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a b s t r a c t 

Ultra+ne particles represent a growing concern in the public health community but their 

precise role in many illnesses is still unknown. This lack of knowledge is related to the ex- 

perimental dif+culty in linking their biological effects to their multiple properties, which 

are important determinants of toxicity. Our aim is to propose an interdisciplinary approach 

to study +ne (FP) and ultra+ne (UFP) particles, generated in a controlled manner using a 

miniCAST (Combustion Aerosol Standard) soot generator used with two different operating 

conditions (CAST1 and CAST3). The chemical characterization was performed by an untar- 

geted analysis using ultra-high resolution mass spectrometry. In conjunction with this ap- 

proach, subsequent analysis by gas chromatography–mass spectrometry (GC–MS) was per- 

formed to identify polycyclic aromatic hydrocarbons (PAH). CAST1 enabled the generation of 

FP with a predominance of small PAH molecules, and CAST3 enabled the generation of UFP, 

which presented higher numbers of carbon atoms corresponding to larger PAH molecules. 

Healthy normal human bronchial epithelial (NHBE) cells differentiated at the air-liquid inter- 

face (ALI) were directly exposed to these freshly emitted FP and UFP. Expression of MUC5AC, 

FOXJ1, OCLN and ZOI as well as microscopic observation con+rmed the ciliated pseudos- 

trati+ed epithelial phenotype. Study of the mass deposition ef+ciency revealed a difference 

between the two operating conditions, probably due to the morphological differences be- 

tween the two categories of particles. We demonstrated that only NHBE cells exposed to 

CAST3 particles induced upregulation in the gene expression of IL-8 and NQO1 . This ap- 

proach offers new perspectives to study FP and UFP with stable and controlled properties. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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Introduction 

Air pollution is a serious worldwide issue due to its health im- 

pacts. As classi+ed by the International Agency of Research on 

Cancer (IARC) as carcinogenic to humans (Group 1), air pol- 

lution led to 8.8 million early deaths in 2015 ( Lelieveld et al., 

2019 ). The strongest evidence for public health concerns 

mostly includes coarse (PM 10 , i.e. PM with a median aero- 

dynamic diameter < 10 µm) and +ne particulates (FP, PM 2.5 , 

i.e. PM with a median aerodynamic diameter < 2.5 µm). This 

has been demonstrated both after short- and long-term expo- 

sures for cardiovascular and respiratory diseases, as well as 

for all-cause mortality ( Brook et al., 2010 ; Burnett et al., 2018 ; 

Pope et al., 1995 ). 

There is a growing concern in the scienti+c community 

about the contribution of ultra+ne particles (UFP, PM with a 

median aerodynamic diameter of 100 nm or less; PM 0.1 ) to hu- 

man health. Indeed, physical factors such as size and mor- 

phology participate in the toxicity of particles by letting them 

penetrate into the different regions of the respiratory system 

( Carvalho et al., 2011 ; Tyler et al., 2016 ). Depending on its size, 

PM is deposited in different parts of the respiratory system: 

PM 10 in upper airways, PM 2.5 in the lower airways including 

alveoli ( Nemmar et al., 2013 ) and UFP, which can be translo- 

cated to interstitial sites in the respiratory tract and in ex- 

trapulmonary organs ( Kreyling et al., 2009 ; Oberdörster et al., 

2004 ). The large surface area of UFP enables them to de- 

liver a greater quantity of chemical compounds to the res- 

piratory system for a given mass of PM, playing an impor- 

tant role in their toxicological effects ( Abdel-Shafy and Man- 

sour, 2016 ; Chen and Lippmann, 2009 ; Tyler et al., 2016 ). Sev- 

eral studies have demonstrated the role played by PM in the 

oxidative stress and inZammation response ( Donaldson et al., 

2002 ; Leikauf et al., 2020 ; Li et al., 2003 ; Nemmar et al., 2013 ; 

Schraufnagel, 2020 ). However, despite their higher number 

and important reactivity, UFP have been less studied than 

coarse and FP ( Schmid et al., 2009 ). Total PM emissions include 

both +lterable PM, directly emitted from the source as solid or 

nonvolatile liquid particles, and condensable PM, initially in 

the vapor phase after combustion and immediately forming 

solid or liquid droplets. Both these condensable and +lterable 

PM form UFP ( Feng et al., 2018 ; Kwon et al., 2020 ). Another char- 

acteristic of the UFP are their very short atmospheric lifetimes: 

their concentrations decrease with increasing distance from 

the emission sources , hence ef+cient sampling strategies to 

collect suf+cient PM mass are required ( Kumar et al., 2021 ). An 

alternative is to conduct experiments with a source providing 

relevant emissions of UFP that can be easily produced in a re- 

producible way. 

The mini-Combustion Aerosol Standard (mini-CAST) is a 

reference soot generator in which soot particles, produced 

from a co-Zow propane diffusion Zame, are quenched and 

quickly diluted to stabilize the soot particle stream and pre- 

vent water condensation. Many studies have been carried out 

to analyze the properties of soot particles, demonstrating that 

soot particle characteristics (such as Organic Carbon (OC) / To- 

tal Carbon (TC), morphology, number and size distribution) 

can be varied depending on the operating conditions, while 

maintaining a stable and repeatable source ( Bescond et al., 

2016 ; Jing, 1999 ; Moallemi et al., 2019 ; Moore et al., 2014 ). The 

mini-CAST has been used primarily as a calibration device for 

soot and to understand soot formation and has been adapted 

for liquid fuels. Recently, it has been used as a relevant tool 

in the production of aircraft soot analogues ( Marhaba et al., 

2019 ). Thus, the miniCAST soot generator should serve as 

an adequate device for studying particle toxicity with micro- 

physical and chemical properties representative of real-world 

emissions. 

The toxicity of inhaled airborne particles can be studied 

by different in vivo and in vitro techniques. Concerning the 

in vitro approaches, submerged assessments are commonly 

chosen, where cells are exposed to a particle suspension, 

but these are not representative of physiological conditions 

( Loret et al., 2016 ). Conversely, particle exposure of lung cells 

grown at the air-liquid interface (ALI) depicts a situation close 

to physiological conditions and allows estimation of the toxic- 

ity of combustion particles ( BéruBé et al., 2010 ; Bhowmick and 

Gappa-Fahlenkamp, 2016 ; Paur et al., 2011 ). Here, cells were 

cultured on the semi-permeable membranes of a trans-well 

insert in a culture well where medium was supplied only from 

the basal pole. Then cells were exposed to an aerosol at the 

apical pole. Several devices have been developed in order to 

study this approach, such as the Cultex® System and the Vit- 

rocell® System ( Aufderheide and Mohr, 2004 , 2000 ). Despite 

the advantages provided by these devices, controlled and re- 

peatable cell exposures at relevant airborne concentrations 

are scarce. However, these devices, associated with the use 

of novel tissue engineering tools, are attractive tools to ex- 

tend the knowledge on the cellular effects of UFP. Among 

these novel cellular tools, normal human bronchial epithe- 

lial (NHBE) cells can differentiate into a mucociliary pheno- 

type similar to in vivo conditions. Additionally, when cultured 

at the air-liquid interface, NHBE cells are adapted to direct 

aerosol exposure, allowing preservation of the physical and 

chemical characteristics of the aerosol ( Bhowmick and Gappa- 

Fahlenkamp, 2016 ; Zavala et al., 2020 ). 

Several experimental in vitro studies at the ALI have 

demonstrated the role of oxidative stress and inZammation 

in FP- and UFP-induced respiratory toxicity ( Crobeddu et al., 

2017 ; Diabaté et al., 2008 ; Sotty et al., 2019 ). These effects 

may be due to the organic composition and polycyclic aro- 

matic hydrocarbon (PAH) contents ( Akhtar et al., 2014 ; Li et al., 

2003 ), although other studies suggest that the relationship be- 

tween biological response and chemical composition is much 

more complex ( Schwarze et al., 2007 ). Indeed, in the study of 

Schwarze et al. (2007) , the authors outlined the importance 

of size and composition, which may lead to different cellu- 

lar responses. The issue of what characteristics make a parti- 

cle more biologically reactive than others is pivotal, but needs 

further investigation and the development of suitable experi- 

mental tools. 

This work aims to propose an integrated approach suitable 

for the physical, chemical, and toxicological characterization 

of FP and UFP. For that, a miniCAST soot generator was used 

under two different operating conditions (CAST1 and CAST3) 

generating particles made respectively of low and high OC/TC. 

First, we examined the microphysical properties of these par- 

ticles as well as their deposition ef+ciency using an ALI de- 

vice. Then, we characterized their chemical properties by a 
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Fig. 1 – Experimental setup. 

non-targeted approach using ultra-high resolution mass spec- 

trometry and a direct insertion probe (DIP FTICR-MS), and a 

targeted approach using GC-MS. Finally, we conducted in vitro 

toxicity assays using the ALI-differentiated model of NHBE. 

1. Materials and methods 

1.1. Experimental setup 

The exposure system is comprised of several main compo- 

nents: soot generator miniCAST (5201c, Jing Ltd., Switzerland), 

the Vitrocell® exposure system (model VITROCELL® 6/4 CF, 

Vitrocell® Systems GmbH, Germany), and several devices for 

the physical characterization and control of aerosol gener- 

ation, as described below. A schematic of the experimental 

setup is shown in Fig. 1 . 

Soot particles were produced with a miniCAST soot gener- 

ator allowing the production of a stable and repeatable aerosol 

of soot particles whose size distribution, morphology, chemi- 

cal composition (organic compound content) and microstruc- 

ture (arrangement of graphitic planes) are variable, through 

modi+cation of the propane and air Zow rates. Two operating 

conditions (CAST1 and CAST3) were chosen for their different 

contents of organic carbon ( Bescond et al., 2016 ). They are de- 

+ned by four Zow rates: propane (mL/min), nitrogen (L/min), 

oxidation air (L/min) and dilution air (L/min). The Zow rates 

for the operating conditions studied in the present investiga- 

tion are presented in Table 1 . Aerosol from the miniCAST is 

delivered to the exposure system by the distribution/dilution 

column. 

Table 1 – Flow rates for the operating conditions studied. 

CAST1 CAST3 

Propane (mL/min) 60 60 

Nitrogen (mL/min) 7 7 

Oxidation air (L/min) 1.5 1 

Dilution air (L/min) 20 20 

The Vitrocell® exposure system comprises two stainless 

steel modules (exposure module and air control module). 

Aerosols are delivered to the modules in parallel: the +rst 

module receiving the aerosol and the second module receiv- 

ing +ltered clean air as negative control. The modules are de- 

signed for simultaneous exposure of three independent repli- 

cates. The exposure module is equipped with electrodes for 

high voltage charging to increase particle deposition, and in 

addition one well contains a quartz crystal microbalance sen- 

sor system (QCM) to determine particle dose by the Vitrocell®

software. Since the QCM is not equipped with the electrode, 

it was not possible to measure particle deposition ef+ciency 

when the electrostatic +eld was used. 

Prior to exposure, the exposure wells are +lled with 

medium and heated at 37 °C by a circulating water bath. The 

aerosol distribution to the different wells is ensured by four 

isokinetic sampling ports. Finally, for each well, exposure 

is ensured by a designed trumpet pipe, which enables the 

aerosol to pass over the apical pole of the cell layer (placed 

on the adaptors for 12-well sized inserts) at a Zow rate of 

10 mL/(min • well) driven by an external vacuum pump. Cells 
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were exposed to aerosol for 35 min and control samples were 

exposed for 35 min to ambient HEPA-+ltered laboratory air 

through the Vitrocell System. An electrostatic +eld ( + 1000 V) 

was applied to increase the rate of particle deposition. 

The distribution/dilution column includes a sampling 

point that is connected to the dilution system (Palas VKL, Palas 

GmbH, Germany) for complementary analysis, such as the 

aerosol control concentration with the Pegasor Particle Sensor 

(PPS) (Mi3, Pegasor, Finland) or distribution size analysis with 

the Scanning Mobility Particle Size (SMPS-3080, TSI, USA). The 

total sampling Zow rate of the exposure system is 12.3 L/min 

driven by a vacuum pump at the end of the line (Zow rate from 

Vitrocell® system and VKL dilutors). 

1.2. Particle characterization: size, mass, and morphology 

The number and particle size distributions were measured 

with the SMPS in the range of 14.46–679.25 nm immediately 

downstream of the Vitrocell® system after going through the 

VKL dilutors. This enabled characterization of the particle 

number concentration at the time of deposition. The SMPS 

was operated at a sample Zow of 0.3 L/min. SMPS data were 

corrected for the PALAS VKL dilutors (100). The mass concen- 

tration of the aerosol was measured with the Tapered Element 

Oscillating Microbalance (TEOM) (1105 Rupprecht & Patash- 

nick Co., Inc., USA) and controlled over time with the PPS di- 

rectly after the VKL dilutors. The soot particles were deposited 

onto a grid (200-mesh copper grid with a Formvar/carbon +lm, 

Agar Scienti+c) through impaction/interception ( Ouf et al., 

2010 ), and then observed by transmission electron microscopy 

(TEM) with a high-resolution microscope (JEM-2010 model, 

JEOL, Japan). 

1.3. Determination of deposition ef$ciency 

The deposition ef+ciency is de+ned here as the percentage 

of the aerosol mass transported by the aerosol Zow exposed 

to the cells, which deposits on their surface. The deposition 

mechanisms are complex, and due to the small exposure Zow 

rate (10 mL/min), only a fraction of the particles is deposited. 

This fraction was determined by combining the deposited 

mass rate measurement (quartz crystal microbalance QCM 

(Vitrocell®) integrated in the exposure module) and the mass 

concentration of the exposed aerosol (TEOM measurement). 

The increase in deposition ef+ciency induced by the electro- 

static precipitator was evaluated by comparing the size distri- 

bution upstream and downstream of the exposure modules 

with the SMPS, with and without electric +eld. 

1.4. Chemical characterization 

Non-targeted analyses . The non-targeted analysis of the two 

CAST conditions was performed using a direct insertion probe 

with atmospheric pressure chemical ionization source (DIP 

APCI) coupled to ultra-high resolution mass spectrometry 

(FTICR MS) (12T SolariX XR FTICR, Bruker Daltonics, USA). 

Cellulose +lters containing particulate matter were obtained 

from the miniCAST exhaust next the dilution column after 

35 min of cell exposure. Soot particles were scraped from the 

frozen +lters for direct solid analysis. About 0.1 to 0.5 mg of 

soot particles was put in the hollow part of a glass capillary, 

sealed with a piece of quartz +ber +lter then inserted in the 

DIP APCI FTICR MS system for acquisition. The amount of soot 

particles could not be measured more precisely because of dif- 

+culties in handling the capillary on the precision weighing 

scale. Three analytical replicates were acquired for each con- 

dition, in random order to avoid systematic bias from the mea- 

surement devices. 

External calibration was performed using a polycyclic aro- 

matic hydrocarbon (PAH) mixture (Supelco EPA 610, Sigma 

Aldrich, France). Generally, errors below 250 ppb were found. 

