditions:  

 
Room temperature  

 
 
CAS #:  

 
110-25-8 

 
 
2. Other Reagents: 
 

2.1.    Positive Control:  

 

 
Identification: 
Physical Description: 
Product #: 
Batch #: 
Supplier: 

Lipopolysaccharides (LPS) from Escherichia coli O111:B4 
White lyophilized powder 
L4391 
0000252542 
Sigma Aldrich (Saint Louis, Missouri, USA)  

 Expiration Date: July 2029  
 

 
CAS # 

 
93572-42-0  

   
2.2.    Positive Control:  

Identification: 
Physical Description: 
Product #: 
Batch #: 
Supplier: 

Isoproterenol hydrochloride (ISO) 
White solid 
PHR2722 
LRAD5082 
Merck KGaA (Darmstadt, Germany)  

Expiration Date: 
Concentration: 

February 27, 2027 
Neat  

CAS # 51-30-9  
  

2.3.    Vehicle Control:  
 

 
Identification: 
Catalogue #: 
Lot #: 
Supplier: 
Expiration Date: 

BEBMTM Bronchial Epithelial Cell Growth Medium 
CC-3171 
Not available 
Lonza (Basel, Switzerland) 
Not available 

 
 

 
2.4.    Vehicle Control: 
 Identification: 

 
Catalogue #: 
 
 
Batch #: 
Supplier: 
 
Expiration Date: 

Saline Solution (0.9% sodium chloride (NaCl), 1.25 mM calcium chloride 
(CaCl2), 10 mM HEPES) 
CaCl2: 1.42002 
NaCl: S7653 
HEPES: 15630080 
Self-made/mixed 
CaCl2 and NaCl: Sigma-Aldrich, Saint Louis, Missouri, USA 
HEPES: Thermo Fisher Scientific, Waltham, Massachusetts, USA 
4 weeks after preparation 
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3. Test System: BEAS-2B cells (Catalog # CRL-9609) were obtained from the American Type 

Culture Collection (ATCC) (Manassas, Virginia, USA). Culture medium, including 
BEBMTM Bronchial Epithelia Cell Growth Basal Medium (Catalog # CC3171) and BEGMTM 

Bronchial Epithelial Cell Growth Medium BulletKitTM (Catalog # CC3170) was obtained 
from Lonza (Basel, Switzerland). 

 
4. Test System: MucilAir primary human bronchial epithelial cells (Catalog # EP01MD) from 

three non-smoking donors (Table 1) and MucilAir culture medium (Catalog # EP05MM) was 
obtained from Epithelix Sàrl (Genevea, Switzerland). 

 
Table 1. Donor Information Provided for MucilAir Tissues by the Manufacturer 

Experimental 
Run Sex Age Pathology Reported Smoker Morphology 

22/05/2024 Male 42 None No Normal with some 
mucus vesicles 

18/6/2024 Male 17 None No Normal 
02/07/2024 Female 64 None No Normal 

Table from supplementary document associated with Stucki et al. 
 
5. Cell Viability Assay: PrestoBlueTM Cell Viability Reagent (Catalog # A13261) was obtained 

from Thermo Fisher Scientific (Waltham, Massachusetts, USA). 
 

6. Cytotoxicity Assay: The Cytotoxicity LDH Assay Kit-WST (Catalog # Ck12-05) was 
obtained from Tebu-bio (Le Perray-en-Yvelines, France). 

 
7. Interleukin (IL)-6 and CXCL-8 Assay: The Meso Scale Discover (MSD) V-PLEX Custom 

Human Biomarkers Proinflammatory Panel (human): Human IL-2, Human IL-6, Human 
CXCL-8, and Human TNF-α assay (Catalog # K151A9H-2) was obtained from Meso Scale 
Diagnostics (Rockville, Maryland, USA). 

 
8. Transepithelial Electrical Resistance (TEER) Assay: The EVOM Manual voltohmmeter 

(Catalog # EVM-MT-03-01) and EVOM STX4 electrodes (Catalog # STX4) were obtained 
from World Precision Instruments Germany, GmbH, Friedberg, Germany. 

 
9. Cilia Beating Frequency (CBF) and Average Active Area (AAA): The Zeiss Axiovert 10 

microscope was obtained from Zeiss (Oberkochen, Germany), the Basler acA1300-200µm 
USB3 video camera was obtained from Ammons Engineering (Clio, Michigan, USA), and 
Cilia-X software (CiliaX V1.0) was obtained from Epithelix Sàrl, (Geneva, Switzerland). 

 
10. Fixation for Histology: 4% Formaldehyde solution (Catalog # F2006) was obtained from 

Avantor (Radnor, Pennsylvania, USA). 
 
B. METHODS 
 
1. Test System (BEAS-2B): BEAS-2B cells are normal, immortalized human bronchial 

epithelial cells. The cell line was established in 1988 by immortalizing non-tumorigenic human 
bronchial cells with an adenovirus 12-SV40 virus. Cells were cultured in Bronchial Epithelial 
Cell Growth Medium (BEGM), which consists of Bronchial Epithelial Growth Basal Medium 
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(BEBM) supplemented with BEGM BulletKit. Although bovine pituitary extract is a 
component of the BEGM BulletKit, it was not used in this study because it is not necessary to 
culture BEAS-2B cells. Cells were cultured in T-75 culture flasks (Greiner Bio-One nv, 
Kremsmunster, Austria; Catalog # 658170) coated with 4.5 mL (0.06 mL/cm2) of 10 µg/mL 
human plasma fibronectin (Sigma-Aldrich, Saint Louis, Missouri, USA; Catalog # F2006), 30 
µg/mL VitroCol (Sigma-Aldrich, Saint Louis, Missouri, USA; Catalog # 5008), and 10 µg/mL 
human serum albumin (Sigma-Aldrich, Saint Louis, Missouri, USA; Catalog #A9731) 
dissolved in BEBM. Cells were cultured in a humidified incubator at 37°C and 5% atmospheric 
carbon dioxide (CO2) and were sub-cultured before reaching 80% confluence using 1× TrypLE 
Express Enzyme (Thermo Fisher Scientific, Waltham, Massachusetts, USA; Catalog # 
12604013). Culture medium was refreshed every 2-3 days and cells were sub-cultured every 
4-5 days (1,500-3,000 cells/cm2). Cells were used until passage 20. Prior to exposure to oleoyl 
sarcosine and controls, cells were seeded on a 24-well PET clear insert with pore size of 0.4 
µm (SABEU GmbH & Co Kg, Northeim, Germany; Catalog # 932 04 12) at a density of 72,725 
cells/cm2. Inserts were coated with the same coating solution and concentration as used for 
coating of T-75 culture flasks. After seeding, inserts were placed in sterile 24-well plates 
(Geiner Bio-One nv, Kremsmunster, Austria; Catalog # 662160) with 200 µL and 600 µL of 
BEGM in the apical and basolateral compartments, respectively. Right before exposure, cells 
were airlifted by removing apical medium and adding fresh medium basolaterally. 

 
2. Test System (MucilAir): MucilAir is derived from human airway cells collected from healthy 

donors. The culture process reconstructs a functional model of the human airway epithelium, 
exhibiting a pseudostratified, ciliated epithelium which secretes mucus. The MucilAir tissues 
used in this study were derived from three healthy donors (Table 1). Upon delivery, MucilAir 
tissues were incubated (37°C, 5% CO2) for one hour (hr). Cells were then removed from the 
nutritive gel used during transport and transferred to new 24-well plates (Geiner Bio-One nv, 
Kremsmunster, Austria; Catalog # 662160) containing 700 μL of prewarmed MucilAir 
Medium at 37°C. MucilAir cells were then incubated (37°C, 5% CO2) for 48–72 hrs before 
basal medium was changed with 700 μL of fresh basal medium and mucus was removed from 
each MucilAir insert via apical washing with MucilAir medium. To remove mucus, 200 μL of 
warm (37°C) medium was added to the apical side of each insert and then incubated at 37°C 
for 10-20 minutes. Following incubation, 100 μL of apical medium was gently pipetted up and 
down to remove mucus from the cells surface, before all apical medium was removed by 
aspiration. Cells were incubated for an additional 72 h (i.e., 24 h before exposure to oleoyl 
sarcosine), and then cilia beat frequency (CBF) and cilia average active area (AAA) were 
evaluated before mucus washing. After washing the mucus, TEER was evaluated. Basal 
medium (700 μL) was then changed and cells were incubated (37°C, 5% CO2) for an additional 
24 hrs before exposure to oleoyl sarcosine. 
 