After calibration, each individual scan of the time-resolved 

data was peak-picked (S/N 9) and exported with Bruker Data 

Analysis (5.0) visual basic scripts. The exported mass spectra 

were processed by self-written MATLAB routines, and molec- 

ular assignment was performed using the following restric- 

tions: C c H h N n O o ; n ≤ 1 and o ≤ 4, with a maximum error of 

2 ppm, DBE ≤80, 0 ≤ H/C ratio ≤ 3. The molecular formula at- 

tribution lists of the six data sets were merged into one list. 

All attributions were considered, and attributions not found 

within a sample were set to zero intensity. To ensure that the 

program and results were reliable, we checked whether the re- 

sulting errors calculated from the difference between experi- 

mental m / z values and m / z values predicted for the molecular 

formulas produced the normal distribution expected for ran- 

dom errors. The elemental composition attributions of the av- 

erage spectra were compared via multivariate data analysis. 

Principal Component Analyses (PCA) were performed. Data 

were subjected to power transformation before PCA, to re- 

duce heteroscedasticity and to do pseudo-scaling. The result- 

ing scores and loadings data, combined with the elemental 

composition attribution, were used for visualization. In this 

respect, score data are linked to the experiments (replicates 

and sample type) and loadings data to the individual elemen- 

tal compositions (molecular pro+le). 

Targeted analyses. Aerosols were sampled on a quartz +lter 

for 1 min in the sampling point after the miniCAST ( Fig. 1 ). 

After collection, the +lters were cut using a punch in order 

to obtain similar samples of 16 mm 2 surfaces. The obtained 

samples were introduced in glass-lined non-deactivated TDU 

tubes (Gerstel GmbH & Co. KG, Germany). 

A PAH mixture (TraceCERT, 2000 µg/mL in ben- 

zene/dichloromethane, 1/1, V/V ) containing 16 US EPA 

priority PAH was diluted to 100 µg/mL with toluene and 

used as the standard stock mixture for PAH. An oxy-PAH 

mixture ( ≥98.8%, 100 µg/mL in toluene) was prepared with 

9-Zuorenone (9-Fluo-one), Benzo(a)Zuorenone (B(a)Fluo-one), 

6H-benzo(c,d)pyren-6-one (B-Pyr-one), 1,4-naphtoquinone 

(1,4 NaphtQ) and 9,10-anthraquinone (9,10 QanthQ). Perylene- 

D12 and Phenanthrene-D10 were used as internal standards. 

All solvents used were of HPLC grade. Standard addition was 

used for quanti+cation in order to prevent matrix bias. The 

three levels of addition ranged from 0.5 to 5 ng (3 replicates 

per level). The analyses were performed by using a gas chro- 

matograph (7890-B, Agilent Technologies, USA) coupled to a 

triple quadrupole mass spectrometer (MS/MS) (7000 C, Agilent 

Technologies, USA). This chromatograph was equipped with 

an external desorption unit (TDU 2, Gerstel GmbH & Co. KG, 

Germany) and a programmed temperature vaporization (PTV) 

inlet (CIS 4, cool injection system, Gertel). The temperature for 
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thermal desorption was initially set at 30 °C, then increased at 

20 °C/min to 350 °C (held for 10 min) with helium desorption 

Zow at 96 mL/min by using solvent vent mode. Desorbed 

compounds were focused at 10 °C onto a quartz wool in the 

glass liner (1 mm i.d.) in the cooled injection system (CIS) 

before their analysis by GC-MS/MS. After thermodesorption, 

the CIS 4 unit was programmed from 10 °C (held for 0.15 min) 

to 350 °C (held for 5 min) at 720 °C/min for injecting trapped 

compounds in splitless mode into the GC column (column 

DB5–5MS, 60 m × 0.25 mm i.d. × 0.10 µm, Agilent). The GC 

oven was programmed at 60 °C for 1.2 min, increased at 40 °C 

to 190 °C, then increased at 4 °C/min to 240 °C and +nally 

at 6 °C/min to 305 °C (held 8.5 min). Helium was used as the 

carrier gas at 1.4 mL/min in constant Zow mode. The tempera- 

ture of the transfer line between the GC and MS spectrometer 

was set at 310 °C. MS/MS analyses were performed in Multiple 

Reaction Monitoring (MRM) mode. Helium was used as the 

quenching gas. Its Zow was set at 2.25 mL/min. Nitrogen 

collision gas was supplied at 1.5 mL/min. Electron ionization 

(EI) was used for detection (70 eV, ionizing current: 35 µA). 

The ion source temperature was 230 °C and the temperature 

of quadrupoles 1 and 2 was 150 °C. The resolutions of MS1 and 

MS2 were unit and wide, respectively. One precursor ion and 

two product ions (1 quanti+er and 1 quali+er) were selected 

for each analyzed compound. Nine time segments were used 

to perform MS/MS analyses. These segments included 1 to 

5 ions within a narrow range of retention times. Collision 

energies were optimized for each of the 23 analyzed com- 

pounds (21 analytes plus 2 internal standards) to maximize 

the signal abundance of the product ions in the analysis of 

standard compounds. Dwell times were also optimized for 

each analyzed compound. 

1.5. NHBE cells cultures and exposures 

Primary Normal Human Bronchial Epithelial (NHBE) cells 

(ATCC-PCS-300–010 TM , USA) were obtained from biopsies iso- 

lated from a healthy donor. NHBE cells were maintained un- 

til conZuence (75% −80%) in 75 cm 2 plastic Zasks (BD Fal- 

con®, Corning, USA) in Airway Epithelial Cell Basal Medium 

(ATCC, USA) complemented with a Bronchial/Tracheal Epithe- 

lial Cell Growth Kit (ATCC, USA) supplemented with Penicillin 

(10 Units/mL; GIBCO USA) and Streptomycin (10 µg/mL; GIBCO, 

USA). Then, cells were seeded at a density of approximately 

80,000 cells per cm 2 on collagen-coated 12 mm Transwell®, 

0.4 µm Pore Polyester Membrane Inserts (Costar®, STEMCELL 

Technologies Inc., France). Once cells had reached conZuence 

(3 days) ALI conditions were established by removing the api- 

cal medium and replacing the basal medium by Pneuma- 

Cult TM -ALI Basal medium (STEMCELL Technologies Inc., 

France) complemented with Pneuma-Cult TM -ALI 1X Supple- 

ment (STEMCELL Technologies Inc., France), PneumaCult TM - 

ALI 1X Maintenance Supplement (STEMCELL Technologies 

Inc., France) and hydrocortisone (2 µmol/L) (STEMCELL Tech- 

nologies Inc., France). In order to determine the culture con- 

ditions to allow progressive differentiation into ciliated, gob- 

let and basal cell types within a pseudo-strati+ed epithelium, 

NHBE cells were grown until 0, 7, 14 or 21 days at ALI before 

gene expression of differentiation markers was performed. 

Air-liquid interfaces were maintained for 14 days (prior 

to exposure). Mucus production was removed with a gentle 

saline rinse (PBS-1X, GIBCO, USA) 1 day prior to exposure. Cells 

were maintained in 95% humidi+ed air with 5% CO 2 at 37 °C. 

During exposures cells were placed in the Vitrocell® system 

and exposed on-line to fresh particles (CAST1 and CAST3) for 

a duration of 35 min (minimum n = 3 per treatment group). 

Control cells were exposed to the same conditions described 

above but to +ltered air. We compared the response of particle- 

exposed cells with the response of control cells, 3 hr after ex- 

posure. 

1.6. NHBE microscopy observations 

NHBE cells were directly +xed on the Transwell®, 0.4 µm 

Pore Polyester Membrane Inserts in 2.5% Glutaraldehyde (EMS, 

USA) in 0.2 mol/L Hepes buffer pH 7.4 (VWR, USA). After several 

rinses in buffer, membrane inserts were removed from their 

support and cut in small pieces. Samples were post-+xed in 

1% Osmium tetroxide (EMS, USA) for 1 hr at + 4 °C and rapidly 

rinsed again. Cells were then dehydrated using a graded se- 

ries of ethanol and acetone before being impregnated with 

Epoxy Low Viscosity Resin (EMS, USA) under vacuum. The 

resin was polymerized at 60 °C between 48 and 72 hr. For op- 

tical microscopy, 800 nm-thin sections were prepared by ul- 

tramicrotomy (Ultracut-UCT, Leica-microsystems, Germany) 

and stained with toluidine Blue (EMS, USA), a metachromatic 

dye. Observations were performed on an upright light micro- 

scope (DM6B, Leica-microsystems, Germany) and images ac- 

quired with a sCMOS camera (DFC9000, Leica-microsystems, 

Germany). 

For transmission electron microscopy (TEM), ultrathin sec- 

tions (50–70 nm, Ultracut-UCT Leica-microsystems, Germany) 

were collected on gold 600 mesh grids and stained 7 min 

with 0.5% uranyl acetate in methanol solution. Conventional 

TEM observations were performed on JEM 2010 operating at 

120 kV and equipped with a LaB6 cathode, a SDD-detector (Ox- 

ford Instruments, UK), a CDD camera (Erlangshen 500 Gatan, 

USA) driven by Digital Micrograph software (Gatan-Ametek, 

USA). High-Resolution images were acquired on JEM-ARM200F 

HRTEM (JEOL Ltd., Japan) that was double-corrected, con+g- 

ured for analysis purposes, and equipped with an ultrascan 

camera (US1000, Gatan, USA) and ultrafast camera (Gatan- 

Ametek, USA). 

1.7. Cytotoxicity and gene expression 

Cytotoxicity was measured by the MTT assay 3 hr after expo- 

sure. Inserts were gently rinsed with PBS-1X. BrieZy, 0.05 mL 

of MTT solution (50 µg/mL, Sigma Aldrich, France) in 0.5 mL 

of medium was added to the lower chamber (basal) for 3 hr. 

Then 0.5 mL of SDS (10% in 0.1 mol/L HCl) were added to the 

lower and upper chambers and incubated during the night 

to dissolve the purple crystals. The extracted solution was 

transferred to 96-well plates, and absorbance was measured 

at 570 nm using the SAFAS (Xenius, Safas, Monaco). The ab- 

sorbance of the samples was normalized to the control, which 

was set to 100%. 

For the study of gene expressions, total RNA was extracted 

from cells using TRI-REAGENT® (Sigma-Aldrich, France) and 
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Fig. 2 – Particle size distribution for each operating 

condition (corrected for VKL dilution). 

Direct-zol TM RNA MiniPrep (Ozyme, France). RNA concentra- 

tion and purity were measured with a NanoDrop spectropho- 

tometer (NanoDrop TM 2000 / 2000c, Thermo Fisher Scienti+c 

Inc., USA). All the RNA integrity numbers of the samples were 

> 8. cDNA was prepared by reverse transcribing extracted RNA 

samples using Invitrogen TM Transcriptase inverse M-MLV (In- 

vitrogen, USA). The expression of mRNA was determined by 

the quantitative real time polymerase chain reaction (qRT- 

PCR) using Brilliant III Ultra-fast SYBR Green QPCR Master 

Mix (Agilent Technologies, USA) and Stratagene Mx3005P (Ag- 

ilent Technologies, USA). Expression pro+les were normalized 

to the housekeeping gene B2M. Only the results of qRT-PCR 

comprising between 80% −110% ef+ciency were considered. 

Results for differentiation genes are expressed as absolute 

quanti+cation 1Ct = Ct (target gene) – Ct (housekeeping gene) , while 

oxidative and inZammatory genes are expressed as absolute 

quanti+cation 1Ct = Ct (target gene) – Ct (housekeeping gene) and ox- 

idative and inZammatory genes are expressed as relative ex- 

pression (fold change) using the 2 −11Ct method ( Livak and 

Schmittgen, 2001 ). All primer sequences used in this work are 

shown in Appendix A Table S1. 

1.8. Statistical analysis 

Results were expressed as mean ± standard deviation (SD). 

Statistical analysis of gene expression was performed using 

the non-parametric Mann-Whitney U test (GraphPad for Win- 

dows, v8.0). Statistically signi+cant differences were reported 

with p < 0.05. 

2. Results 

2.1. Particle characterization: size, mass, and morphology 

The particle size distribution within the aerosol can be seen 

in Fig. 2 The geometric median (GM) mobility diameter, parti- 

cle number, and mass concentration for each different operat- 

ing condition are shown in Table 2 . Particle emission depends 

on the operating conditions. CAST3 produced a smaller size 

distribution compared to CAST1. The mass concentration for 

CAST1 condition is higher (89.4 mg/m 3 ) compared with CAST3 

(57.9 mg/m 3 ). 

Table 2 – Geometric median (GM) mobility diameter, 
Count and Mass Concentration for each operating condi- 
tion of the miniCAST. 

Operating condition CAST1 CAST3 

GM (nm) 114 ± 1.54 58.9 ± 1.53 

Count concentration (N/cm 3 ) 6.12E + 07 1.63E + 08 

Mass concentration (mg/m ³) 89.4 57.9 

Table 3 – Mass deposition during exposures. 

Operating condition CAST1 CAST3 

Deposition ef+ciency (%) 0.29 1.3 

Increase factor ( + 1000 V) 7.42 7.7 

Mass deposition (ng/cm 2 ) in 35 min (0 V) 79.8 230.4 

Mass deposition (ng/cm 2 ) in 35 min ( + 1000 V) 591.8 1775.0 

Concerning the particle morphology, the two operating 

conditions produced fractal aggregates, which is typical of 

soot particles. Fig. 3 con+rms that CAST3 produces smaller 

particles than CAST1. Nevertheless, the primary spheres were 

not very different. Indeed, according to Bescond et al. (2016) , 

the primary sphere diameter is 26.6 nm for CAST1 and 29.9 nm 

for CAST3. 

2.2. Particle mass deposition ef$ciency 

Mass deposition during exposures with or without electro- 

static +eld is shown in Table 3 . A better deposition ef+ciency 

was observed with the CAST3 compared to the CAST1 operat- 

ing condition. This discrepancy is probably due to a morpho- 

logical difference between the two categories of particles, as 

observed in Fig. 3 , using transmission electronic microscopy. 

The deposition ef+ciency was low, whatever the experimen- 

tal CAST conditions (0.29% to 1.3%) but was increased with 

an electrostatic +eld (5.5 to 7.7-fold), allowing it to reach 1.78 

µg • cm 2 in a 35 min exposure. 

2.3. Non-targeted analyses 

The two conditions CAST1 and CAST3 were compared using 

DIP APCI FTICR MS. One list of 1600 molecular formulas was 

obtained for all conditions and replicates. Fig. 4 illustrates 

the score plot for the two principal components (PC1 and 

PC2), which explained 99% of the total variance. PC1 explained 

98% of the variation of the sample. The analytical replicates 

were more similar to each other for the CAST3 conditions and 

showed more spread for the CAST1 conditions. 

DBE vs C plots are often used for the analysis of complex 

samples as they can give information on the molecular struc- 

tures in the sample, focusing on certain molecular classes 

( Marshall and Rodgers, 2008 ). These plots include information 

on the relative intensity of the observed ion, with the dot size 

and color coding matched to the PC loadings: red indicates 

a positive PC coef+cient, linked to CAST1 conditions, while 
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Fig. 3 – Transmission electron microscopy images of particles generated at the two different operating conditions of the 

miniCAST (a: CAST1, b: CAST3). 

Fig. 4 – Score plot from PCA visualizing the  rst two components (99% of variance). 

green is related to a negative PC coef+cient more often found 

in CAST3 conditions. 

Here, the ions from hydrocarbon compounds clearly 

showed two distinct families. Ions of high intensity were ob- 

served with DBE values between 5 and 25 and between 10 and 

35 carbon atoms that share the characteristics of PAH, whose 

DBE and carbon number roughly follow the red PAH line rep- 

resented in Fig. 5 . CAST1 produced more compounds with a 

low number of carbons (below 15), that correspond to small 

PAH molecules. Conversely, CAST3 showed hydrocarbons with 

higher numbers of carbon atoms corresponding to larger PAH 

molecules. Many other low-intensity compounds with DBE 

values below 5 were observed with similar intensity in CAST1 

and CAST3, as shown in the light orange PC1 coef+cient color 

indicative of very small PC loadings. 

From the raw molecular formulas, a putative structure was 

determined for each compound with the highest and low- 

est PC loadings (negative for CAST1 and positive for CAST3). 

These compounds are found in Appendix A Tables S2 and 

S3. Low-mass PAH molecules with the lowest PC1 coef+- 

cients most likely corresponded to naphthalene, acenaphthy- 

Fig. 5 – Double-bond equivalent (DBE) vs carbon number 

plot of ions with molecular formulas containing only 

carbon and hydrogen (HC class). The dot size is indicative of 

the relative intensity of the ions and the colormap points to 

the PC1 loadings. 
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Fig. 6 – mRNA expression of differentiation and tight junction markers. Primary cells were cultured at the ALI over 21 days. 

RNA was extracted at days 0, 7, 14 and 21 during ALI differentiation. Expression of (a) MUC5AC, (b) FOX-J1 , (c) OCLN and (d) 

ZO1. Results are expressed as mean ± standard deviation (SD) of 2–3 independent experiments. 

lene, acenaphthene and anthracene (Appendix A Table S2). 

Higher mass PAH molecules with high PC loadings could cor- 

respond to pyrene, benzo(a)Zuorene, benzo[ghi]Zuoranthene 

and benzo[ghi]perylene (Appendix A Table S3). 

2.4. Targeted analyses 

The quantitative analysis tested for the 16 priority PAH and 5 

oxy PAH (Appendix A Fig. S1). For CAST1, the low-mass PAH 

(2–3 aromatic rings) represented 70% of the total deposit. Ace- 

naphthylene, Zuorene and phenanthrene showed amounts 

higher than 10 ng/cm 2 . The other 30% were mainly repre- 

sented by Zuoranthene and pyrene. The total amount ranged 

from 200 to 400 ng/cm 2 depending on the sampling localiza- 

tion. For CAST3, the PAH repartition covered a larger range of 

aromatic cycle numbers: from 10% to 15% for low-mass PAH 

(2–3 aromatic rings), 40% −50% for the 4-aromatic ring PAH and 

35% −40% for the heavy-mass PAH (5–6 aromatic rings). For 

CAST3, Zuoranthene and pyrene presented amounts higher 

than 10 ng/cm 2 . Benzo[ghi]perylene was also found at this 

amount. The total PAH mass ranged from 400 to 700 ng/cm 2 . 

These results are consistent with non-targeted analyses and 

con+rm the presence of the suggested molecules. The total 

amount of PAH is also consistent with the mass deposition de- 

termined: 591.8 ng/cm 2 for CAST1 and 1775 ng/cm 2 for CAST3. 

Moreover, the oxy-PAH amounts represented 3% for CAST1 

with mainly 9-Zuorenone and 9% for CAST3 with compounds 

like benzo(a)Zuoranthene and benzopyrenenone. 

2.5. Optimization of cell culture conditions 

Figure 6 shows the gene expression of four differentiation 

markers on NHBE cultured at the ALI for 0, 7, 14 and 21 days. 

Data are expressed as 1Ct. The lower the 1Ct the more the ex- 

pression of this gene was induced. Results showed the high- 

est expression of the MUC5AC gene, which is a marker of gob- 

let cells, at 14 and 21 days in ALI (Fig. 6a) . Expression of FOX- 

J1 (Fig. 6b) , a transcription factor that controls expression of 

ciliary genes, was present from 0 days to 21 days at ALI. Ex- 

pression of FOX-J1 remained at the same level at 14 and 21 

days at ALI. Expression of MUC5AC and FOX-J1 at 14 and 21 

days means the reconstitution of a pseudostrati+ed epithe- 

lium. Regarding membrane integrity, two junction markers 

were studied by quantifying the expression of OCLN and ZO1 

( tight junctions). Constant expression of OCLN (Fig. 6c) and ZO1 

(Fig. 6d) was observed in all the conditions. NHBE differentia- 

tion was con+rmed by microscopic observation. Fig. 7 a and b 

shows a cross-section of differentiated NHBE cells at 14 days 

under metachromatic toluidine blue coloration. Goblet cells 

appear light purple, basal and ciliated cells are blue-stained. 

Fig. 7 c-f shows the subcellular characterization of NHBE cells: 

basal cells with long cytoplasmic extensions (white arrow- 

head) ( Fig. 7 c), goblet cells rich in mucus granules accumu- 
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Fig. 7 – Cellular structure and subcellular characterization of NHBE cells after 14 days of differentiation. (a) Optical 

microscopy of NHBE14-d. stained with metachromatic Toluidine blue. (b) Bright- eld Transmission Electron Microscopy of 

NHBE, large  eld of view. (c) Basal cells with long cytoplasmic extensions (White arrowheads). (d) Goblet cells rich in mucus 

granules. Granules accumulate at the apical side of the cells to release their polysaccharide content in the extracellular 

space (White arrowheads). (e) Ciliated cells are well-differentiated as seen by the presence of mature motile cilia. (f) 

High-resolution TEM micrography of occludens junctions. Legend: GC: Goblet Cells; CC: Ciliated cells; BC: Basal cell; GS: 

Secretory granules in goblet cells; BB: Basal body; AX: Axoneme; TF: Transition  ber; CV: Centriolar Vesicles; DP: Dense 

Plate; MP1: Plasma membrane cell 1; MP2: Plasma membrane cell 2. 
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Fig. 8 – Cell viability determined by MTT test 3 hr after 

exposure to CAST1 and CAST3 ( + 1000 V) aerosol. The data 

are expressed as mean ± SD of 3–4 independent 

experiments. 

lated at the apical side of the cells to release their polysac- 

charide content in the extracellular space (white arrowhead) 

( Fig. 7 d), ciliated cells well-differentiated as seen by the pres- 

ence of mature motile cilia. The micrography shows basal bod- 

ies (BB), which constitute the intracytoplasmic part of the cilia 

and axoneme (AX) the external part, composed of membrane 

cilia and microtubules organized as 9 + 2 pairs. Close to the 

plasma membrane, transition +ber (TF) is visible as a dense 

round structure. Residual centriolar vesicles (CV) are observed 

( Fig. 7 e). Moreover, differentiated epithelium is characterized 

by several intercellular junctions located at the apical part of 

the lateral side ( Fig. 7 f). From these +ndings, which con+rm the 

reconstitution of a pseudostrati+ed phenotype, cell exposures 

were performed on differentiated NHBE cells at 14 days. 

2.6. Cellular response 

Then, differentiated NHBE at 14 days were exposed in the ALI 

system to CAST1 or CAST3 particles or +ltered air (controls) 

with an electrostatic +eld. No cytotoxicity was observed under 

any of these conditions. Results are shown in Fig. 8 . 

Oxidative stress and inZammation markers ( NQO1 and IL- 

8 ) genes were measured in NHBE cells after exposure to CAST1 

and CAST3 particles or +ltered air. Results are shown in Fig. 9 . 

No signi+cant difference was observed in exposure to CAST1 

particles. Nevertheless, expression of IL-8 (2.02-fold) and NQO1 

(1.33-fold) was signi+cantly modi+ed 3 hr after exposure to 

CAST3 particles. 

3. Discussion 

The present results illustrate a methodological approach 

which allows comparing, in an original and innovative way, 

the physical, chemical, and toxicological properties of differ- 

ent +ne and ultra+ne particles, using a mini-CAST generator. 

Fig. 9 – Gene expression in NHBE cells exposed to particles. 

Cells were exposed to CAST1 and CAST3 particles 

( + 1000 V) for 35 min and incubated with particles for 3 hr. 

Results are expressed as mean ± SD of 3–4 independent 

experiments. ∗ Statistically signi cant differences are 

reported with p < 0.05. 

In this study, we used two different operating conditions to 

obtain model particles containing either high (CAST3) or low 

(CAST1) organic contents, and exposed differentiated NHBE 

cells “on-line” at the air-liquid interface to be closer to real- 

istic conditions. 

Varying the oxidation airZow in the mini-CAST generates 

different operating conditions, allowing emission of particles 

with different physicochemical properties ( Moallemi et al., 

2019 ; Moore et al., 2014 ). For the studied operating condi- 

tions in this work, we found that the median particle size 

decreases (114.04 nm > 58.9 nm) and the number concen- 

tration increases (6.12 × 10 7 #/cm 3 > 1.63 × 10 8 #/cm 3 ) with 

decreasing oxidation airZow (CAST1 > CAST3). This is in 

accordance with previous studies by Bouvier et al. (2019) . 

Bescond et al. (2016) demonstrated that CAST1 contains a rela- 

tively low amount of organic compounds (OC/TC: 4.1% ±3.5%), 

whereas CAST3 represents UFP with a high content of or- 

ganic (OC/TC: 87% ±5%) compounds ( Bescond et al., 2016 ; 

Bouvier et al., 2019 ). 

We then extend these observations by a careful chemical 

characterization with combined analytical approaches using 

DIP FTICR-MS and GC-MS with a focus on PAH, a family of 

ubiquitous pollutants, which raises concern about their health 

effects ( Marris et al., 2020 ). The non-targeted approach iden- 

ti+ed the detailed elemental compositions and class distribu- 

tions of the compounds. The data showed similar PAH pro- 

+les for CAST1 and CAST3, with a predominance of small PAH 

molecules for the CAST1 contrary to CAST3 particles, which 

presented higher numbers of carbon atoms corresponding to 

larger PAH molecules. These results were consistent with the 

data from the targeted analysis by GC-MS, which con+rmed 

the presence of high levels of PAH for CAST3, as Zuoranthene, 

pyrene, b(a)pyrene, b(ghi)perylene, whereas lower molecular 

weight PAH such as acenaphthylene, Zuorene or phenan- 
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threne were found in CAST1. Previous studies showed that 

vehicle combustion represents an important source of PAH, 

at levels ranging between 4.5 to 11.3 mg PAH/m 3 ( Lee et al., 

1995 ) with a predominance of 2- or 3-ring PAH from diesel en- 

gines ( Ravindra et al., 2008 ). Overall, it can be concluded that 

CAST1 and CAST3 particles present the properties of engine 

particles, in agreement with previous studies ( Bescond et al., 

2016 ; Moore et al., 2014 ). 

The operating conditions of the mini-CAST were also found 

to affect the mass concentration (89.4 mg/m 3 vs. 57.9 mg/m 3 , 

CAST1 vs. CAST3) and the deposition ef+ciency in the expo- 

sure chambers. We found a deposition ef+ciency of 0.29% for 

CAST1 and 1.3% for CAST3. These results suggest that deposi- 

tion ef+ciency, and in general particle behavior, is not depen- 

dent on mass concentration, but rather is related to the chem- 

ical composition or physical characteristics such as the size of 

the aggregates’ primary spheres. This observation highlights 

the inZuence of the physicochemical properties in the deposi- 

tion of particles, which may be lost during the preparation of 

the particulate suspensions or organic extracts used in classi- 

cal submerged cell cultures ( Kaur et al., 2019 ). However, one 

potential limitation of the reduced deposition ef+ciency re- 

ported in this study is that it was insuf+cient to produce an ob- 

servable cellular response. Hence, to obtain an adequate dose 

exposure able to induce a cellular response, an electrostatic 

+eld ( + 1000 V) was induced in the upper side of the exposure 

chamber to increase the deposition ef+ciency. The increase 

factor of the deposition ef+ciency was determined by mea- 

suring the size distribution upstream and downstream of the 

exposure chambers with the Scanning Mobility Particle Sizer 

(SMPS). Using an electrostatic +eld can increase the deposition 

ef+ciency from 5.5 to 7.7-fold, allowing it to reach 1.78 µg/cm 2 

in a 35-min exposure. EF represents an attractive alternative 

allowing short-term exposure studies preserving cell viability 

or other biological markers ( Bruijne et al., 2009 ; Frijns et al., 

2017 ; Mülhopt et al., 2016 ; Ning et al., 2008 ; Sillanpää et al., 

2008 ; Zavala et al., 2014 ). 

Determination of the deposition dose in “real exposure 

conditions” is dif+cult. For example, using the Multiple-path 

particle dosimetry model (MPPD) (Applied Research Asso- 

ciates Inc., Raleigh, NC), Manojkumar et al. (2019) , estimated 

that 24 hr exposure to real PM 1 concentrations resulted in PM 

deposition in the tracheobronchial region of 0.10–0.13 ng/cm 2 . 

A similar study by Gualtieri et al. (2018) estimated, with the 

same in silico model, a PM deposition of 0.015–0.025 ng/cm 2 . 

Hence, real dose exposures are variable, as several factors 

can interfere (gender, age, diseases, atmospheric conditions, 

aerosol characteristics). In any case, even if our dose ex- 

posure represents an exposure to important concentrations 

of PM, it was lower compared to the majority of UFP stud- 

ies using PM suspensions ( Leclercq et al., 2018 ; Sotty et al., 

2019 ). 