3. Preparation of Oleoyl Sarcosine Dosing Solutions: For experiments with BEAS-2B cells, 
five concentrations of oleoyl sarcosine (i.e., 18.7, 37.3, 56.0, 74.7, 93.3 µM; equivalent to 0.6, 
1.2, 1.8, 2.4, 3.0 µg/cm2) were prepared from a stock solution (186.68 mM or 66 mg/mL) 
(Table 2). For experiments with MucilAir cells, five concentrations of oleoyl sarcosine (i.e., 
155.6, 311.1, 622.3, 1244.5, 2489.1 µM; equivalent to 5, 10, 20, 40, 80 µg/cm2) were prepared 
from a stock solution (497.8 mM or 176 mg/mL) (Table 2). From the stock solutions, serial 
dilutions were prepared in 100% DMSO at 200× the final exposure concentration. Immediately 
prior to dosing, each dilution was diluted 1:200 into BEBM for BEAS-2B cells or saline for 
MucilAir to generate the 1× working solutions used for exposure. The final DMSO 
concentration was 0.05%, and therefore 0.05% DMSO was used in the corresponding vehicle 



Oleoyl Sarcosine/No PC Code Page 6 of 25  
 

(i.e., BEBM for BEAS-2B cells or saline for MucilAir) as the solvent control for oleoyl 
sarcosine exposures. The exposure concentrations were selected based on a range-finding 
experiment. Data from the range-finding experiment were not presented by Stucki et al., 2026. 

 
4. Analysis of Oleoyl Sarcosine Dosing Solutions: All dilutions of oleoyl sarcosine were 

analytically verified using ultra performance liquid chromatography (UPLC)-tandem mass 
spectrometer (UPLC-MS) using a Waters H-class Acquity UPLC system (Waters, Milford, 
Massachusetts, USA). 100 µl of all dilutions were sampled, diluted 10× in ultrapure 
water/methanol and vortexed before analysis. Two microliters of each sample were used for 
injection and each sample was analyzed in duplicate. Oleoyl sarcosine was separated on an 
Acquity UPLC BEH C18 column (100 mm × 2.1 mm; 1.7 µm) at 50 °C. The mobile phase 
consisted of ultrapure water (solvent A) and methanol / acetonitrile with 2 mM ammonium 
acetate (1/1 v/v; solvent B), and both solvents A and B were acidified with 0.1% acetic acid. 
The gradient was programmed from 10% to 100% of solvent B (v/v) in 6 minutes (min) at a 
0.4 mL/min flow rate. For chemical identification, the UPLC system was coupled to a Waters 
Xevo tandem mass spectrometer (Waters, Milford, Massachusetts, USA), which was operated 
in the positive electrospray ionization mode (ESI+). Oleoyl sarcosine was identified using a 
multiple reaction monitoring mode (MRM) and by its characteristic retention time. 
Quantification was conducted with an external calibration method. The limit of quantification 
(LOQ) was 0.25 µg/mL. Samples were analyzed in batches of 10. Every analysis batch 
contained the necessary quality control samples, including procedure blank, spiked water 
sample, spiked sample (trueness), and sample duplicate analysis (intra-day precision). Nominal 
and analytically measured concentrations of oleoyl sarcosine dosing solutions are provided in 
Table 2. 
 

Table 2. Test Concentrations Used in BEAS-2B Cells and MucilAir for Liquid Exposures 
BEAS-2B MucilAir 

Dilution Conc. 
(µM) 

Nominal Conc. 
(µg/cm2) 

Measured 
Conc. (µg/cm2) 

Dilution Conc. 
(µM) 

Nominal Conc. 
(µg/cm2) 

Measured 
Conc. (µg/cm2) 

18.7 0.6 0.5 155.6 5 5.2 ± 0.4 
37.3 1.2 1.1 ± 0.06 311.1 10 10.3 ± 0.42 
56.0 1.8 1.6 ± 0.1 622.3 20 20.1 ± 1.45 
74.7 2.4 2.4 ± 0.17 1244.5 40 41.1 ± 1.38 
93.3 3.0 3.1 ± 0.55 2489.1 80 77.8 ± 3.86 

Measured Concentration Displayed as Mean ± Standard Deviation. Data from Table 2 in Stucki et al. 
 

5. Treatment/Exposure (BEAS-2B): Immediately before exposure, cells were checked for 
confluency using a conventional inverted microscope. BEGM was then completely removed 
from the apical and basolateral sides of all the inserts, and 600 µL of fresh BEBM (without 
growth factors) was added basolaterally. 30 µL of test solution was pipetted on the apical 
surface of the cells and the tissues were then placed in the incubator for 24 hrs. After 24 hrs 
of exposure, 200 µL basolateral medium was collected for assessment of cytotoxicity (LDH 
assay). The remaining volume was frozen and stored at -80°C for later assessment of 
cytokine (IL-6 and CXCL-8) secretion. Apical wash solutions were not stored for analysis. 
The inserts were then transferred to a new, sterile 24-well plate prefilled with warm 600 µL 
fresh BEBM. Three biologically independent experimental runs, with three replicates per 
treatment, using different cell passages, were performed for each exposure condition. 

 
6. Treatment/Exposure (MucilAir): 24 hrs before exposure, CBF, AAA, and TEER were 

measured for quality control purposes and mucus was removed. Immediately before exposure, 
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each tissue insert was inspected under a conventional inverted microscope to ensure the quality 
of the epithelia. Subsequently, tissues were exposed by pipetting 30 µL of test solution on the 
apical surface of MucilAir and then placed in the incubator for 24 hrs. After 24 hrs of exposure, 
200 µL basolateral medium was collected for cytotoxicity assessment (LDH assay). The 
remaining medium was stored at -80°C for later assessment of cytokine (IL-6 and CXCL-8) 
secretion. The inserts were then transferred to a new, sterile 24-well plate prefilled with 700 
µL MucilAir medium. Next, CBF and AAA were measured before the inserts were washed 
apically 3 times with 37°C warm saline solution. Apical wash solutions were not stored for 
analysis. TEER was measured after apical washing. Two out of four tissues were used for 
assessing cell viability (PrestoBlue assay) and afterwards fixed for histology. The other two 
remaining tissues were kept for an additional 6 days (i.e., 7 days post-exposure). Medium was 
changed at days 3 and 6 post-exposure and inserts were apically washed with saline solution 
to remove mucus. At 7 days post-exposure, basolateral medium was collected and stored at -
80°C for cytokine (IL-6 and CXCL-8) measurements. CBF, AAA, and TEER were then 
measured. The tissues were then used for assessing cell viability (PrestoBlue assay) and then 
fixed for histology. Three biologically independent runs, using a different single donor in each 
run (see Table 1 for donor information), were performed for each exposure condition. Each 
run included 4 replicates of tissues from a single donor per treatment group. 

 
7. Cell Viability Assay: Cell viability was assessed via resazurin metabolism (i.e., CYP1A1-1A2 

activity) by measuring the ability of BEAS-2B and MucilAir cells to reduce resazurin to 
resorufin and dihydroresorufin using the PrestoBlue Cell Viability Reagent according to the 
manufacturer’s instructions with some modifications for the air-liquid interface (ALI) cell 
culture format. Cell viability was assessed 24 hrs and 7 days (MucilAir only) post-exposure. 
After removing the basolateral medium, 200 µL of a 10% v/v PrestoBlue solution in BEGM 
(for BEAS-2B) or in MucilAir Medium (MucilAir) was added on the apical side of the inserts. 
After 1 hr in the incubator (at 37°C, 5% CO2) in the dark, 2 samples/well (90 µL each) were 
taken from the apical solution of each insert, transferred to a 96-well plate, and fluorescence 
was measured using a multi-mode microplate reader in fluorescence mode (excitation: 552-22 
nm, emission: 590-20 nm). 10% v/v PrestoBlue diluted in the corresponding cell culture media 
was also incubated for 1 hr at 37°C in the dark and used as a blank. 