Primary Normal Human Bronchial Epithelial (NHBE) cells 

were used in this study because FP and UFP particles can reach 

lower airways. The gene expression of differentiation markers 

and microscopy showed that, after 14 days at the ALI, NHBE 

cells form a pseudostrati+ed epithelial phenotype composed 

of ciliated, goblet and basal cells as has already been shown 

( BéruBé et al., 2010 ; Bhowmick and Gappa-Fahlenkamp, 2016 ; 

Rayner et al., 2019 ; Stewart et al., 2012 ). Most studies concern- 

ing FP and UFP are performed in submerged conditions. This 

approach allows one to work “faster”, with higher exposure 

doses and with different kinds of particles, but it has many 

limitations such as changes in particle properties and dif+- 

culty in determining the correct delivery dose ( Schmid and 

Cassee, 2017 ) and, above all, it is not representative of the 

conditions in the lung. Alternatively, in ALI exposure, aerosol 

is distributed directly on the cell cultures preserving the in- 

trinsic properties of particles, and it is more representative of 

physiological conditions ( Mülhopt et al., 2016 ). Therefore, dif- 

ferentiated NHBE at the ALI depict a situation close to physio- 

logical conditions and allow estimation of the toxicity of com- 

bustion particles in the lower airways. With these experimen- 

tal conditions, we demonstrated that only NHBE cells exposed 

to CAST3 particles induced an upregulation of gene expres- 

sion of IL-8 , an inZammation marker and NQO1 , an enzyme 

that exerts cytoprotective, antioxidant and anti-inZammatory 

effects in lungs ( Li et al., 2004 ; Rubio et al., 2011 , 2010 ). No sig- 

ni+cant difference was observed after exposure to CAST1 ex- 

haust. This apparent discrepancy could be explained by the 

difference in mass deposition between these two conditions, 

although the levels remained close to those observed in the 

literature with nebulized diesel particles and the induction 

of IL-8 expression ( Hawley et al., 2014b ). It is likely that the 

differences in organic composition between the two operat- 

ing conditions played an important role in these biological 

effects ( Billet et al., 2007 ; Borgie et al., 2015 ; Dergham et al., 

2012 ). It is worth mentioning that no cytotoxic effect was 

observed in our experimental conditions. This is in agree- 

ment with the study of Hawley et al. (2014a) where differen- 

tiated NHBE (21 days) were exposed to petro- or alternative 

biodiesel exhaust treated with or without a diesel particulate 

+lter. Despite the lowered dose exposure of exhaust emissions 

(2–340 ng/cm 2 ), signi+cant increases in transcripts associated 

with oxidative stress and PAH response were observed in all 

exposure groups ( Hawley et al., 2014a ). This response suggests 

that the lack of cytotoxicity at low exposure dose could be 

associated with a highly developed muco-ciliary phenotype 

for the NHBE, as previously demonstrated ( BéruBé et al., 2010 ; 

Bhowmick and Gappa-Fahlenkamp, 2016 ; Rayner et al., 2019 ). 

It would be interesting to evaluate these responses on other 

cellular models such as the human bronchial epithelial cell 

line Beas-2B, which is the most commonly used cell line for 

respiratory toxicological studies with possible use at the ALI, 

as previously described ( Stewart et al., 2012 ; Gualtieri et al., 

2018). 

4. Conclusions 

In conclusion, this study presents a new methodological ap- 

proach to study freshly emitted FP and UFP on differentiated 

bronchial cells with respect to their physicochemical proper- 

ties. It outlines the necessity of a thorough characterization 

to control dose delivery, which depends on the physical and 

chemical characteristics of particles. Although further test- 

ing and optimization are still required, this approach offers 

new perspectives to study FP and UFP having properties sim- 

ilar to those emitted by real-world sources and to determine 

which characteristics are involved in the biological responses. 
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In further study, the present methodological approach could 

be used with other cell models, such as pathological models, 

to offer new insights into the cell mechanism aggravated by 

FP and UFPs. It would be also interesting to study repeated ex- 

posure to lower doses. 
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ABSTRACT 

Air pollution has significant health effects worldwide and airborne particles play a significant role in these effects. 

Ultrafine particles (UFPs) have an aerodynamic diameter of 0.1 µm or less and can penetrate deep into the 

respiratory tree and reach other organs such as the liver, heart, and brain. UFPs are thought to be more toxic due 

to their large specific surface area which should absorb more organic compounds. The aim of this study is to show 

the toxicological effects of UFPs with high organic content on BEAS-2B cells through at air-liquid interface (ALI) 

exposure using a Vitrocell® technology and a miniCAST (Combustion Aerosol Standard) generator. In 

conjunction with this approach, chemical analysis of particles and gas phase was performed to evaluate the 

presence of polycyclic aromatic hydrocarbons (PAHs). Analyses showed that PAHs are presented in our UFPs 

aerosol. With this experimental setup, exposure of the BEAS-2B cells induced neither cytotoxicity, nor 

mitochondrial dysfunction. However, an increase of oxidative stress was observed, as assessed through Nrf2, 

NQO1, HO-1, CuZnSOD, MnSOD and Catalase gene expression, together with a significant induction of genes 

related to metabolism of xenobiotics CYP1A1 and CYP1B1. A negative regulation of inflammatory genes 

expression (IL-6 and IL-8) was present 3 three hours after the exposition to the UFPs. Taken together, this 

experimental approach, using repeatable condition, should help clarifying the mechanisms by which organic UFPs 

induce toxicological effects. 

KEYWORDS: BEAS-2B, Air-Liquid Interface, miniCAST, ultrafine particles, PAH, oxidative stress, 

inflammation, metabolism of xenobiotics 

1. INTRODUCTION  

Presence of particulate matter in ambient air is responsible for important health impacts in many urban and 

industrialized zones. Due to its physical properties and health effects, airborne ultrafine particulate matter is getting 

more attention. Ultrafine particles (UFPs) are defined as particles for which aerodynamic diameter is equal or 

inferior to 100 nm. The principal sources of UFPs emissions in urban environments are road traffic (mainly caused 

by Diesel engines) but also industrial processes related to energy production, incinerators, construction and home 

heating (Li et al., 2016; Oberdörster et al., 2005). Despite the very low concentrations of UFPs in the air, they 

represent very high particle number concentrations. Moreover, because of their higher specific area and surface 

reactivity, UFPs can adsorb a significant amount of toxic compounds making them more threatening than larger 

particulate matter (PM) (Kwon et al., 2020). Therefore, besides morphological characteristics of the particles, their 

chemical composition also plays an important role in adverse health effects of UFPs.  

UFPs emissions contain a wide range of chemical species in highly variable concentrations depending on the 

source. For example, traffic emissions include soot particles coated with organic compounds such as alkanes, 

alkenes, aldehydes, and polycyclic aromatic hydrocarbons (PAHs) surrounded by a gas phase containing CO, CO2, 

NOX, SOX, VOCs, SVOCs and water vapor (Kwon et al., 2020). Despite the fact that it is difficult to disentangle 
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PAHs from other air pollutants derived from combustion processes, they deserve major attention as they are among 

the key compounds in UFPs toxicity (Kwon et al., 2020; Lee et al., 1995; Walgraeve et al., 2010).  

PAHs are organic compounds with two or more fused aromatic (benzene) rings. PAHs with low molecular weight 

(two or three rings) stay in the vapor phase in the atmosphere while PAHs with more than three rings are mostly 

bound to particles allowing them to travel by air and water to soil and sediments becoming widespread pollutants 

in environment. They are formed during incomplete combustion processes including forest fires, fossil fuels and 

wood burning, tobacco smoke, various forms of cooking, industrial processes and traffic emissions (Hussar et al., 

2012). Benzo(a)pyrene (BaP) is the most studied PAHs and is often used as a marker for exposure to carcinogenic 

PAHs due to its high contribution to the carcinogenic potential (Ohura et al., 2004), that is why the current 

European directive sets a target value for ambient air concentration of BaP, measured in PM10. However, a broader 

range of PAH-species may contribute to the health effects of air pollution and may be associated with even smaller 

particles. Consequently, it is uncertain if the current regulation sufficiently protects against the various health 

outcomes of PAHs (Lag et al 2020).  

UFPs exposure has been implicated in the development of several health outcomes through mechanisms that 

involve oxidative stress, inflammation, and mitochondrial dysfunction (Araujo and Nel, 2009; Pope and Dockery, 

2006; Sotty et al., 2020). Redox-active organic chemicals on particle surface, as PAHs, are the principal source of 

reactive oxygen species (ROS) in UFPs (Daiber et al., 2020; Li et al., 2016). A high concentration of these pro-

oxidant molecules cause an imbalance between oxidants and antioxidants known as oxidative stress, inducing a 

disruption of redox signaling and molecular damage (Sies and Jones, 2007). The transcription factor Nrf2 is the 

key regulator to protect cells against the harmful effects of ROS by inducing most of the antioxidants and 

detoxifications enzymes, as HO-1 and NQO1 (Cho and Kleeberger, 2010). Several proinflammatory signaling 

pathways are redox-sensitive. Hence, these pathways can be activated and induce airway inflammation after a 

failure of cells to restore redox homeostasis (Araujo and Nel, 2009; Biswas and Rahman, 2009). Inflammation is 

characterized by the activation of several signaling pathways in response to stress. The inflammatory response 

involves both anti- and pro-inflammatory mediators shown by the expression of cytokines and transcription factors 

(Chen et al., 2017). Along with oxidative stress and inflammation, mitochondrial dysfunction has been reported to 

be a mechanism induced by airborne PM. Mitochondria play a crucial role in cellular bioenergetics by the synthesis 

of adenosine triphosphate (ATP) and they are also important regulators of oxidative stress through generation of 

ROS (Lavrich et al., 2018; Wang and Tang, 2018). The mentioned pathways may be initiated by PAHs binding to 

the aryl hydrocarbon receptor (AhR) (Låg et al., 2020) resulting in up regulation of AhR-regulated genes as CYP 

enzymes (Nebert et al., 2004). However, although there have been a large number of studies on the toxicity of PM, 

there are few studies specific to UFPs and a number of uncertainties remain to be clarified, such as the specific 

toxicological effects observed after UFPs exposures and the contribution of PAHs in these cellular effects.  

Many toxicological studies are performed with PM collected in-situ (Bengalli et al., 2019, 2017; Borgie et al., 

2015; Cho et al., 2018). This approach is relevant to examine toxicity associated with a specific site and/or season. 

However, the collected particles are resuspended in a liquid medium for subsequent contact with cells, which may 

induce potential shortcomings, such as the loss of volatile organic compounds and microphysical properties of 

UFPs. To address these issues, we have used in the present study a Combustion Aerosol Standard aerosol (mini-

CAST) generator with a selected operational condition in order to produce UFPs with a high content in PAHs, and 

directly connected to an air-liquid interface (ALI) device. This approach allows studying in a reproducible matter 

UFPs toxicity rich in PAHs, without potential confounders like variations in air quality, metals or other compounds 

present in field samples and without the loss of the properties of the aerosol. The objective of this study is to 

provide a description of this in vitro methodological approach and to investigate the potential toxicity mechanisms 

involved after organic aerosol exposures.  

2. MATERIALS AND METHODS 

2.1 Chemicals 

Unless otherwise specified, chemicals were purchased from Sigma-Aldrich (St Quentin Fallavier, France). 
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2.2 Exposure system  

The exposure system consisted of a soot generator miniCAST (5201c), a Vitrocell® exposure system, and several 

devices for physical characterization and sampling points for chemical analysis. A schematic of the experimental 

setup is shown in Figure S1. The studied aerosol was chosen for its high contents in organic carbon and for assuring 

modal diameter lower than 100 nm. The operating condition in miniCAST consisted of propane combustion 

controlled with different flow rates: propane (60 mL/min), nitrogen (7 mL/min), oxidation air (1 mL/min) and 

dilution air (20 L/min).  

2.3 Aerosol characterization  

Mass concentration was measured with a Tapered Element Oscillating Microbalance (TEOM) and controlled with 

the Pegasor Particle Sensor (PPS–M PEGASOR). Number and particle size distributions were measured with a 

Scanning Mobility Particle Sizer (SMPS – DMA 3082 – CPC 3756) downstream of the Vitrocell® system. To 

examine particle morphology, soot particles were deposited onto a grid (200-mesh copper grid with a 

Formvar/carbon film, Agar Scientific) and then observed with a high-resolution microscope (JEOL, JEM-3010 

model) using transmission electron microscopy (TEM). The chemical characterization focused on both the gas 

phase and soot, is described in the supplementary experimental part.  

Dose exposure was determined in two steps. First deposited mass rate was measured by the quartz crystal 

microbalance (QCM – Vitrocell®) integrated in the exposure module. Then, deposition factor is increased by 

activating the electrostatic precipitator for which enhancement factor was determined with the Scanning Mobility 

Particle Sizer (SMPS): Aerosol size distributions were measured, upstream and downstream of the exposure 

module, with and without electric field.  

2.4 Cell culture and exposure conditions 

BEAS-2B cell line (ATCC – CRL9609TM) derived from normal human bronchial epithelial cells were obtained 

from autopsy of non-cancerous individuals. BEAS-2B cell line was cultured in LHC-9 medium (GIBCO) 

supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin in collagen pre-coated flasks to improve cell 

adherence until 75-80% of confluence. Then, they were seeded at a density of 90,000 cells per cm2 on collagen 

coated TranswellTM inserts. Culture was maintained in Liquid-Liquid interface for 10 days prior to exposure. Then 

apical medium was removed, and Air-Liquid interface was carried out during and after exposure. The cultures 

were maintained in 95% humidified air with 5% CO2 at 37°C. 

During exposure, cells were placed in the Vitrocell® system and exposed at air-liquid interface (ALI) to aerosol 

(exposure module) or to HEPA-filtered clean air (air control module) for 35 minutes. Aerosol was delivered to 

each well by isokinetic sampling at a flow rate of 10 mL/min/well. Each module was designed for simultaneous 

exposure of three independent replicates. An electrical field (+1000 V) was used to increase particles deposition. 

Cellular response relative to control was then evaluated, 3 h and 24 h following the exposure. 

2.5 Biological endpoints 

2.5.1 Cell viability  

Cell viability after exposure was assessed using the MTT assay (formazan product formed by functional 

mitochondrial dehydrogenases). After 3 h and 24 h exposure, inserts were rinsed with phosphate-buffered saline 

(PBS-1X). Then, 0.05 mL of MTT solution (50 µg/mL) was added in 0.5 mL of LHC-9 medium to the lower 

chamber during 3 h. To dissolved formazan crystals, 0.8 mL of SDS (10% in 0.1 N HCl) were added to lower and 

upper chambers and incubated during the night. The extracted solution was transferred to 96 well plates, and 

absorbance was measured at 570 nm (Xenius, Safas, Monaco). Results were calculated with the absorbance of the 

samples normalized to the control, which was set to 100%. 
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2.5.2 Gene expression 

Total RNAs were isolated using Direct-zol™ RNA MiniPrep (Ozyme) according to manufacturer’s instructions. 

RNA concentration and purity were measured with a NanoDrop spectrophotometer (NanoDrop™ 2000 / 2000c.). 

RNA integrity numbers of the samples were > 8. DNase treatment was carried out with DNase I, Amplification 

Grade (InvitrogenTM). cDNAs were synthesized using Invitrogen™ Transcriptase inverse (M-MLV) from 1 µg of 

total RNA. Real-time PCR was performed with the cDNA samples and Brilliant III Ultra-fast SYBR Green QPCR 

Master Mix on Stratagene Mx3005P System (Agilent Technologies). Expression profiles of Nrf2, NQO1, HO-1, 

CuZnSOD, MnSOD, IL-6, IL-8, CYP1B1 and CYP1A1 were normalized to B2M. Primers sequences are shown in 

Table S2. Results are expressed as relative expression using the 2- ΔΔ Ct method. 