 
8. LDH Release Cytotoxicity Assay: Cytotoxicity was assessed in BEAS-2B and MucilAir cells 

after 24 hrs and 7 days (MucilAir only) of exposure. Cytotoxicity was assessed using the LDH 
Assay Kit-WST. After 24 hrs of exposure, 2 × 100 µL of the basolateral medium (two technical 
replicates) were transferred to a 96-well plate and used for the LDH assay. Basolateral samples 
from the insert(s) treated with the positive control [lysis solution included in the LDH assay 
kit; 50 µL incubated for 18 hrs (BEAS-2B) or 3 hrs (MucilAir)] and blanks (BEBM for BEAS-
2B and MucilAir Medium) were also transferred to the 96-well plate. Subsequently, 100 μL 
LDH substrate mix were added to each sample well and incubated for 30 minutes at room 
temperature in the dark. The reaction was stopped by the addition of 50 μL stop solution. 
Absorbance measurements were conducted using a multi-mode microplate reader 
(wavelength: 490 nm). 

 
9. IL-6 and CXCL-8 Secretion: Secretion of pro-inflammatory markers (IL-6 and CXCL-8) was 

evaluated 24 hrs and 7 days (MucilAir only) post-exposure. IL-6 and CXCL-8 secretion was 
evaluated using the Meso Scale Discovery (MSD) V-PLEX Assay according to manufacturer 
instructions. The assay uses an electrochemiluminescent detection method and is a highly 
sensitive multiplex enzyme-linked immunosorbent assay (ELISA). Calibration curves were 
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employed to determine the cytokine concentrations, which are expressed in pg/mL. 24 hrs or 
7 days post-exposure (MucilAir only), basolateral medium was collected and stored at -80°C 
until analysis using the MSD assay. LPS was included as a positive control for cytokine 
secretion in each experimental run. Briefly, BEAS-2B cells were exposed to 20 µg/mL LPS 
and MucilAir tissues were exposed to 200 μg/mL LPS apically for 24 hrs. The basolateral 
medium was collected 24 hrs post-exposure and stored at -80°C until analysis using the MSD 
assay. 

 
The pre-coated MSD plate was washed three times. Calibrators and samples were diluted 4-
fold (standard curve) and 10-fold (samples) in assay diluent, then added to the MSD plate. 
The plate was sealed and incubated overnight at 4°C. After another three washes, the 
detection antibody solution was added to each well. The plate was incubated at room 
temperature for 2 hrs on an orbital shaker, followed by another three washes. Finally, the 
read buffer was added, and the plate was analyzed on the MSD instrument. For both IL-6 and 
CXCL-8, the MSD software calculated the protein concentrations in each sample based on 
the calibrators that were incubated alongside the samples and applying a weighted, four 
parameter logistic fit per default. Reported concentrations were then processed further using 
R. Concentrations below the lower limit of detection (LLOD) were removed. Significant 
changes in protein concentration were analyzed relative to vehicle control and were assessed 
by mixed models upon logarithmic transformation (ln) while considering experiment ID 
(biological replicate) as random factor. R-packages for mixed model analyses “lme4” (Bates 
et al. 2015)1 and “lmerTest” (Kuznetsova et al. 2017)2 were applied. P-value less than 0.05 
was used as cut-off for statistical significance. 

 
10. TEER Measurement (MucilAir only): TEER measurement was evaluated before exposure, 

as well as 24 hrs and 7 days post-exposure. The EVOM Manual voltohmmeter was used with 
STX4 EVOM electrode. The voltohmmeter was calibrated using the 99673-test resistor and 
the electrodes were calibrated using KCl (40 mM, 80 mM, and 160 mM) solutions at room 
temperature. The electrode was washed with 70% ethanol before use and wiped. For 
measurement, MucilAir Medium was used as electrolyte solution and equilibrated at 37°C for 
30 minutes. The electrodes were equilibrated in MucilAir Medium for 5 minutes before 
measurement. The MucilAir tissues were removed from the incubator or, if measured after 
exposure, they were processed for TEER measurement after CBF/AAA measurement and 
apical washing steps. The medium was exchanged (200 µL MucilAir Medium apical and 700 
µL basolateral) and inserts were placed back in the incubator for 5 minutes. After the 
incubation time, the inserts were transferred to the laminar flow hood, a timer was set to record 
the duration for which the test system was out of the incubator, and the TEER was measured. 
The electrodes were rinsed with MucilAir Medium between measurements for each 
experimental group. After measurement, the electrolyte solution was removed via pipetting, 
air liquid interface was restored apically and 700 µL fresh MucilAir Medium was added to the 
basolateral side of the insert before putting it back in the incubator. The inserts were outside 
the incubator for 3 to 4 minutes. 

 

 
1 Bates, D., Mächler, M., Bolker, B. M., and Walker, S. C. (2015). Fitting Linear Mixed-Effects Models Using lme4. 
J. Stat. Softw. 67, 1–48. doi:10.18637/JSS.V067.I01. 
2 Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest Package: Tests in Linear Mixed 
Effects Models. J. Stat. Softw. 82, 1–26. doi:10.18637/JSS.V082.I13. 
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11. Cilia Beating Frequency (CBF) and Average Active Area (AAA) (MucilAir only): Cilia 

AAA and CBF within active areas only (>1.5 Hz) was measured 24 hrs and 7 days post-
exposure. On each MucilAir insert, two microscopic fields were measured with a 10× objective 
on a Zeiss Axiovert microscope (Zeiss, Jena, Germany) equipped with a stage-top incubator 
system (Chamlide WP-S-10F with air mixer CU-501, Microsystem, Sweden) and a Basler 
acA1300-200 μm USB3 video camera. A 5-second video, 100 frames per second, 512 frames 
was taken and analyzed with the CiliaX software (CiliaX V1.0). All measurements were 
recorded at 37ºC. Results are provided as percentage cilia AAA and CBF (Hz). 

 
Isoproterenol (ISO) was included as a positive control for CBF (i.e., ISO is known to increase 
CBF) in each experimental run for the 24 hr and 7 day time points. ISO was administered as a 
liquid exposure. MucilAir tissues were exposed to 50 µM ISO apically for 2 hrs before CBF 
was measured. Study authors reported that a data handling error caused some data loss for the 
AAA and CBF endpoints, resulting in loss of the ISO positive control data for Donor 2 at the 
24 hr time point. No other samples were reported to be affected by the data handling error. 

 
12. Histology (MucilAir only): Two inserts per treatment were processed for histology. Inserts 

were washed 3 times for 5 minutes in PBS+ (PBS Ca+2, Mg+2) and fixed for 30 minutes at 
room temperature using 4% formaldehyde solution (0.4 mL apical and 0.4 mL basolateral). 
After fixation, the inserts were washed 3 times for 5 minutes each in PBS+ in a new 24-well 
plate. After washing, the inserts were transferred to a 25 mL tube filled with 25 mL PBS+ at 
4°C and shipped to Cerba Research (France) for processing. After embedding, the samples 
were sectioned at 3μm ±1 thickness and dried for at least 2 hrs in a ventilated oven at 45°C 
(±5°C) before proceeding to staining (Alcian Blue/ Periodic Acid Schiff/ Hematoxylin). The 
slides were digitized using the NANOZOOMER-S360 scanner in bright field mode with a 20× 
objective. No z-stacks were acquired.  

 
C. DATA EVALUATION 
 
A. Endpoint Calculations 
 
1. PrestoBlue Cell Viability Measurement: Measured fluorescence readings (RFI) were 

corrected by subtracting the mean value of background controls that were included on each 
plate (resazurin solution in cell-free environment to determine spontaneous resorufin 
reduction). Resazurin metabolism was expressed relative to the vehicle control after correcting 
for background. Significant changes in percent cell viability compared to vehicle control were 
assessed by mixed models considering experiment ID (biological replicate) as the random 
factor. The R-packages for mixed model analyses “lme4” (Bates et al., 2015) and “lmerTest” 
(Kuznetsova et al., 2017) were applied. P-value less than 0.05 was used as cut-off for statistical 
significance. 

 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 100% 𝑥𝑥 

𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑉𝑉𝑉𝑉ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

 

 
2. LDH Release: Measured absorbance values (OD) were corrected for the background 

absorbance of cell culture media by subtracting the mean absorption of cell culture media (i.e., 
BEBM for BEAS-2B cells and MucilAir Medium for MucilAir cells) controls included on 
each plate. LDH release by treated cells was expressed as a fold-change relative to the solvent 
control: 
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𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) =
𝑂𝑂𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑂𝑂𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑂𝑂𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑉𝑉𝑉𝑉ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑂𝑂𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 

      
Fold change in LDH release levels relative to vehicle control exposure was calculated prior 
to statistical analysis assessed by mixed models upon logarithmic transformation (ln) while 
considering experiment ID (biological replicate) as the random factor. R-packages for mixed 
model analyses “lme4” (Bates et al., 2015) and “lmerTest” (Kuznetsova et al., 2017) were 
applied. P-value less than 0.05 was used as cut-off for statistical significance.  

 
3. TEER Measurement (MucilAir Only): Resistance of the cells was (Rcells) was calculated by 

subtracting blank resistance (Rblank) [100 𝛺𝛺 𝑐𝑐𝑚𝑚2] from total measured resistance (Rtotal). 
 

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −  𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 
 
TEER was then calculated by multiplying Rcells by the cell culture insert surface area (SA; 0.33 
cm2). 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝛺𝛺) =  𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝛺𝛺) 𝑥𝑥 𝑆𝑆𝑆𝑆 (𝑐𝑐𝑚𝑚2) 
 

Significant changes in TEER compared to the vehicle control exposure for a particular time 
point (i.e., pre-exposure, 24 h post-exposure, 7 days post-exposure) were assessed by mixed 
models while considering experiment ID (biological replicate) as random factor. R-packages 
for mixed model analyses “lme4” (Bates et al., 2015) and “lmerTest” (Kuznetsova et al., 2017) 
were applied. P-value less than 0.05 was used as cut-off for statistical significance. 

 
B. Benchmark Dose (BMD) Modeling  

Benchmark dose (BMD) analysis was performed on TEER, viability (resazurin metabolism), 
cytotoxicity (LDH release), IL-6 and CXCL-8 secretion, ciliary beat frequency (CBF) and 
average active area (AAA) using BMDS Online (version 25.1) developed by the U.S. EPA 
(https://bmdsonline.epa.gov/). Fits were performed with normal constant and non-constant 
variance versions of a linear (unrestricted), power (restricted), polynomial degree 2–6 
(restricted), exponential 3 and 5 (restricted), and Hill (restricted) models using default 
settings for continuous models. A benchmark response (BMR) of 1 control standard 
deviation from the control mean (BMD1SD) was utilized. Lower 95% confidence intervals of 
the BMD (BMDL1SD) were also calculated and reported. For BMD analysis, technical 
replicates were averaged (n=2–4 per MucilAir donor or BEAS2B exposure group) and the 
mean and standard deviation were entered as datapoints into BMDS. Both absolute values 
and normalized values (% or fold-change normalized to vehicle controls) were analysed. 

 
The BMDS recommended model was selected as the best model whenever possible, which 
reflects the best-fitting model consistent with EPA’s Benchmark Dose Technical Guidance 
(https://www.epa.gov/risk/benchmark-dose-technical-guidance). If a constant variance model 
was deemed appropriate based on the statistical test provided in BMDS (i.e., Test 2 p-value 
>0.05), the final selected BMD results were estimated from a constant variance model. If the 
test for homogeneity of variance was rejected (i.e., Test 2 p-value < 0.05), then non-constant 
variance models, which model the variance as a power function of the mean to account for 
non-constant variance, were considered. For two endpoints (IL-6 secretion and cilia AAA in 
MucilAir), no model was recommended by BMDS. In the absence of a BMDS 
recommendation, the best model was selected based on consideration of p-value (goodness of 

https://bmdsonline.epa.gov/
https://www.epa.gov/risk/benchmark-dose-technical-guidance
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fit, only p-values >0.1 considered), model with lowest Akaike’s Information Criterion (AIC) 
value from models with viable fits (i.e., goodness of fit p-value >0.1), BMDL values, visual 
fit, and the absolute value of scaled residuals near the control and BMD. 

 
 
II. RESULTS 
  
Note: Percent change and fold-change values reported in Stucki et al. and this data evaluation 
record for BEAS-2B cells and MucilAir tissues differ slightly because values calculated by 
Stucki et al. are based on median values, while calculations in this data evaluation record are 
based on mean values. 
 
1. Results for BEAS-2B Cells After 24 hrs of Oleoyl Sarcosine Exposure 
 
1.1 Cell Viability (PrestoBlue – Resazurin Metabolism) 
Mean and standard deviation of percentage resazurin metabolism in BEAS-2B cells following 24 
hrs of treatment with oleoyl sarcosine are shown in Table_Apx 1 (Appendix A). Resazurin 
metabolism was significantly decreased in a concentration-dependent manner at all tested 
concentrations of oleoyl sarcosine (i.e., 88%, 60%, 17%, 5.8%, 3.4% of control at 0.6, 1.2, 1.8, 
2.4, and 3 µg/cm2, respectively) (Figure 1). 
 

 
Figure 1. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Cell Viability (Resazurin 
Metabolism) in BEAS-2B Cells 
From Figure 2 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with three technical replicates (N = 3) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; **, P < 0.01; ***, 
P < 0.001. 
 
1.2 Cytotoxicity (LDH Release) 
Mean and standard deviation of fold-change in LDH release in BEAS-2B cells following 24 hrs 
of treatment with oleoyl sarcosine are shown in Table_Apx 2 (Appendix A). Compared to the 
solvent control, LDH release significantly increased at 0.6, 1.8, 2.4, and 3 µg/cm2 (1.2-fold, 2.3-
fold, 3.1-fold, 3.4-fold at 0.6, 1.8, 2.4, and 3 µg/cm2, respectively) (Figure 2). Although LDH 
release was increased (1.2-fold) at 1.2 µg/cm2, the effect was not statistically significant. The 
lysis solution positive control gave expected results, increasing LDH release compared to the 
solvent control. 
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Figure 2. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Cytotoxicity (LDH Release) in 
BEAS-2B Cells 
From Figure 2 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with three technical replicates (N = 3) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; *, P < 0.05; **, P 
< 0.01; ***, P < 0.001. 
 
1.3 IL-6 and CXCL-8 Secretion 
Mean and standard deviation of fold-change in IL-6 and CXCL-8 secretion in BEAS-2B cells 
following 24 hrs of treatment with oleoyl sarcosine are shown in Table_Apx 3 and Table_Apx 4, 
respectively (Appendix A). IL-6 and CXCL-8 secretion was not included in the analysis at the 
highest two concentrations of oleoyl sarcosine (2.4 and 3 µg/cm2) due to low cell viability (<10% 
of the solvent control at both concentrations). Compared to the solvent control, IL-6 secretion 
increased 7.7-, 80-, and 59-fold at 0.6, 1.2, and 1.8 µg/cm2 oleoyl sarcosine, respectively (Figure 
3). Similarly, CXCL-8 secretion increased 2.0-, 2.2-, and 2.9-fold at 0.6, 1.2, and 1.8 µg/cm2 
oleoyl sarcosine, respectively (Figure 4). The positive control (LPS) gave expected results, 
significantly increasing IL-6 and CXCL-8 secretion compared to the solvent control.  
 