2.5.3 Assessment of oxygen consumption  

Assessments of oxygen consumption were performed with the Seahorse XF HS mini analyzer (Agilent 

Technologies, les Ulis, France) from cells exposed 24 h to particles, after 3 days on culture at ALI. After the 

exposures, cells were harvested and replated in XFp8 miniplates (Agilent Technologies) at 30000 cells/well. 24 h 

later, oxygen consumption rates (OCR) were measured according to the instructions of the manufacturer. Briefly, 

cells were washed once with XF DMEM media (Agilent) supplemented with 1 mM pyruvate, 2 mM glutamine, 

and 10 mM glucose at pH 7.4. Then, cells in DMEM were incubated for 1 h at 37 °C in non-CO2 incubator. 

Measurements of baseline OCR were determined before administration of different drugs of the assay 

(Mitochondrial stress test – Agilent Technologies). Next, media was removed, and cells were frozen until 

determination of protein content. OCR were normalized against protein content and data analysis was conducted 

with the Seahorse Wave software (Agilent Technologies).  

2.5.4 ATP and ADP measurements  

After 3 h and 24 h exposure, inserts were washed in PBS-1X and incubated in 500 µL of perchloric acid solution 

(1 N) for 60 minutes at 4 °C. Cells were subsequently harvested by scraping and centrifuged at 13500 g for 5 

minutes at 4 °C. Pellets were resuspended in NaOH (1 N) and used to determine proteins concentration by Lowry 

assay. Supernatants were neutralized by addition of K2CO3 (2 M) and centrifuged at 13500 g for 5 minutes at 4 

°C. Supernatant was collected and stored at -80°C until use.  

Intracellular ATP and ADP amounts were quantified by high performance liquid chromatography coupled with 

diode array detector (HPLC-DAD, 1260 Infinity II, Agilent Technologies). Analytes were separated on a Poroshell 

120 EC-C18 (3 x 150 mm, 2.7 µm) with guard EC-C18 (3 mm). Briefly, stock solutions of 10 mM ATP, ADP 

were prepared by dissolving the appropriate amounts in ultrapure water. The above stock solutions were all stored 

at -20 °C, the working solutions were prepared daily by appropriate dilution in mobile phase. The mobile phase 

consisted of 50 mM of potassium hydrogen phosphate (pH 6.80). The chromatographic separation was carried out 

at 20 °C with 0.6 mL/min as flow rate. The identification of peaks was based on the comparison of retention times 

and diode-array spectra of chemicals standard and biological samples. For the quantification, the UV data were 

collected at 254 nm. Validation of the analytical method was performed by assessment of the linearity, limits of 

quantification and detection and accuracy to meet the ICH requirements.  

2.3.5 Total glutathione measurement (GSH)  

Total glutathione measurements were performed with supernatants obtained for ATP and ADP quantification. 

Briefly, 40 µl of sample, 200 µl of reagent pad and 40 µl of glutathione reductase (8.5 U/mL) were deposed in a 

96 well plate and absorbance was measured at 405 nm for 2 min and 40 s. Reagent pad consisted of NADPH (0.4 

mM), DTNB (1 mM) and methanol (10%) (VWR, Fontenay-sous-Bois, France) in buffer (160 mM Na2H2PO4; 8 

mM EDTA, pH 7.4). GSH levels were determined from a standard curve and normalized to the protein content 

(Lowry assay) of the corresponding well.  
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2.3.6 Statistical analysis 

Biological endpoints results were expressed as mean ± SD. Statistical analysis was performed using the non-

parametric Mann-Whitney U-test (GraphPad for Windows, v9.0). Statistically significant differences were 

reported with p < 0.05.  

3. RESULTS 

3.1 Aerosol characterization  

During exposure, mass concentration was 57.85 mg/m3, geometric median (GM) mobility diameter was 58.9 ± 

1.53 nm and total count concentration was 1.63E+08 N/cm3. These measures correspond to the particle conditions 

delivered to cells. Size distribution by SMPS and transmission electron microscopy image are reported in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

A typical mass spectrum of organic aerosol sample using with laser desorption ionization (LDI) with ultra-high-

resolution mass spectrometry (FT-ICR MS) is shown in Figure 2. The main distribution of ions was observed 

between m/z 200 and m/z 900 and centered around m/z 400. This distribution was easily resolved with FTICR and 

few isobaric compounds were found within each nominal mass. The mass precision of the FTICR led to the reliable 

attribution of 1800 molecular formulas, with 85-90% common to all the replicates, as shown in the Venn diagram 

of Figure S2. Hydrocarbons and molecules with one and two oxygen atoms were mostly found in the sample, as 

shown in the insert in Fig. 2 representing ion relative intensities for each molecular class.  

 

 

Fig. 1. (A) Size distribution by SMPS and (B) Transmission electron microscopy images of particles 
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Fig. 2. LDI (+) FTICR mass spectra of organic aerosol sample. The insert corresponds to the relative intensity of 

the main three molecular class observed within the sample: hydrocarbons (HC), and hydrocarbons with one 

(CHO1) and two (CHO2) oxygen atoms. 

The Fig. 3 shows the diagram of the double bond equivalent (DBE) vs carbon number for hydrocarbons. DBE, 

also called degree of unsaturation or index of hydrogen deficiency totals the number of rings and π bonds present 

in a molecule. For ions, DBE values can be either integer or half integer numbers depending the type of ion: M+· 

(with an odd number of electrons and an even nominal mass) or [M + H]+ and [M – H]+ (with an even number of 

electrons and an odd nominal mass). Both types of ions can be obtained from LDI depending on the ionization 

energy and gas-phase basicity of the molecules. 

 

 

 

 

 

 

 

 

 

Fig. 3. DBE vs #C diagrams of LDI FTICR MS data from CAST sample for hydrocarbon compounds with odd 

and even number of electrons. The colors indicate the relative intensity of the ions. The lower black line represents 

the trend of cata-condensed PAH and the upper blue line represents the trend of peri-condensed PAH. Putative 

neutral structures found in the sample were added. 

A single distribution of ions was observed for the molecular class chosen with a number of carbon atoms between 

10 and 100, and DBE values between 10 and 80 (Fig. 3). These DBE values were very high and corresponded to 

highly aromatic compounds. Two lines were drawn in the diagram, corresponding to two limits of PAH structures: 

the cata-condensed and peri-condensed PAH, described in many studies (Hsu et al., 2011; Jacobson et al., 2020; 

Siegmann and Sattler, 1999). The cata-condensed structures have no carbon atoms shared by more than two 

aromatic rings and have a C(4i+2)H(2i+4) formulas. The peri-condensed PAH have their carbons shared with more 
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than two aromatic rings. Their formulas obey the relationship by K. Siegmann et al. (Siegmann et al., 1995) in 

equation 1. 

[!"#$%&'&()$*#] =
[+,-./012'23451.]²

6
 (1) 

The peri-condensed and cata-condensed PAH line were drawn using the equations showed in Table S2. As shown 

in Figure 3, most of the ions observed in LDI FTICR MS were above the cata-condensed curve and most of the 

highest intensity ions (Table S3) followed the peri-condensed PAH line, indicating that highly condensed PAH 

were generated during the experiment. Similar characteristics were observed for the molecular class containing 

one oxygen atom (Figure S3). 

Concerning the gaseous phase, the main compounds, presented in Table S5, were carbon dioxide (0.6%), 

dihydrogen (0.04%), acetylene (0.03%), methane (0.02%), ethylene (0.01%), propyne (0.0007%), propadiene 

(0.0006%). Other compounds (i.e., propene, propane, 1-buten-3-yne, 1,3 butadiyne, benzene) were detected but at 

levels under the LQ. 

3.2 Cell viability after clean air exposure 

To validate the applicability of BEAS-2B cells in ALI for exposure experiments, we first performed a viability 

study at 3 h and 24 h after 35 min of exposure to clean filtered-air (Air control) using the Vitrocell ® system, 

compared to cultures left in the incubator (Incubator). We evaluated cell viability by the MTT test (Fig. 4.). A 

slight but not significant reduction of viability was reported compared to incubator controls at 3 h and 24 h after 

exposure. Based on these results, control air was chosen as control for particle exposure analysis.  

3.3 Cellular response after aerosol exposure 

3.3.1. Cell viability  

Then, BEAS-2B cells were exposed to the aerosols for 35 min resulting in the deposition of approximately 1.8 

µg/cm2. Cell viability was evaluated after 3 h and 24 h and compared to control air. The cells maintained a good 

viability, as observed either with the MTT test or with the ATP/ADP ratio (Fig. 5). 

These results are in accordance with those observed after the measurement of the mitochondrial function, analyzed 

using the Cell Mito Stress test (Fig. 6). During this test, the cells were sequentially exposed to oligomycin, an ATP 

synthase inhibitor, carbonyl cyanide-4-(trifluoromethox) phenylhydrazone (FCCP), an uncoupler, and rotenone 

with antimycin A, two chain inhibitors. The OCR measured in these conditions evaluated non-mitochondrial and 

basal respiration, proton leak, ATP production and the spare respiratory capacity. All these parameters were 

unaffected in our experimental conditions. These results were obtained 24 h after exposures to particles, since the 

Seahorse technology used in the present study requires replating cells in the Seahorse miniplates, and in submerged 

conditions, one day prior to assay.  

Fig. 4. Cell viability by MTT test (as percent of incubator) in BEAS-2B cells in response to clean air exposure 

for 35 minutes in the Vitrocell system. Data was expressed as mean ± SD of 3 independent experiments 
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Fig. 5. (A) Cell viability determined by MTT assay and (B) ATP/ADP ratio measurement by HPLC 3 h 

and 24 h after exposure of organic aerosol. Data was expressed as mean ± SD of 3-4 independent 

experiments. 

 

Fig. 6. Oxygen consumption rates (OCR) in human bronchial epithelial BEAS-2B cells exposed to 

organic aerosol particles or to filtered air. Results were expressed as mean ± SD of 4 independent 

experiments.  
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3.3.2 Oxidative stress and inflammation parameters 

As shown in Fig. 5. significant up or down regulation of oxidative stress markers genes were measured in BEAS-

2B cells after particles exposure (p<0.05 and p<0.005). In this work, Nrf2 was slightly up-regulated 24 h after 

exposure (Fig. 7A). In order to study the Nrf2 signaling pathway activation, we studied expression of two Nrf2 

target genes, NQO1 and HO-1. NQO1 was slightly but significantly up regulated in both time conditions (Fig. 7B), 

while HO-1 was almost 4 times up regulated at 3 h but then gets back to the control ratio at 24 h (Fig. 7C). 

Furthermore, CuZnSOD was slightly but significantly up-regulated at 24 h (Fig. 7D), contrary to MnSOD which 

was down-regulated at 3 h (Fig. 7E). Catalase was not significantly changed at any condition (Fig. 7F).  

 

 

Fig. 7. Gene expression in BEAS-2B cells exposed to organic aerosol. Cells were exposed to organic 

aerosol (+1000V) during 35 min and incubated with particles during 3 h and 24 h. Results were expressed 

as mean ± SD of 4 independent experiments. Statistically significant differences were reported with 

p<0.05 
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Along with oxidative response, total glutathione was measured using a colorimetric protocol (Fig. 8). The levels 

were significantly reduced after 3 h exposure followed by an increased after 24 h, as compared to control.  

 

Inflammation markers, IL-6 and IL-8 were down-regulated only 3 h after exposure (Fig. 9).  

 

 

 

 

 

 

 

Fig. 8. Total glutathione levels in BEAS-2B cells exposed to organic aerosol. Cells were exposed to 

organic aerosol (+1000V) during 35 min and incubated with particles during 3 h and 24 h. Results were 

expressed as mean ± SD of 4 independent experiments. Statistically significant differences were reported 

with p < 0.05 

Fig. 9. Gene expression in BEAS-2B cells exposed to organic aerosol. Cells were exposed to organic 

aerosol (+1000V) during 35 min and incubated with particles during 3 h and 24 h. Results were expressed 

as mean ± SD of 4 independent experiments. Statistically significant differences were reported with 

p<0.05 
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3.3.3 Expression of genes related to xenobiotic metabolism 

Gene expression of metabolizing enzymes was highly up-regulated at both time conditions (Fig. 10). CYP1B1 was 

2.5 and 4 times over expressed, while CYP1A1 was upregulated 17- and 18-times, after 3 h or 24 h of exposures, 

respectively.  

 

4. DISCUSSION 

In this study, we described a novel methodological approach to study biological effects of aerosols containing low 

doses of PAHs-rich ultrafine particles, using BEAS-2B cells at ALI and exposed with an online exposure device. 

Using different endpoints connected to oxidative stress, xenobiotic metabolism and mitochondrial function, the 

greatest responses appeared on the expression of genes related to metabolism of xenobiotics and inflammation.  

We focused in this study on PAHs-rich UFPs characterized by a mobility diameter of 58.9 ± 1.53 nm, with a high 

content in organic compounds (OC/TC: 87 ± 5 %), as previously described (Bescond et al., 2016). The dimensions 

of these particles agree with those of soot particles from a variety of sources, such as diesel particles (Hawley et 

al., 2014a) or biomass burning (Longhin et al., 2016). In this study, non-targeted analysis provides an identification 

of a wide range of PAHs as seen on the DBE vs #C plot which is a powerful tool for the characterization of 

complex matrices and for the comparison of samples. The observed compounds were highly aromatic compounds 

such as PAHs and oxy-PAHs, which are readily ionizable within the LDI source. The presence of oxygenated 

species corresponds to the insertion of oxygen atoms by the air used for the combustion experiment. The very low 

levels of gaseous compounds analyzed by GC/TCD and GC/MS, as well as the short-term exposure applied in this 

study to the cells (35 min) indicate that the observed biological responses can be attributable only to UFPs and 

their associated PAHs. 

In this study, BEAS-2B cell line was grown on transwell inserts during 10 days before aerosol exposure. To our 

knowledge, very few studies have used this approach for studying UFPs. Similar cultured conditions were 

previously studied, where BEAS-2B cells were cultured towards a differentiated phenotype (Stewart et al., 2012). 

At ALI conditions, these cells reported to express β-tubulin IV and showed localized ZO-1 and E-Cadherin 

staining. Compared to primary models, line cell models presented less variability between passages and 

experiments (Stewart et al., 2012). Moreover, these cells are metabolically active (Uppstad et al., 2010) and a 

previous study demonstrated their ability to take up PAHs associated to UFPs (Penn et al., 2005). Therefore, 

BEAS-2B cells represent an appropriate model to study toxicity of inhaled UFPs. In our study, we used this cellular 

model for exposures online to aerosols in the Vitrocell® system, after checking cell viability. Clean air exposure 

Fig. 10: Gene expression in BEAS-2B cells exposed to organic aerosol. Cells were exposed to organic 

aerosol (+1000V) during 35 min and incubated with particles during 3 h and 24 h. Results were expressed 

as mean ± SD of 4 independent experiments. Statistically significant differences were reported with p < 

0.05 
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reduced cell viability, as previously reported by Mistry et al.,2020 with clean air at flow rates of 2 and 8 mL/min 

for 3 hours, due to desiccation of the exposed cells (Mistry et al., 2020). Although we used a great flow rate, our 

time of exposure was short (35 min), in order to limit this effect. This time was sufficient to obtain a delivery dose 

at 1.8 µg/cm2, which was among the lowest reported in the literature (Leclercq et al., 2018; Sotty et al., 2019). In 

these experimental conditions, MTT assay and ATP levels supported the absence of cytotoxicity, after both 3 h 

and 24 h of exposure to particles. Concerning the energy metabolism of the cells, we further examined 

mitochondrial function using the Seahorse Extracellular Flux Analyzer and confirmed the absence of effect on 

cellular metabolism. However, a limitation of this approach was the use of submerged conditions and seeding cells 

one day prior the reading that could explain this result. Other experiments are needed to confirm this observation, 

using a more appropriate approach to monitor the cellular metabolism of ALI epithelial cells, as recently described 

by Mavin et al (Mavin et al., 2020).  

Overall, under these non-cytotoxic conditions and without observed cellular metabolism alteration, several 

biological markers were significantly altered. First, oxidative stress was studied by measuring glutathione levels 

(GSH) and genes expression of antioxidant enzymes. In this study, GSH levels were significantly reduced after 3 

h exposure, followed by an increased after 24 h, as compared to control. GSH is the principal antioxidant in the 

lung and its depletion has been observed after acute cigarette smoke (CS) exposure, whereas prolonged exposure 

to CS induces a GSH increase due to upregulation of the expression and activity of enzymes involved in GSH 

production (Dalle-Donne et al., 2020). Our results are in agreement with these observations and suggest an adaptive 

response of BEAS-2B cells to a sustained exposure to UFPs. This hypothesis is reinforced by the induction of HO-

1, a cytoprotective enzyme, 3 h after exposure. Induction of HO-1 associated to GSH depletion has been shown in 

lung fibroblasts after CS exposure (Baglole et al., 2008) and in BEAS-2B cells after UFPs exposure (Li et al., 

2003). In this last study, the authors observed a correlation between the high organic carbon and PAHs contents 

of UFPs and HO-1 expression, suggesting a role of organic agents in generating redox activity (Li et al., 2003). In 

parallel, we observed an upregulation of NQO1, this enzyme exerts cytoprotective, antioxidant and anti-

inflammatory effects in lungs (Rubio et al., 2011). The induction of NQO1 after fine and ultrafine particles 

exposure has been shown in several studies (Frias et al., 2020; Hawley et al., 2014b; Steerenberg et al., 1998; Yuan 

et al., 2019). Both HO-1 and NQO1 are regulated by Nrf2. The transcription factor Nrf2 gene is known to have an 

important role in resistance to oxidative stress (Ma, 2013). Surprisingly, this gene was up-regulated only after 24 

h of exposure. This could be related to a Nrf2 degradation in cells under stress, as it has been previously shown by 

Leclercq et al. 2018. (Leclercq et al., 2018). We also found that copper-zinc-superoxide dismutase expression 

(CuZnSOD) was slightly up-regulated 24 h following exposure while manganese superoxide dismutase (MnSOD) 

expression was reduced 3 h following exposure to organic aerosol. Catalase expression kept stable following 

exposure. CuZnSOD, MnSOD and catalase are antioxidant defense enzymes. SODs catalyzed the redox 

disproportionation of superoxide into oxygen and hydrogen peroxide. The detoxification process is followed by 

the conversion of hydrogen peroxide to water and oxygen by catalase and other enzymes as glutathione peroxidases 

(Fukai and Ushio-Fukai, 2011; Palma et al., 2020). MnSOD plays an important role in neutralizing superoxide in 

the mitochondrial matrix (Hernandez-Saavedra et al., 2017).Decrease in MnSOD expression induced by organic 

aerosol may contribute to an increase of superoxide levels. Similar results have been reported by Cui et al. 2020 

(Cui et al., 2020). In this study, MnSOD expression was importantly reduced on lymphatic endothelial cells after 

exposure to PM2.5 (Cui et al., 2020).  

Concerning inflammatory markers, contrary to most of in vitro studies of UFPs, we reported a down regulation of 

IL-8 and IL-6, 3 h following exposure. Interestingly, a recent study showed a down-regulation of IL-6 expression 

in BEAS-2B cells exposed to particulate matter emissions from gasoline fuels with varying aromatic and ethanol 

levels (Ahmed et al., 2020). In this study, aromatics content contributed to more significant PAH-mediated IL-6 

downregulation. Therefore, it is possible that the negative regulation of inflammatory responses induced by fuels 

with varying aromatic and ethanol levels is linked to PAHs and their derivatives in the PM emissions (Ahmed et 

al., 2020). AhR activation by PAHs and other combustion products, may suppress or induce proinflammatory 

response (Ahmed et al., 2020; Øvrevik et al., 2015). Regarding xenobiotic metabolism markers, expression of 

CYP1B1 and CYP1A1 were significantly increased at both time conditions. Organic compounds as PAHs can 

explain these results, as they can induce cytochrome P450 (CYP) metabolic enzymes. Similar results have been 

reported in other pulmonary cell models (Borgie et al., 2015; Hawley et al., 2014a). PAHs are reported to be 
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metabolized by the lungs, expressing of xenobiotic-metabolizing enzymes via the AhR signaling pathway (Castell 

et al., 2005; Ye et al., 2021). Overall, our study suggest that organic aerosols elicit an important cellular alteration. 

Antioxidant and inflammatory response were observed principally 3 h after exposure and the greatest response is 

related to xenobiotic metabolism at both time conditions.  

5. CONCLUSION 

 This study presents a methodological approach to study the impact of freshly emitted organic UFPs originating 

from a controlled setup. For the UFPs emitted by the soot generator miniCAST, our results showed that, although 

no cytotoxicity nor ATP alterations were observed, the organic aerosol induced an antioxidant response and a 

negative regulation of inflammatory response as well as an induction of xenobiotic-metabolizing enzymes. To 

further this study, repeated exposures would be interesting as BEAS-2B cells represent a relevant model. 

Furthermore, our approach may allow scrutinizing the kinetics of inflammatory response. This approach should 

contribute in elucidating the role of the PM-adsorbed organic components in causing lung injuries. Moreover, the 

present protocol could be used to study other kind of particles or other fuels. 
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SUPPLEMENTARY INFORMATION 

Supplementary experimental part 

Non-targeted analyses from organic particles 

The non-targeted analyses from organic particles were performed using laser desorption ionization (LDI) with 

ultra-high-resolution mass spectrometry (FT-ICR MS). The LDI source allows the analysis of insoluble molecules 

by desorption then ionization using a UV laser. Organic particles were deposited on a MTP 384 ground steel target 

plate using a solvent free method described elsewhere (Barrère et al., 2012). A SolariX XR FTMS (Bruker 

Daltonics) FTICR with a 12 Tesla superconductive magnet was used. The laser used for LDI was a Nd-YAGx3 

laser emitting 355 nm photon with a frequency of 1,000 Hz. A laser power of 13% was used with 100 lasers shot 

per scans. A number of 150 scans were accumulated in positive mode between m/z 110.6 and m/z 1200 with 8M 

words and a free induction decay (FID) of 2.52 s. Triplicate analyses of the sample were performed. Internal mass 

calibration was performed using a list of PAH found in Table S1 (with a quadratic function) resulting in a standard 

deviation below 50 ppb. Mass spectrometry signals were attributed to molecular formulas using Bruker 

DataAnalysis v5.1 (Bruker Daltonics) with an error tolerance of 0.5 ppm and molecular formula boundaries 

CcHhN0-1O0-5. The data from the triplicate analysis were merged into one table used for graphical representation. 

Gaseous phase analysis 

After stabilization (around 5 minutes) of propane combustion (organic aerosol), a sampling case (Model 1060 - 

Supelco) was used to collect the gaseous phase in 1 L Tedlar bags (RESTEK) previously purged with nitrogen. A 

quartz filter (PALL, 47 mm diameter and 0.3 µm pore diameter) was placed between the collection point and the 

Tedlar bag. Three samples with and without quartz filter were taken with separate Tedlar bags to check the mixture 

stability. The 3 Tedlar bags filled with the gaseous phase without filter presented some black particles. Manual 

injection was done with a gas syringe of 500 µl (Chromoptic). Repeatability of injection was evaluated by three 

successive injections of the same standard solution and variation coefficients (CV) for all compounds were 

comprised between 1.3 and 10% in gas chromatography thermal conductivity detection (GC/TCD) and 4.1 to 7.5% 

in gas chromatography coupled to a mass spectrometer (GC/MS). Standard gases were used for identification. A 

mixture of 10 gases was provided by Linde (carbon monoxide, carbon dioxide, hydrogen, methane, acetylene, 

ethylene, ethane, propadiene, propene, propane at 1% mol/mol in nitrogen). Alkane standard (hexane, octane, 

decane - Fisher Scientific) was prepared in methanol at 2 g/L each and 100 µl was added in a 1 L Tedlar bag 

previously purged and filled with nitrogen. BTEX standard (benzene and toluene – VWR and ethylbenzene and 

o-xylene - Merck) was prepared in methanol at 1 g/L and added in a 1 L Tedlar bag previously purged and filled 

with nitrogen. 

The analyses were performed on 2 systems. First, a GC-TCD from Scion equipped with a Porapak Q column 

(Restek, 2 m x 2.1 mm I.D.; 80/100 mesh) was used for the analysis of hydrogen, oxygen, carbon dioxide, and 

compounds until C3 (containing 3 carbon atoms in their structure). The second was a GC/MS PERKIN ELMER 

Clarus 580 SQ8S equipped with a RT-Q-Bond Plot column (RESTEK, 30 m x 0.25 mm x 8 µm) and a PLOT 

particle trap (Restek, 2.5 m x 0.25 mm: deactivated silica). Identification of volatile compounds such as carbon 

dioxide, alkanes and alkenes from C1 to C10, and aromatic compounds (benzene, toluene, ethylbenzene, xylene 

(BTEX)) was achieved with the database NIST 2013. Identification and estimation of the concentrations were 

done in full scan mode (between 20-200 m/z). For GC-TCD, injector was set at 120°C (on-column injection), 

detector at 130°C, and filament at 180°C. The following temperature programming was applied: from 40°C for 2 
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minutes to 120°C at 10°C/min. Nitrogen was used as carrier gas at 15 mL/min and as reference gas at 14.5 mL/min. 

For GC/MS, injector was set at 270°C (split ratio 1/10), ion source at 150°C and transfer line at 170°C, ionization 

mode was electronic impact (70 eV). The following temperature program was applied: from 35°C for 5 minutes 

to 280°C at 10°C/min. Helium was used as carrier gas at 0.8 mL/min in constant flow mode. Limit of quantification 

(LQ) have been established by considering 10 times the signal to noise ratio for each standard. When standard was 

not available, LQ of the closest compound was considered (i.e.: LQ for C3 compounds was set as propane LQ, LQ 

of toluene was set as benzene LQ).  

Table S1: Internal mass calibration ions for LDI FTICR MS data 

Calibrant m/z Calibrant m/z Calibrant m/z 

C14H10 178.077702 C30H14 374.109002 C54H20 668.155952 

C14H11 179.085527 C31H15 387.116827 C55H21 681.163777 

C16H10 202.077702 C33H15 411.116827 C56H20 692.155952 

C16H11 203.085527 C34H16 424.124652 C57H21 705.163777 

C17H11 215.085527 C35H15 435.116827 C58H20 716.155952 

C18H12 228.093352 C36H16 448.124652 C59H21 729.163777 

C18H13 229.101177 C37H15 459.116827 C60H22 742.171602 

C19H11 239.085527 C38H16 472.124652 C61H21 753.163777 

C20H12 252.093352 C39H17 485.132477 C62H22 766.171602 

C20H13 253.101177 C40H16 496.124652 C63H23 779.179427 

C21H11 263.085527 C41H17 509.132477 C64H22 790.171602 

C22H12 276.093352 C42H18 522.140302 C65H23 803.179427 

C22H13 277.101177 C43H17 533.132477 C66H22 814.171602 

C22H14 278.109002 C44H18 546.140302 C67H23 827.179427 

C22H15 279.116827 C45H17 557.132477 C68H24 840.187252 

C23H13 289.101177 C46H18 570.140302 C69H23 851.179427 

C24H12 300.093352 C47H19 583.148127 C70H24 864.187252 

C25H13 313.101177 C48H18 594.140302 C71H23 875.179427 

C26H14 326.109002 C49H19 607.148127 C72H24 888.187252 

C27H13 337.101177 C51H19 631.148127 C73H25 901.195077 

C28H14 350.109002 C52H20 644.155952   

C29H14 362.109002 C53H19 655.148127   

 

 

 

  



 
 

120 
 

Table S2. Primers used for real-time quantitative polymerase chain reaction (qRT-PCR) 

Gene Primers Sequences (5'-3') 

Nrf2 Forward AGG-TTG-CCC-ACA-TTC-CCA-AA 

 Reverse ACG-TAG-CCG-AAG-AAA-CCT-CA 

NQO1 Forward GTC-ATT-CTC-TGG-CCA-ATT-CAG-AGT 

 Reverse TTC-CAG-GAT-TTG-AAT-TCG-GG 

HO1 Forward TTC-TCC-GGG-TCC-TTA-CAC 

 Reverse GGC-ATA-AAG-CCC-TAC-AGC-ACC-T 

CuZnSOD Forward GGG-CAA-TGT-GAC-TGC-TGA-C 

 Reverse ACA-AGC-CAA-ACG-ACT-TCC-AG 

MnSOD Forward CCT-GGA-ACC-TCA-CAT-CAA-CG 

 Reverse CCA-ACG-CCT-CCT-GGT-ACT-TC 

Catalase Forward GCC-TTT-GGC-TAC-TTT-GAG-GTC 

 Reverse GAG-AAC-CGA-ACT-GCG-ATG-G 

IL-8 Forward AAG-AAA-CCA-CCG-GAA-GGA-AC 

 Reverse AAA-TTT-GGG-GTG-GAA-AGG-TT 

IL-6 Forward ACC-CCT-GAC-CCA-ACC-ACA-AAT 

 Reverse AGC-TGC-GCA-GAA-TGA-GAT-GAG-TT 

CYP1B1 Forward GGA-ATT-GAC-GCC-ACT-CAC-CG 

 Reverse GGA-GCG-CTT-GGA-TTG-GGA-TG 

CYP1A1 Forward CCA-CAG-CAC-AAC-AAG-AGA-CAC 

 Reverse GAG-AAA-CCG-TTC-AGG-TAG-GAA 

B2M Forward GCA-TCA-TGG-AGG-TTT-GAA-GAT-G 

 Reverse TAA-GTT-GCC-AGC-CCT-CCT-AGA-G 

 

Table S3: Cata-condensed and peri-condensed PAH equation curve 

Cata-condensed PAH Peri-condensed PAH 

C H DBE C H DBE 

6 6 4 10 8 7 

18 12 13 20 11 15.5 

30 18 22 30 13 24.5 

46 26 34 40 15 33.5 

62 34 46 50 17 42.5 

78 42 58 60 19 51.5 

86 46 64 70 20 61 

90 48 67 80 22 70 

102 54 76 90 23 79.5 

Equation: DBE = 0.75*C - 0.5 Equation: DBE = 0.9121*C - 2.7667 
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Table S4: Most intense ions with odd number of electron (M+•) observed in the organic aerosol sample 

m/z Ion Formulas Mean error (ppm) 