 
Figure 3. Effect of Oleoyl Sarcosine Exposure (24 hrs) on IL-6 Secretion in BEAS-2B Cells 
From Figure 3 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with three technical replicates (N = 3) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 
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Figure 4. Effect of Oleoyl Sarcosine Exposure (24 hrs) on CXCL-8 Secretion in BEAS-2B 
Cells 
From Figure 3 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with three technical replicates (N = 3) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 
 
2. Results for MucilAir Tissues Following Oleoyl Sarcosine Exposure 
 
2.1 Cell Viability (PrestoBlue – Resazurin Metabolism) 
Mean and standard deviation of percentage resazurin metabolism in MucilAir tissues following 
24 hrs of treatment with oleoyl sarcosine are shown in Table_Apx 5 (Appendix A). Treatment 
with oleoyl sarcosine caused a dose-dependent decrease in resazurin metabolism at the highest 
two concentration (25% and 4% of control at 40 and 80 µg/cm2, respectively) (Figure 5). 
Resazurin metabolism was comparable to the solvent control at the three lowest concentrations 
of oleoyl sarcosine. 

 
Figure 5. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Cell Viability (Resazurin 
Metabolism) in MucilAir 
From Figure 4 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with two technical replicates (N = 2) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 
 
2.2 Cytotoxicity (LDH Release) 
Mean and standard deviation of fold-change in LDH release in MucilAir tissues following 24 hrs 
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of treatment with oleoyl sarcosine are shown in Table_Apx 6 (Appendix A). Compared to the 
solvent control, LDH release was significantly increased in a concentration-dependent manner at 
10 µg/cm2 and above (increased 2.4-, 18-, 39-, and 52-fold at 10, 20, 40, and 80 µg/cm2, 
respectively) (Figure 6). LDH release was comparable to the solvent control at the lowest 
concentration (5 µg/cm2). The lysis solution positive control gave expected results, increasing 
LDH release compared to the solvent control. 
 

 
Figure 6. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Cytotoxicity (LDH Release) in 
MucilAir 
From Figure 4 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 
 
2.3 IL-6 and CXCL-8 Secretion 
Mean and standard deviation of fold-change in IL-6 and CXCL-8 secretion in MucilAir tissues 
following 24 hrs of treatment with oleoyl sarcosine are shown in Table_Apx 7 and Table_Apx 8, 
respectively (Appendix A). IL-6 and CXCL-8 secretion was not included in the analysis at the 
highest two concentrations of oleoyl sarcosine (40 and 80 µg/cm2) due to low cell viability (4–
25% of the solvent control). Compared to the solvent control, IL-6 secretion increased 
significantly in a concentration-dependent manner at the three lowest concentrations of oleoyl 
sarcosine (i.e., 2.4-, 34-, and 70-fold at 5, 10, and 20 µg/cm2, respectively) (Figure 7). Similarly, 
CXCL-8 secretion also increased significantly in a concentration-dependent manner at the three 
lowest concentrations of oleoyl sarcosine (i.e., 1.7-, 2.2-, and 2.5-fold at 5, 10, and 20 µg/cm2, 
respectively) (Figure 8). The positive control (LPS) gave the expected result, significantly 
increasing IL-6 and CXCL-8 secretion compared the solvent control. 
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Figure 7. Effect of Oleoyl Sarcosine Exposure (24 hrs) on IL-6 Secretion in MucilAir 
From Figure 5 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; *, P < 0.05; ***, P 
< 0.001. 
 

 
Figure 8. Effect of Oleoyl Sarcosine Exposure (24 hrs) on CXCL-8 Secretion in MucilAir 
From Figure 5 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 
 
2.4 TEER Measurements 
Mean and standard deviation of all TEER measurements in MucilAir tissues taken pre-treatment 
and following 24 hrs of treatment with oleoyl sarcosine are shown in Table_Apx 9 (Appendix 
A). A narrow range of TEER measurements in MucilAir tissue was observed pre-treatment, 
ranging from 497 to 530 Ω × cm2 (Table_Apx 9). Post-exposure TEER measurements for the 
solvent control appeared elevated by approximately 18% compared to pre-exposure TEER 
measurements (i.e., mean ± standard deviation pre- and post-exposure TEER = 519 ± 132 and 
615 ± 103 Ω × cm2, respectively, for the solvent control; Table_Apx 9). 
 
Per manufacturer recommendations, TEER values greater than 200 Ω × cm2 are generally 
accepted to indicate a tight barrier for MucilAir. Compared to the solvent control, a 
concentration-dependent decrease in TEER measurements was observed following 24 hrs of 
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exposure to oleoyl sarcosine at concentrations of 10 µg/cm2 and above (i.e., 83%, 19%, 7.9%, 
and 7.5% of control at 10, 20, 40, and 80 µg/cm2, respectively; Figure 9). TEER measurements 
were below the 200 Ω × cm2 threshold indicative of a tight barrier at the three highest 
concentrations of oleoyl sarcosine. TEER measurements were comparable to the solvent control 
at the lowest concentration of oleoyl sarcosine (5 µg/cm2). 

 

 
Figure 9. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Barrier Integrity (TEER) in 
MucilAir 
From Figure 6 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. 
Asterisks (*) show statistically significant differences compared to the solvent control; *, P < 0.05; ***, P 
< 0.001. 
 
2.5 Cilia Average Active Area (AAA) and Cilia Beating Frequency (CBF) 
Mean and standard deviation of percent control CBF and AAA in MucilAir tissues pre-treatment 
and following 24 hrs of treatment with oleoyl sarcosine are shown in Table_Apx 10 and 
Table_Apx 11, respectively (Appendix A). Study authors did not discuss the results of pre-
treatment AAA and CBF values. Using the raw data provided in the supplementary document 
associated with Stucki et al., EPA calculated mean and standard deviation pre-treatment AAA 
and CBF values (Table_Apx 10 and Table_Apx 11). Little variability was observed in 
pretreatment AAA (% AAA varied from 99.7% to 99.9%) and pretreatment CBF values (ranged 
from 7.4–8.4 Hz). However, some variability between pre-exposure and post-exposure AAA and 
CBF values was observed for the solvent control. Cilia AAA declined from 99.9% ± 0.07% 
(mean ± SD) in pre-treatment solvent controls to 92.5% ± 7.1% in post-treatment solvent 
controls (Table_Apx 11), while CBF values increased approximately 34% in post-exposure 
solvent control MucilAir tissue (i.e., mean ± SD pre- and post-exposure CBF = 7.854 ± 1.16 and 
10.546 ± 1.94 Hz, respectively; Table_Apx 10). 
 
Compared to the solvent control, cilia AAA was significantly reduced 35% and 87% at 
concentrations of 40 and 80 µg/cm2 oleoyl sarcosine, respectively, but was unaffected at the 3 
lowest concentrations of 5, 10, and 20 µg/cm2 (Figure 11). Similarly, CBF values significantly 
decreased 14% to 15% at concentrations of 40 and 80 µg/cm2 oleoyl sarcosine, respectively, but 
was unaffected at the 3 lowest concentrations (Figure 10). As noted by study authors, substantial 
cell death was observed at the two highest concentrations in several assays (cell viability, 
cytotoxicity, TEER, as well as histology), therefore cilia AAA and CBF measurements reported 
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for these concentrations should be interpreted with caution. 
 
Study authors included isoproterenol hydrochloride (ISO) as a positive control for CBF. As 
expected, treatment with ISO significantly increased CBF compared to the solvent control 
(Figure 10). 

 

 
Figure 10. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Cilia Beating Frequency (CBF) 
in MucilAir 
From Figure 7 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. Note: 
due to a data handling error, the ISO positive control is missing at 24 hours for Donor 2 (orange). 
Asterisks (*) show statistically significant differences compared to the solvent control; **, P < 0.01; ***, 
P < 0.001. 
 

 
Figure 11. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Average Active Area (AAA) in 
MucilAir 
From Figure 7 in Stucki et al. The graph shows results from three separate experiments (N = 3) 
represented in different colors, with four technical replicates (N = 4) included in each experiment. Note: 
due to a data handling error, the ISO positive control is missing at 24 hours for Donor 2 (orange). 
Asterisks (*) show statistically significant differences compared to the solvent control; ***, P < 0.001. 