313.10118 C25H13 -0.00 ±0.005 

337.10118 C27H13 0.009±0.006 

374.109 C30H14 -0.035±0.011 

387.11683 C31H15 0.062±0.008 

411.11683 C33H15 0.013±0.007 

435.11683 C35H15 0.003±0.008 

472.12465 C38H16 0.008±0.007 

485.13248 C39H17 0.010±0.008 

509.13248 C41H17 0.006±0.006 

557.13248 C45H17 0.018±0.006 

 

Table S5: Estimated concentrations for the compounds detected on the gas phase, sampled with and without filter, 

and corresponding LQ. (/ : not detected) 

 Compounds 
Molar % (with 

filter) 

Molar % (without 

filter) 
LQ (%) 

TCD 
Dihydrogene H2 0.043 0.042 0.01 

Methane CH4 0.022 0.022 0.049 

MS 

Carbon dioxide CO2 0.5996 0.6444 0.002 

Ethylene C2H4 0.0083 0.012 0.0005 

Acetylene C2H2 0.018 0.0274 0.002 

Ethane C2H6 / / 0.0007 

Propene C3H6 0.0002 0.0003 0.0005 

Propane C3H8 0.0001 0.0001 0.0006 

Propadiene C3H4 0.0002 0.0006 0.0006 

Propyne C3H4 0.0006 0.0007 0.0006 

Actaldehyde C2H4O / / 0.0006 

Isobutene C4H8 / / 0.0006 

1-buten-3-yne C4H4 0.0005 0.0005 0.0006 

1,3 butadiene C4H6 / / 0.0006 

1,3 butadiyne C4H2 0.0004 0.0005 0.0006 

Cyclopentadiene C5H6 / / 0.0006 

Benzene C6H6 / 0.000002 0.00002 

Toluene C7H8 / / 0.00002 
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 Figure S1: Experimental setup 

 

Figure S2: Venn diagram from LDI FTICR MS experiment of CAST sample 

 

Figure S3: DBE vs #C diagrams of LDI FTICR MS data from CAST sample for CcHhO ions with odd and even 

number of electrons.  

 

 

 

 

 

 

 

The colors indicate the relative intensity of the ions. The lower black line represents the expected trend of cata-

condensed O-PAH and the upper blue line represents the expected trend of peri-condensed O-PAH 
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1. INTRODUCTION 

Epidemiological and experimental studies have reported compelling evidence that pollution by airborne particulate 

matter (PM) is an important cause of health outcomes associated to respiratory and cardiovascular diseases as well 

as cancer mortalities (Chen et al., 2016; Pope et al., 1995; Rizza et al., 2019; Schraufnagel, 2020). In urban areas, 

the traffic sector is a major contributor of PM emissions as well as pollutants including carbon monoxide (CO) 

volatile organic compounds (VOCs), nitrogen oxides (NOX), polycyclic aromatic hydrocarbons (PAHs) and PM 

(Kwon et al., 2020; Lin et al., 2019). Moreover, diesel exhaust has been classified as carcinogenic (Group1) and 

gasoline exhaust as possibly carcinogenic (Group 2B) to humans by the International Agency of Research of 

Cancer (IARC) (IARC, 2013). Today’s transports depend principally on fossil fuels and alternatives are needed 

against increasing stringent emission regulations, rising oil prices and finite supply of fossil fuels. Biofuels of 

second generation (B2G) represent a promising choice for partial replacements of fossil fuels since lignocellulosic 

biomass are used as feedstocks (Wu et al., 2017). Scientific literature highlights the importance of physicochemical 

characteristics of combustion emissions on biological and toxicological effects (Kwon et al., 2020). For example, 

particulate emissions from combustion of B2G can globally decrease (Zhang and Balasubramanian, 2014) but 

some studies also reported the formation of more complex compounds that could lead to greater health effects 

(Kohse‐Höinghaus et al., 2010) probably linked to a higher oxidative potential of particles (Adenuga et al., 2016).  

Oxidative potential (OP) measurement may be used to evaluate toxicity of particles. The OP can be defined as PM 

capacity to oxidize target molecules and induce formation of oxidizing species in the lung (Øvrevik, 2019). This 

evaluation may be carried out by acellular methods, as DTT assay (OPDTT) or antioxidant depletion assay (OPAO), 

which are simpler and quicker to achieve than cellular assays. Moreover, studies have established a link between 

OP and biological responses to particles exposure, which makes it a toxicological relevant metric (Bates et al., 

2019; Crobeddu et al., 2017; Jaramillo et al., 2018). Besides chemical composition, the size is also an important 

factor to consider on PM assessment. Fine particles (FP) and ultrafine particles (UFPs) had attracted more 

attention, as they can enter deeper in the respiratory tract (Oberdörster et al., 2005), where they can trigger certain 

cellular pathways involved in oxidative stress and inflammation, both mechanisms implicated in PM adverse 

health effects (Araujo and Nel, 2009; Baulig et al., 2003; Leikauf et al., 2020; Øvrevik et al., 2015). 
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 UFPs are also associated to lower mass concentrations compared to coarser fraction, they are also more numerous 

and have a higher specific area, which may significantly impact their consequences in human health (Kumar et al., 

2013; Schraufnagel, 2020).  

The biological and health effects of traffic emissions, from diesel and gasoline engines, have been extensively 

studied in vitro. Nevertheless, there are very few studies concerning new fuels emissions. In most of these studies, 

particles suspensions were used in submerged cells cultures (Frias et al., 2020; Malorni et al., 2017; Seriani et al., 

2016; Shin et al., 2017); hence, new approaches to evaluate health effects from particles, and especially UFPs, are 

needed to support biofuels development. Then, the objective of the present study was to assess cellular responses 

after exposure to FP and UFPs emissions from oil fuels and B2G combustion. We evaluated the responses of 

bronchial epithelial BEAS-2B cells following exposure at ALI to three types of aerosols: CAST1 the aerosol 

reference in this study, surrogate gasoline fuel and surrogate biofuel (S+A). Cytotoxicity and biological markers 

associated with oxidative stress, inflammation and xenobiotic metabolism were assessed 3 h and 24 h after 

exposure. This approach will lead us to investigate the influence of the physicochemical composition, on the 

response patterns after emission exposure. 

2. MATERIALS AND METHODS 

2.1 Chemicals 

Unless otherwise specified, chemicals were purchased from Sigma-Aldrich (St Quentin Fallavier, France). 

2.2 Exposure system and operating conditions 

The exposure system used have been previously described (Juarez-Facio et al., 2021a). In this study, the miniCAST 

soot generator, initially designed for gas fuels, was modified to burn both propane or liquid fuels (Figure S1). In 

gas mode, a propane flow is mixed with nitrogen and oxidation air flows to produce a stable flame, while in liquid 

mode, a syringe pump and an evaporator (CEM-W-102A) replace the propane flow. Syringe pump allows to 

control fuel flow towards the evaporator which atomize, evaporate, and transport fuel vapors through a nitrogen 

flow. In this studied, miniCAST soot generator was used with propane (CAST1 condition) or with liquid fuels 

consisting in a surrogate gasoline fuel and a surrogate B2G fuel. Surrogate gasoline fuel (S) consisted in hexane 

(24.31 wt%), 2,3-dimethyl-2-butene (8.15 wt%), cyclohexane (14.21 wt%), isooctane (17.75 wt%), and toluene 

35.58 wt%). To model B2G, a mixture of surrogate gasoline fuel and anisole (10 v%) was used (S+10A). Table 1 

shows the flow rate of the operating conditions in this study.  

Table 1. Flow rates of the operating conditions studied 

 CAST1 Surrogate S+10A 

Propane (mL/min) 60 0 0 

Liquid fuel (mL/min) 0 0.3 0.3 

Nitrogen (mL/min) 7 7 7 

Oxidation air (L/min) 1.5 1.52 1.46 

Dilution air (L/min) 20 20 20 

 

Aerosols from the miniCAST were diluted at 50 mg/m3 by the dilution column before being delivered to cells 

through the Vitrocell® exposure system. By this way, the same dose exposure was expected for each aerosol.  

2.3 Characteristics of aerosols emission 

The methods to analyze particle and gaseous phase are the same as described in previous works (Juarez-Facio et 

al., 2021b). Briefly, for gaseous emissions measurements samples were collected in Tedlar bags then analyzed by 

gas chromatography with thermoconductivity detection (GC/TCD) and gas chromatography coupled to a mass 

spectrometer (GC/MS). Quartz and cellulose filters containing particulate matter were used for not-targeted and 

targeted analysis in addition to measure of OC/TC. Not-targeted analysis were performed using direct insertion 
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probe with atmospheric pressure chemical ionization source (DIP APCI) coupled to ultra-high resolution mass 

spectrometry (FTICR MS), and targeted analysis by GC-MS/MS. Number and particle size distributions were 

measured with a Scanning Mobility Particle Sizer (SMPS), mass concentration was determined by Tapered 

Element Oscillating Microbalance (TEOM) measures. Soot particles were deposited onto several grids and 

observed using transmission electron microscopy. Soot images were analyzed following the method proposed by 

Bescond et al. 2014, to determine primary particle size (Bescond et al., 2014).  

2.4 Oxidative potential  

2.4.1 Particle suspension preparation  

Particles were collected from cellulose filters positioned next to dilution column. Particles were suspended in 

ultrapure water at a concentration of 500 µg/mL and sonicated during 60 min at 40 kHz. Diesel particles were used 

as positive control for oxidative potential measures. Then, particle suspensions were aliquoted and stored at -20 

°C. 

2.4.2 Dithiothreitol (DTT) assay 

The Dithiothreitol assay monitors the oxidation of DTT, a reducing agent, in presence of particles. It is one of the 

most common acellular assays used to evaluate the intrinsic oxidative potential of PM (Cho et al., 2018). First, 

particles were incubated, in a 96-well plate, with 1 mM DTT (Sigma) at 37°C. Nine concentrations of particles 

were tested from 0.56 to 280 µg/mL. After 1 hour of incubation, plate was centrifuged at 2100 g and 4 °C for 15 

min. Then, 50 µL of supernatants were recovered and added to an equal volume of 5,5’-dithiobis-(2-nitro benzoic 

acid) (DTNB) (2.5 mM) (Sigma). Then, remaining reduced DTT reacted with DTNB to produce 2-Nitro-5-

thiobenzoic acid (NTB), a yellow product which absorbs at 412 nm. The absorbance was measured with a plate 

reader (Safas Xenius, Monaco). Percentage of depletion was calculated according to the following equation:  

%DTT depletion = 100 - (DTT concentration in the sample/DTT concentration in the blank) x 100 

2.4.3 Antioxidants (AO) depletion measurement 

This second acellular assay measures the depletion of two antioxidants, ascorbic acid (AA) and glutathione (GSH), 

as well as the oxidized glutathione production, GSSG. Briefly, a range of particles concentration from 0.56 to 280 

µg/mL, was prepared in a synthetic respiratory tract lining fluid (RTLF) containing 0.9 % NaCl at pH 7.4, AA 

(200 µM - Sigma) and GSH (200 µM - Sigma). Solutions were incubated for 4 h at 37 °C, then centrifuged for 10 

min at 15000 rpm and 4°C. An aliquot of each supernatant was diluted 1:5 in mobile phase (Potassium hydrogen 

phosphate, 10 mM, pH 3 - Sigma). Solutions were filtered before the injection with a Nylon 0.45 µM syringue 

filters (Cloup, France). Finally, samples were injected into an Agilent High Pressure Liquid Chromatography 

system 1260 Infinity II equipped with DAD detector (Agilent Technologies, Santa Clara, CA, USA). The 

chromatography was equipped with a Poroshell 120 EC-C18 (3 x 150 mm, 2.7 µm) with guard EC-C18 (3mm) 

maintained at 25°C. The flow rate of mobile phase (100%) was 0.6 mL/min. UV data was collected at 220 nm. 

This method was validated to meet the ICH requirements. Percentage of AO depletion and GSSG production was 

respectively calculated according to:  

% AO depletion = 100 - (AO concentration in the sample / AO concentration in blank) x 100 

% GSSG production = 100 + (GSSG concentration in the sample/GSSG concentration in blank) x 100 

Cell culture and exposures 

The bronchial epithelial BEAS-2B cell line (ATCC – CRL9609TM) was cultivated in LHC-9 medium (GIBCO) on 

collagen coated TranswellTM insert as described by Juarez Facio et al. 2021 (Juarez-Facio et al., 2021b). Culture 

at liquid-liquid interface was maintained during 10 days before aerosol exposures, which have been performed at 

air-liquid interface (ALI) under standard airway epithelial cell growth conditions (37°C, 95% humidity, and 5% 

CO2). All exposures were performed using BEAS-2B cells between passage 40 and passage 50.  
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Cells were exposed to diluted fresh aerosols during 35 min with an electrostatic field (+1000 V), while control 

samples were exposed to ambient HEPA-filtered laboratory air through the Vitrocell System. The response of 

particle-exposed cells was compared to controls cells, 3 h and 24 h after exposure. 

2.6 Biological endpoints  

2.6.1 Cytotoxicity 

MTT assay is a common method to assess cell viability. Briefly, 3 h and 24 h after exposure, cells were incubated 

with MTT solution during 3 h, then formazan crystals were dissolved with SDS solution. The absorbance was 

measured at 570 nm (Xenius, Safas, Monaco) and normalized to the control, which was set to 100%. 

2.6.2 ATP/ADP and total glutathione quantification  

Cell sample preparation. 

ATP and ADP levels, as well as total glutathione (GSH + GSSG) were determined on perchloric extracts. Briefly, 

after 3 h and 24 h exposure, inserts were gently rinsed with PBS-1X. Then, 500 µL of perchloric acid (1 N) were 

added to each insert to harvest cells. The samples were centrifugated at 13500 g for 5 min and at 4 °C. Pellets were 

resuspended in NaOH (1 N) and used to determine proteins content by Lowry assay. Supernatant was neutralized 

by addition of K2CO3, then, samples were centrifugated again. Supernatants were stored at -80°C until 

measurements.  

ATP/ADP quantification  

ATP and ADP quantifications were performed with Agilent High Pressure Liquid Chromatography system 1260 

Infinity II equipped with DAD detector (Agilent Technologies, Santa Clara, CA, USA). Stock solutions of 10 mM 

ATP (adenosine 5’-triphosphate disodium salt hydrate > 99 % - Sigma), ADP (adenosine 5’-diphosphate sodium 

salt > 98 % - Sigma) and AMP were prepared by dissolving the appropriate amounts in ultrapure water. The above 

stock solutions were all stored at -20 °C, the working solutions were prepared daily by appropriate dilution in 

mobile phase. The mobile phase consisted of 50 mM of potassium hydrogen phosphate (pH 6.80) (Sigma). 