2.6 Histology 
Incubator control and solvent control cells showed the typical pseudostratified structure of 
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airway epithelium comprising basal cells, ciliated cells, and mucus-secreting goblet cells (Figure 
12). No changes in tissue structure were observed at the lowest three concentrations of oleoyl 
sarcosine (5, 10, 20 µg/cm2) after 24-hours of exposure. No histological images are available for 
tissues exposed to 40 or 80 µg/cm2 oleoyl sarcosine due to high cytotoxicity and subsequent cell 
loss. 

 
Figure 12. Effect of Oleoyl Sarcosine Exposure (24 hrs) on Bronchial MucilAir Tissue 
From Figure 8 in Stucki et al. Representative images from one experimental run. Abbreviations: IC = 
incubator control; SC = solvent control. 
 
3. Results for MucilAir Tissues 7 Days Post-exposure to Oleoyl Sarcosine 
Cell viability (resazurin metabolism), cytokine secretion (IL-6, CXCL-8), TEER, cilia AAA, 
CBF, and histology were also evaluated in MucilAir tissues 7 days post-exposure. Cytotoxicity 
(LDH release) was not measured at this timepoint. Overall, study authors concluded that for this 
study the 7 day timepoint did not provide additional useful information compared to the 24 hr 
exposure and did not provide any additional value to understanding respiratory irritation or 
benchmark dose modeling. Therefore, results at the 7 day post-exposure timepoint are 
summarized briefly below, but are not further discussed herein. 

• Cell viability (Resazurin metabolism): No recovery in cell viability was observed 7 
days post-exposure to oleoyl sarcosine. Compared to the solvent control, cell viability 
was significantly decreased at the three highest concentrations of oleoyl sarcosine (i.e., 
79%, 17%, 13% of control at 20, 40 and 80 µg/cm2, respectively). 

• IL-6 and CXCL-8 Section: No evidence of a prolonged inflammatory response was 
apparent 7 days post-exposure to oleoyl sarcosine. IL-6 and CXCL-8 secretion was 
comparable to the solvent control at all exposure concentrations, except for a decrease in 
IL-6 secretion at 20 µg/cm2. 

• TEER: Partial recovery in barrier integrity was observed 7 days post-exposure to oleoyl 
sarcosine. TEER measurements recovered to control levels at 10 and 20 µg/cm2 oleoyl 
sarcosine, but remained below solvent control levels at the highest two concentrations 
(i.e., 72% and 14% of control at 40 and 80 µg/cm2). 

• Cilia AAA: No recovery in cilia AAA was observed 7 day post-exposure to oleoyl 
sarcosine. Cilia AAA was significantly reduced to 81, 5.4, and 2.0% of control at 20, 40, 
and 80 µg/cm2, respectively. 
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• CBF: In contrast to the 24-hour timepoint where CBF decreased 14 to 15% at 40 and 80 
µg/cm2 oleoyl sarcosine, respectively, CBF significantly increased 38 and 44% at 40 and 
80 µg/cm2 oleoyl sarcosine, respectively, 7 days post-exposure.  

• Tissue Histology: Although no histology images were available at the 24 hour timepoint 
at the two highest concentrations of oleoyl sarcosine (40 and 80 µg/cm2) due to high 
cytotoxicity, remaining cells proliferated and formed a monolayer on the membrane by 7 
days post-exposure. Consistent with the 24 hr timepoint, no obvious changes in histology 
were observed at the two lowest concentrations (5 and 10 µg/cm2). MucilAir tissues 
treated with 20 µg/cm2 showed no obvious changes at 24-hours, however, loss of cilia 
was observed at this concentration of oleoyl sarcosine 7 days post-exposure.  

 
4. Benchmark Concentration (BMC) Analysis 
EPA confirmed that the BMC analysis conducted by Stucki et al. using all standard continuous 
models in EPA’s Benchmark Dose Software Online were performed appropriately. The analysis 
was conducted using a normal distribution with both constant and non-constant variance models. 
All endpoints were modeled using normalized (i.e., as % vehicle control or fold-change relative 
to the control) and raw data. As can be seen from Table 3, data normalization improved model fit 
for 6 out of 11 data sets. 
 
Using the BEAS-2B data reported in Table_Apx 1 through Table_Apx 4, and the MucilAir data 
reported in Table_Apx 5 through Table_Apx 11, EPA was able to replicate the BMC analysis 
reported in Stucki et al. BMC modeling results are reported in Table 3. For BEAS-2B cells, the 
most sensitive endpoint was IL-6 secretion (BMC1SD/BMCL1SD = 0.42/0.24 µg/cm2), followed 
by CXCL-8 secretion (BMC1SD/BMCL1SD = 0.99/0.53 µg/cm2), cell viability 
(BMC1SD/BMCL1SD = 0.83/0.71 µg/cm2), and LDH release (BMC1SD/BMCL1SD = 1.13/0.92 
µg/cm2). Similarly, for MucilAir tissues, the most sensitive endpoint was CXCL-8 secretion 
(BMC1SD/BMCL1SD = 5.33/3.59 µg/cm2), followed by LDH release (BMC1SD/BMCL1SD = 
6.96/5.29 µg/cm2), IL-6 secretion (BMC1SD/BMCL1SD = 9.32/5.52 µg/cm2), TEER 
(BMC1SD/BMCL1SD = 11.1/9.18 µg/cm2), cilia AAA (BMC1SD/BMCL1SD = 25.9/16.0 µg/cm2), 
cell viability (BMC1SD/BMCL1SD = 27.0/17.2 µg/cm2), and CBF (BMC1SD/BMCL1SD = 74.1/31.7 
µg/cm2). 
 
Table 3. BMC Modeling Results for BEAS-2B Cells and MucilAir Tissues Exposed to 
Oleoyl Sarcosine for 24 Hours 

Model Endpoint 
NOEC/ 
LOEC 

(µg/cm2) 

Selected 
Model 

Distribution 
+ Variance 

BMC1SD/ 
BMCL1SD 
(µg/cm2) 

BMD Notes 

BEAS-2B 

Cell viability None / 0.5 Hill Normal + 
Non-constant 

0.83 / 0.71 Results based on normalized 
(% control) data 

LDH release None / 0.5 Hill Normal + 
Constant 

 1.13 / 0.92 Results based on normalized 
(fold-change) data 

IL-6 
secretion 

None / 0.5 Hill Normal + 
Non-constant 

0.42 / 0.24 Results based on raw 
(pg/mL) data 

IL-6 not reported at 2.4 or 
3.0 µg/cm2 

CXCL-8 
secretion 

None / 0.5 Linear Normal + 
Constant 

0.99 / 0.53 Results based on raw 
(pg/mL) data 

CXCL-8 not reported at 2.4 
or 3.0 µg/cm2 
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Model Endpoint 
NOEC/ 
LOEC 

(µg/cm2) 

Selected 
Model 

Distribution 
+ Variance 

BMC1SD/ 
BMCL1SD 
(µg/cm2) 

BMD Notes 

MucilAir 

Cell viability None / 5.2 Exponential 
3 

Normal + 
Non-constant 

27.0 / 17.2 Results based on normalized 
(% control) data 

LDH release 5.2 / 10.3 Hill Normal + 
Non-constant 

6.96 / 5.29 Results based on normalized 
(fold-change) data 

IL-6 
secretion 

None / 5.2 Linear Normal + 
Constant 

9.32 / 5.52 Results based on normalized 
(fold-change) data 

IL-6 not reported at 40 or 80 
µg/cm2 

CXCL-8 
secretion 

None / 5.2 Linear Normal + 
Constant 

5.33 / 3.59 Results based on raw 
(pg/mL) data 

CXCL-8 not reported at 40 
or 80 µg/cm2 

TEER 5.2 / 10.3 Hill Normal + 
Non-constant 

11.1 / 9.18 Results based on raw (Ω × 
cm2) data 

CBF 20.1 / 41.1 Exponential 
3 

Normal + 
Constant 

74.1 / 31.7 Results based on raw (Hz) 
data 

Cilia AAA 20.1 / 41.1 Exponential 
3 

Normal + 
Constant 

25.9 / 16.0 Results based on normalized 
(% control) data 

 
III. DISCUSSION AND CONCLUSIONS: 
 
A. INVESTIGATORS’ CONCLUSIONS 
 
Concentration-dependent responses were observed for all assessed endpoints in both BEAS-2B 
and MucilAir in vitro test systems. BMC modeling was applied using a BMR of one standard 
deviation from the control group. Based on BMC modeling results, IL-6 secretion was the most 
sensitive outcome for BEAS-2B cells, yielding a BMC/BMCL of 0.42/0.24 µg/cm2 oleoyl 
sarcosine, while CXCL-8 secretion was the most sensitive outcome for MucilAir tissues, 
yielding a BMC/BMCL of 5.33/3.59 µg/cm2 oleoyl sarcosine.  
 
In the MucilAir cell model, cellular effects were assessed after 24 hrs of exposure to oleoyl 
sarcosine, and after 7 days. Generally, at 7 days, partial recovery of cellular health effects was 
observed at lower exposure concentrations, except when cell death was high. Overall, the 7-day 
timepoint produced highly variable data and did not provide additional useful information 
compared to the 24 hr timepoint. 
 
B. REVIEWER CONCLUSIONS 
 
BEAS-2B Cells: Treatment with oleoyl sarcosine for 24 hrs reduced cell viability (resazurin 
metabolism) at all tested concentrations (≥0.6 µg/cm2), while cytotoxicity (LDH release) was 
significantly increased at 0.6, 1.8, 2.4, and 3 µg/cm2 oleoyl sarcosine. LDH release was increased 
approximately 1.2-fold at 1.2 µg/cm2, however, the effect was not statistically significant. IL-6 
and CXCL-8 secretion was significantly increased at all tested concentrations of oleoyl sarcosine 
(0.6, 1.2, 1.8 µg/cm2), however, cytokine secretion was not reported at the highest two 
concentrations of oleoyl sarcosine (2.4 and 3 µg/cm2) due to low cell viability (< 10% of 
control). All observed effects in BEAS-2B cells occurred in a concentration-dependent manner. 
Based on BMC analysis, the most sensitive endpoint was IL-6 secretion (BMC1SD/BMCL1SD = 
0.42/0.24 µg/cm2), followed by CXCL-8 secretion (BMC1SD/BMCL1SD = 0.99/0.53 µg/cm2), cell 
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viability (BMC1SD/BMCL1SD = 0.83/0.71 µg/cm2), and LDH release (BMC1SD/BMCL1SD = 
1.13/0.92 µg/cm2). 
 
MucilAir: Treatment with oleoyl sarcosine for 24 hrs significantly reduced cell viability 
(resazurin metabolism) at concentrations of 40 and 80 µg/cm2 and increased cytotoxicity (LDH 
release) at concentrations of 10 µg/cm2 and above. IL-6 and CXCL-8 secretion increased starting 
at the lowest tested concentration of oleoyl sarcosine (5 µg/cm2). Cytokine secretion was not 
reported in MucilAir at the highest two concentrations of oleoyl sarcosine (40 and 80 µg/cm2) 
due to low cell viability (4–25% of control). Observed effects on cell viability, cytotoxicity, and 
cytokine release occurred in a concentration-dependent manner. 
 
There is some uncertainty associated with TEER measurements, as well as CBF and AAA 
responses. TEER measurements were significantly reduced at concentrations of 10 µg/cm2 oleoyl 
sarcosine and above. Although there was little variability in pre-exposure TEER measurements, 
TEER measurements were elevated approximately 18% in post-exposure solvent controls 
compared to pre-exposure solvent controls (i.e., pre- and post-exposure TEER = 519 and 615 Ω 
× cm2, respectively, for the solvent control). A similar 20% increase in TEER measurements was 
also observed for pre- and post-exposure solvent controls in the Triton X-100 experiments 
reported by Stucki et al. Study authors do not provide a reason for the increase in post-exposure 
TEER measurements in the solvent control; however, it may be due to the liquid application 
and/or the choice of vehicle (0.9% NaCl). The impact on TEER measurements in each of the 
oleoyl sarcosine treatment groups and on the dose-response for this outcome is unknown and is a 
source of uncertainty. Cilia AAA and CBF were both significantly reduced starting at 40 µg/cm2 
oleoyl sarcosine. However, the cilia AAA response was highly variable. Variability in cilia AAA 
measurements were likely related to the observed increase in cytotoxicity and decrease in cell 
viability at the highest two concentrations (40 and 80 µg/cm2). This is further corroborated by 
histological findings at 40 and 80 µg/cm2 (i.e., histology could not be evaluated at either 
concentration due to excessive cytotoxicity or cell loss). As noted by study authors, excessive 
cytotoxicity at the two highest concentrations of oleoyl sarcosine may confound cilia AAA and 
CBF measurements and is a source of uncertainty. 
 
Based on BMC analysis, the most sensitive endpoint in MucilAir tissue was CXCL-8 secretion 
(BMC1SD/BMCL1SD = 5.33/3.59 µg/cm2), followed by LDH release (BMC1SD/BMCL1SD = 
6.96/5.29 µg/cm2), IL-6 secretion (BMC1SD/BMCL1SD = 9.32/5.52 µg/cm2), TEER 
(BMC1SD/BMCL1SD = 11.1/9.18 µg/cm2), cilia AAA (BMC1SD/BMCL1SD = 25.9/16.0 µg/cm2), 
cell viability (BMC1SD/BMCL1SD = 27.0/17.2 µg/cm2), and CBF (BMC1SD/BMCL1SD = 74.1/31.7 
µg/cm2). As discussed above, there is some uncertainty associated with the TEER, CBF, and 
cilia AAA measurements. IL-6 and CXCL-8 secretion and cytotoxicity (LDH release) were more 
sensitive endpoints than cell viability (resazurin metabolism). For IL-6 secretion and cytotoxicity 
(LDH release), BMC1SD and BMCL1SD estimates from the best-fitting models were slightly 
above the lowest concentration (5.2 µg/cm2) that was evaluated. For CXCL-8 release, 1.7-, 2.2-, 
and 2.5-fold increases were observed at 5, 10, and 20 µg/cm2 oleoyl sarcosine, respectively, and 
the resulting BMCL1SD of 3.59 µg/cm2 is slightly below the lowest tested concentration of 5.2 
µg/cm2. The lowest concentration-to-BMCL ratio is 1.4 for CXCL-8 secretion. Because the 
BMCL1SD estimate for CXCL-8 secretion is being extrapolated below the lowest tested 
concentration, there is some uncertainty in the BMCL estimate. 
 
As discussed above, there is some uncertainty associated with the TEER, CBF, and cilia AAA 
measurements. Based on BMC analysis, cell viability (resazurin metabolism) was not found to 
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be as sensitive as other endpoints in either BEAS-2B or MucilAir in vitro models, while 
cytotoxicity was found to be a sensitive endpoint in MucilAir tissue, but not BEAS-2B cells. IL-
6 and CXCL-8 secretion were consistently the most sensitive outcomes in both BEAS-2B and 
MucilAir in vitro models. Further, pro-inflammatory cytokine production and inflammatory 
responses are key events at the cellular and tissue levels in the respiratory tract following acute 
exposures to inhaled material (Clippinger et al., 2018)3, and good BMD model fits were 
observed for these measurements.  Therefore, the BMD values for IL-6 and/or CXCL-8 secretion 
are recommended for use in the NAM approach to calculate human equivalent concentrations. 
 
This in vitro study evaluating airway irritation is Acceptable/Non-Guideline. It was 
developed in support of a NAM for refining inhalation risk assessment for contact irritants.  

 
3 Clippinger, A. J., Allen, D., Behrsing, H., BéruBé, K. A., Bolger, M. B., Casey, W., DeLorme, M., Gaça, M., 
Gehen, S. C., Glover, K., Hayden, P., Hinderliter, P., Hotchkiss, J. A., Iskandar, A., Keyser, B., Luettich, K., Ma-
Hock, L., Maione, A. G., Makena, P., . . . Jarabek, A. M. (2018). Pathway-based predictive approaches for non-
animal assessment of acute inhalation toxicity. Toxicology in Vitro, 52, 131-145. 
https://doi.org/https://doi.org/10.1016/j.tiv.2018.06.009  
 

https://doi.org/https:/doi.org/10.1016/j.tiv.2018.06.009
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APPENDIX A 
Note: All mean and SD values shown in Table_Apx 1 through Table_Apx 11 were calculated by 
EPA using the raw data provided in the supplementary document associated with Stucki et al. 
 
Table_Apx 1. Effect of Oleoyl Sarcosine Treatment on Cell Viability (PrestoBlue) in BEAS-
2B Cells 

Dose 
(µg/cm2) N 

PrestoBlue 
(RFI) 

PrestoBlue 
(% Control) 

Mean SD Mean SD 
0 3 78,260.722 11,434.944 100.0 14.6 

0.5 3 69,546.611 17,796.858 87.9 11.2 
1.1 3 47,078.944 10,353.385 59.8 6.9 
1.6 3 13,644.000 5,817.453 16.9 5.1 
2.4 3 4,619.778 1,143.742 5.8 0.7 
3.1 3 2,830.778 1,838.680 3.4 1.9 

 
Table_Apx 2. Effect of Oleoyl Sarcosine Treatment on Cytotoxicity (LDH Release) in 
BEAS-2B Cells 

Dose 
(µg/cm2) N 

LDH 
(OD) 

LDH 
(Fold-Change) 

Mean SD Mean SD 
0 3 0.058 0.014 1.000 0.241 

0.5 3 0.070 0.024 1.191 0.178 
1.1 3 0.068 0.014 1.201 0.320 
1.6 3 0.135 0.033 2.345 0.179 
2.4 3 0.176 0.041 3.059 0.291 
3.1 3 0.194 0.046 3.352 0.038 

 
Table_Apx 3. Effect of Oleoyl Sarcosine Treatment on IL-6 Secretion in BEAS-2B Cells 

Dose 
(µg/cm2) N 

IL-6 (pg/mL) IL-6 (Fold-Change) 
Mean SD Mean SD 

0 3 0.399 0.153 1.000 0.382 
0.5 3 2.637 0.393 7.741 4.664 
1.1 3 31.499 10.430 80.268 5.711 
1.6 3 24.413 12.849 59.356 11.087 

 
Table_Apx 4. Effect of Oleoyl Sarcosine Treatment on CXCL-8 Secretion in BEAS-2B 
Cells 

Dose 
(µg/cm2) N 

CXCL-8 
(pg/mL) 

CXCL-8 
(Fold-Change) 

Mean SD Mean SD 
0 3 50.106 26.122 1.000 0.521 

0.5 3 95.035 43.223 1.996 0.324 
1.1 3 213.308 112.207 4.408 0.893 
1.6 3 145.445 98.607 2.903 0.963 
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Table_Apx 5. Effect of Oleoyl Sarcosine Treatment on Cell Viability (PrestoBlue) in 
MucilAir 

Dose 
(µg/cm2) N 

PrestoBlue 
(RFI) 

PrestoBlue 
(% Control) 

Mean SD Mean SD 
0 3 105823.500 4640.800 100.0 4.4 

5.2 3 107190.833 25232.642 100.9 20.6 
10.3 3 92558.750 20058.247 87.0 15.6 
20.1 3 99183.833 9701.768 94.0 11.6 
41.1 3 25918.250 17208.386 24.9 17.5 
77.8 3 4363.500 4043.008 4.1 3.7 

 
Table_Apx 6. Effect of Oleoyl Sarcosine Treatment on Cytotoxicity (LDH Release) in 
MucilAir 

Dose 
(µg/cm2) N 

LDH 
(OD) 

LDH 
(Fold-Change) 

Mean SD Mean SD 
0 3 0.025 0.010 1.000 0.411 

5.2 3 0.027 0.014 1.057 0.264 
10.3 3 0.052 0.016 2.415 1.251 
20.1 3 0.379 0.072 17.538 8.316 
41.1 3 0.895 0.141 38.890 11.485 
77.8 3 1.195 0.090 52.237 14.826 

 
Table_Apx 7. Effect of Oleoyl Sarcosine Treatment on IL-6 Secretion in MucilAir 

Dose 
(µg/cm2) N 

IL-6 
(pg/mL) 

IL-6 
(Fold-Change) 

Mean SD Mean SD 
0 3 14.971 8.765 1.000 0.585 

5.2 3 32.133 24.221 2.350 1.119 
10.3 3 301.902 92.759 33.604 36.135 
20.1 3 622.547 189.711 70.015 74.449 

 
Table_Apx 8. Effect of Oleoyl Sarcosine Treatment on CXCL-8 Secretion in MucilAir 

Dose 
(µg/cm2) N 

CXCL-8 
(pg/mL) 

CXCL-8 
(Fold-Change) 

Mean SD Mean SD 
0 3 6204.131 2443.323 1.000 0.394 

5.2 3 9497.087 1393.243 1.669 0.531 
10.3 3 11940.251 719.192 2.213 1.118 
20.1 3 13733.658 3172.682 2.472 1.024 
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Table_Apx 9. Effect of Oleoyl Sarcosine Treatment on TEER in MucilAir 

Dose 
(µg/cm2) N 

TEER 
(Ω × cm2) 

TEER 
(% Control) 

Pre-Exposure 24 hr Exposure Pre-Exposure 24 hr Exposure 
Mean SD Mean SD Mean SD Mean SD 

0 3 519.200 132.066 614.900 103.140 100.0 25.4 100.0 16.8 
5.2 3 529.980 73.549 579.865 127.689 104.1 13.5 93.7 6.9 
10.3 3 527.890 112.493 510.758 119.971 102.7 13.2 82.5 8.3 
20.1 3 503.938 110.790 119.397 45.823 97.6 5.1 19.0 5.4 
41.1 3 530.255 134.311 48.455 8.213 102.1 0.9 7.9 0.3 
77.8 3 496.623 40.572 46.063 6.716 98.5 18.1 7.5 0.5 

 
Table_Apx 10. Effect of Oleoyl Sarcosine Treatment on Cilia Beating Frequency (CBF) in 
MucilAir 

Dose 
(µg/cm2) N 

CBF 
(Hz) 

CBF 
(% Control) 

Pre-Exposure 24 hr Exposure Pre-Exposure 24 hr Exposure 
Mean SD Mean SD Mean SD Mean SD 

0 3 7.854 1.164 10.546 1.943 100.0 14.8 100.0 18.4 
5.2 3 7.764 1.443 9.959 1.514 98.7 10.0 94.9 6.8 
10.3 3 7.771 1.295 10.363 2.067 99.1 11.8 98.1 7.2 
20.1 3 7.437 1.614 10.214 2.625 94.3 12.1 96.0 9.1 
41.1 3 7.556 1.298 8.948 1.265 96.0 6.3 86.1 14.3 
77.8 3 7.644 1.166 8.964 1.636 97.3 2.2 85.1 3.0 
ISO 2 9.173 0.619 13.443 0.115 − − − − 

 
Table_Apx 11. Effect of Oleoyl Sarcosine Treatment on Cilia Average Active Area (AAA) 
in MucilAir 

Dose 
(µg/cm2) N 

Cilia AAA 
(% Active Area) 

Cilia AAA 
(% Control) 

Pre-Exposure 24 hr Exposure Pre-Exposure 24 hr Exposure 
Mean SD Mean SD Mean SD Mean SD 

0 3 99.904 0.073 92.569 7.053 100.0 0.1 100.0 7.6 
5.2 3 99.780 0.196 92.255 11.041 99.9 0.1 100.2 15.8 
10.3 3 99.734 0.285 98.672 1.323 99.8 0.3 106.9 6.9 
20.1 3 99.884 0.144 84.909 8.658 100.0 0.1 91.8 8.2 
41.1 3 99.846 0.070 59.452 32.132 99.9 0.1 64.8 35.9 
77.8 3 99.876 0.112 11.288 10.269 100.0 0.1 12.7 12.2 
ISO 2 99.977 0.033 93.891 8.374 − − − − 
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