Analytes were separated on a Poroshell 120 EC-C18 (3 x 150 mm, 2.7 µm) with guard EC-C18 (3 mm) at 254 nm. 

The chromatographic separation was carried out at 20° C with 0.6 mL/min as flow rate. The identification of peaks 

was based on the comparison of retention times and diode-array spectra of chemicals standard and biological 

samples. Validation of the analytical method was performed by assessment of the linearity, limits of quantification 

and detection and accuracy to meet the ICH requirements.  

Total glutathione quantification 

For measurement of total glutathione, 40 µl of sample, 200 µl of reagent pad containing NADPH (0.4 mM), DTNB 

(1 mM) and methanol (10%) in buffer (160 mM NaH2PO4, 8 mM EDTA, pH 7.4) and 40 µl of glutathione reductase 

(8.5 U/mL) were deposited in a 96 well plate. Absorbance was measured at 405 nm for 2 min and 40 s. Amounts 

of total glutathione were determined from a standard curve and results were normalized to proteins content.  

2.6.3 qRT-PCR 

Total ARN was extracted from cells using TRI-REAGENT® (Sigma-Aldrich) and Direct-zol™ RNA MiniPrep 

(Ozyme). RNA concentration and purity were measured with a NanoDrop spectrophotometer (NanoDrop™ 2000 

/ 2000c.). Treatment for DNase was performed with DNase I, Amplification Grade (InvitrogenTM). cDNA was 

prepared by reverse transcribing extracted RNA samples using Invitrogen™ Transcriptase inverse (M-MLV). The 

expression of mRNA was determined by the quantitative real time polymerase chain reaction (qRT-PCR) using 

Brilliant III Ultra-fast SYBR Green QPCR Master Mix (Agilent Technologies). Expression profiles of CYP1B1, 

CYP1A1, NQO1, HO-1, Nrf2, IL-8 et IL-6 were normalized to B2M. 
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2.7 Statistical analysis 

Biological endpoints results were expressed as mean ± SD. Statistical analysis was performed using the non-

parametric Mann-Whitney U-test (GraphPad for Windows, v8.0). Statistically significant differences were 

reported with p < 0.05. 

3. RESULTS 

3.1 Aerosol characterization  

Particle and gaseous phase from aerosol emission of different fuels combustion was characterized. Similar amounts 

of organic compounds were presented (% OC/TC), CAST1: 4.1±3.5%, S: 3.5 ± 0.4% and S+10A: 5 ± 0.6%. 

Particle emission was fixed to 50 mg/m3 to allow a similar deposition in all conditions. Regarding morphology, 

fractal aggregates, characteristic from soot particles, were produced by all combustion conditions as seen in Fig. 

1.  

Concerning gaseous phase, the estimated concentrations are reported in Table S1. The three working conditions 

presented different profiles. In CAST1 aerosol, only propane and carbon dioxide were detected. In surrogate and 

B2G condition, the main compounds were carbon dioxide (0.630% and 0.609 %), dihydrogen (0.034% and 0.35 

%), methane (0.027% and 0.28 %), ethylene (0.0159% and 0.018 %) and acetylene (0.0104% and 0.012 %), 

respectively.  

The targeted analysis tested the 16 priority PAH and 5 oxy PAH (Figure S1). With the CAST1 condition, the 

predominant HAP were acenaphtylene, phenanthrene, fluoranthene and pyrene, as previously published (Juarez-

Facio et al., 2021b). These PAH represent around 70% of the total amount. Particles obtained from the S fuel 

combustion presents quite similar profile for PAH, with a predominance for phenanthrene (23% of the total 

amount) and acenaphtylene (25% of the total amount). This latter represents more than 80% of the total PAH 

quantified in particles obtained from the S+10A condition. The oxy-HAP amounts represent 2.8% for S+10A 

condition, 4.5% for CAST1 and 8% for S. 

3.2 Oxidative potential (AO depletion measurement and DTT assay) 

Oxidative potential of particles was studied by two acellular assays: dithiothreitol assay (Fig. 2) and antioxidants 

depletion measurement (Erreur ! Source du renvoi introuvable.). For these tests, diesel particles (DEP) were 

used as positive controls. Nine concentrations of PM were tested: 0.56; 1.4; 2.8; 5.6; 14; 28; 56; 140 and 280 

µg/mL. The lowest concentration represents the dose exposure of BEAS-2B cells in the exposure conditions. In 

order to control experiments efficiency, DEP particles were used as positive control. First, a dose dependent of 

DTT consumption was observed for all tested particles. However, depending on aerosol condition, OPDTT profiles 

were different. CAST1 particles induce the highest DTT loss rate with approximatively 80% loss rate at the highest 

doses. Concerning surrogate and S+A aerosol, DTT loss rate values at 280 µg/mL were lower, 37.6 and 22.2% 

respectively. Then, depletion of AA was induced by CAST1 aerosol for all tested concentrations. A lower ascorbic 

acid oxidation for S and S+A particles was also observed but only at the concentrations from 2.8 µg/mL and 56 

µg/mL respectively. Moreover, AA depletion percentage in S+A particles did not exceed 6%. Finally, CAST1 and 

Fig. 1. Morphological characterization of studied particles. Transmission electron microscopy images of 

particles from (A) CAST1, (B) gasoline surrogate and (C) B2G surrogate (S+A).  
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surrogate aerosol induced depletion of GSH. Production of GSSG, which correspond to oxidized GSH, was 

measured only in CAST1 particles. These findings were observed at the two highest concentrations. 

Fig. 2. Oxidative potential of particles from DEP, CAST1, surrogate and S+A by DTT assay 

Fig. 3. Oxidative potential of particles from DEP, CAST1, surrogate and S+A characterized by antioxidants 

depletion measurement 
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3.3 Cell response after emission exposure 

BEAS-2B cells were exposed to CAST1, surrogate and B2G fuel emission to filtered air at ALI. Results from 

MTT assays presented in Fig. 4 showed no effect on cell viability after exposure to different aerosol emission at 

any time after exposure.  

 

The effects of particle exposures on ATP and ADP levels are shown in Tableau  and compared with air-exposed 

cells (control). Whatever the experimental conditions, the levels of ATP remained stable compared to controls. 

The only effect observed was after 24 h of exposures to particles generated from the S+10A fuel on the ADP 

levels. Fig. 5 shows the ATP/ADP ratios normalized with the corresponding control and calculated from the Table 

2. Compared to air-exposed cells, the particles generated from S fuel increased this ratio after 3 h and decreased it 

after 24 h compared to 3 h. After exposure to particles generated from S+10A, this ratio is slight decreased after 3 

h.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Cytotoxicity evaluation determined by MTT assays after 3 h and 24 h incubation with studied 

aerosol emission. Data are expressed as mean ± SD, n=4-5 independent experiments. 

Fig. 5. ATP/ADP ratios (in percentage of air controls) in Beas-2B cells after 3 h or 24 h of exposure to particles 

or to air. * p<0.05 vs. controls, ** p<0.05. Data are expressed as mean ± SD, n=4-5 independent experiments 
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Tableau 2. ATP and ADP levels (nmol/mg proteins) in BEAS-2B cells after 3 h or 24 h of exposure to particles 

or to air (control) 

 

 

  

 

 

As MTT assay indicated non-lethal conditions (<20%) and ATP measures showed significant difference only for 

surrogate aerosol, an additional evaluation to identify the potential biological markers that may be altered by 

aerosols was performed. Several biological markers were measured in BEAS-2B cell by qRT-PCR after exposure 

to different aerosol emissions. Results in Fig. 6 show several up and down-regulations in all markers at both times 

after exposure compared to air control. First, NQO1 gene (Figure 6A), an oxidative stress marker was significantly 

induced by particles generated from the S fuel at 3 h and the S+10A at 24 h. HO-1 (Figure 6B), was also down-

regulated by CAST1 and up-regulated by S and S+10A at 3 h. At 24 h, only surrogate reported a significant 

induction. Next, inflammation marker IL-8 (Figure 6C) expression was inhibited by CAST1 and S+10A, while at 

24 h the opposite response is observed, which means a significantly up-regulation after exposure to S and S+10A. 

Then, IL-6 (Figure 6D) expression was only up-regulated by CAST1 at 24 h. Finally, two markers of xenobiotic 

metabolism were studied. CYP1A1 and CYP1B1 (Figure 6E) showed an up-regulation by both S and S+10A, at 3 

and 24 h, whereas CAST1 condition showed a down-regulation for CYP1B1 (0.49 fold). 

 ATP ADP 

 3h 24h 3h 24h 

Control 23.60 ± 2.90 29.30 ± 6.29 2.07 ± 0.46 2.02 ± 0.68 

CAST 1 23.65 ± 2.74 23.70 ± 2.94 1.79 ± 0.61 2.64 ± 1.31 

Control 37.40 ± 2.66 38.62 ± 0.99 3.10 ± 0.15 4.14 ± 0.57 

Surrogate 38.05 ± 1.36 37.40 ± 6.60 2.49 ± 0.33 4.84 ± 0.39 

Control 32.52 ± 5.19 31.07 ± 2.04 1.87 ± 0.44 4.16 ± 0.80 

S+10A 29.65 ± 6.96 26.90 ± 4.72 2.19 ± 0.42 2.89 ± 0.69* 
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Fig. 6. Gene expression in ALI BEAS-2B cells after 3 h and 24 h exposure to fresh aerosol. (A) and (B): Oxidative 

stress markers NQO1 and HO-1 transcript production. (C) and (D): Inflammation markers IL-8 and IL-6 transcript 

production. (E) and (F) Xenobiotic metabolism markers Cyp1a1 and Cyp1b1 transcript production 
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4. DISCUSSION 

The goal of this work was to assess the toxicological impact of different emissions from representative gasoline 

and B2G fuel combustions. Firstly, emissions were characterized including particulate and gaseous phase. Then, 

the bronchial epithelial BEAS-2B cells were exposed at similar dose exposure to different emissions and several 

biological markers were studied.  

In “real” conditions, particulate matter from traffic emission is not uniform in terms of size shape and chemical 

composition. In this study, we used a soot generator and surrogate fuels in order to obtain reproducible aerosol 

emissions and to compare toxicological responses under controlled conditions. Gasoline comprises of a large 

chemical species including alkanes, alkenes and aromatic compounds. Moreover, fuel compositions may be 

variable between petrol stations and depending on the storage conditions. The surrogate gasoline composition was 

the same as Wu et al. 2017, leading to model a commercial gasoline with the principal chemical families (Wu et 

al., 2017). For B2G emission, anisole (10 v%) was chosen as additive to the surrogate. Anisole can be used to 

represent rich phenol species in surrogates during combustion. Indeed, Wagnon el al 2018. reported than 

lignocellulosic biomass is transformed on a mixture of rich phenol species (Wagnon et al., 2018). Hence, anisole 

represents an optimal additive to model B2G. Emissions obtained from miniCAST using these fuel surrogates 

were compared with CAST1 condition allowing particles emissions with properties similar to those of road traffic, 

as previously described (Bescond et al., 2014; Juarez-Facio et al., 2021a).  

We evaluated the PM oxidative potential (OP), generated by the miniCAST used with the same operating 

conditions and these different fuel surrogates. We clearly observed the greatest response with the CAST1 condition 

despite the fact that this condition does not generate particles with high organic compound levels and free of 

metals, given our experimental conditions. The differences observed with CAST1 and the other conditions cannot 

be explained by the organic levels since the OC/TC ratio were comparable between the conditions, whereas other 

studies suggested a link between chemical composition and OP. For example, the DTT assay is a colorimetric 

analysis in which DTT loss rate is linked proportionally to the redox active organic concentration in PM (Lin and 

Yu, 2019), or to metal sources and heavy fuel oil combustion (Moufarrej et al., 2020). Another useful method to 

evaluate OP is the assessment of antioxidants (AO) depletion (OPAA), such as ascorbic acid (AA) and reduced 

glutathione (GSH) present in the respiratory tract lining fluid, which may be simulated with a synthetic lung fluid 

(Calas et al., 2017). Previous studies demonstrated a link between OPAA and PAH at the traffic site or potassium 

with domestic wood burning samples (Crobeddu et al., 2020). This test was also demonstrated as the best to show 

strong correlations with cellular responses as intracellular EROs productions and alterations of gene expression 

such as proinflammatory response (Interleukin 6) as well as anti-oxidant genes (superoxide dismutase 2, heme-

oxygenase-1) (Crobeddu et al., 2017). As discussed below, CAST1 condition did not allow obtaining the greatest 

biological responses compared to results obtained with the other experimental particles (S and S+A). This apparent 

discrepancy is probably due to the cell exposure concentrations, which are below of those depleting DTT or AA. 

As inhaled FP and UFPs deposition occurs principally at bronchial level, the bronchial epithelial BEAS-2B cells 

were chosen in this work. Moreover, cells were cultured in transwell inserts and exposed at ALI, which is a 

representative approach to study inhaled aerosols. In this work, the dose exposure is expected to be the same for 

every studied aerosol. The estimated dose was 330 ng/cm2 which combined with the exposure system depicted 

“real” dose exposure. Concerning biological endpoints, first cell viability was assessed through tetrazolium 

reduction assay, in which MTT is reduced to formazan, a purple colored product produced by viable cells with 

active metabolism (Van Meerloo et al., 2011). Here, MTT assay was reported <20%, then exposure conditions do 

not affect cell viability. Studies performed in similar conditions used lactate dehydrogenase release as indicator of 

cytotoxicity, the loss of membrane integrity during cell injury and death causes extracellular release of this enzyme 

(Kumar et al., 2018). Low doses exposures such as used in this work do not disrupt cell viability, even though 

biological markers may be modified (Hawley et al., 2014a, 2014b). This is in accordance with the ATP and ADP 

results, which were slightly altered in both S or S+10A conditions. Although these effects on energetic metabolism 

were modest, it can be assumed that this could have cellular consequences if exposures were prolonged or repeated. 

Indeed, reduction of ATP has effects on many essential cellular systems such as motor protein functions including 

ciliary motility and intracellular transport. Recent studies have shown than alveolar/endothelial barrier function, 

tightly regulated by intracellular ATP (Cavanaugh et al., 2001), may be disrupted by airborne particles. Jin et al 
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have also showed an alteration of ATP production and energy metabolism in the lungs of rats after sub-chronic 

PM2.5 exposures(Jin et al., 2019).These observations outline the useful of ATP assessments as an indicative 

biomarker of PM exposures. 

Regarding the effects on oxidative stress, our results performed on glutathione (results not shown) or on NQO1 

and HO-1 gene expression, did not shown an important oxidative response. NQO1 reported a slight up-regulation 

by the S+10A condition at 3 h and by surrogate at 24 h. Concerning HO-1, surrogate and B2G induced an important 

up-regulation 3 h after exposure and after 24 h, expression was restored to normal values. NQO1 is induced by 

Nrf2 and exerts cytoprotective, antioxidant and anti-inflammatory effects in the lungs (Rubio et al., 2011) against 

particles, which lead its induction (Frias et al., 2020; Yuan et al., 2019). Inflammation response and more 

specifically IL-8 and IL-6 gene expression, were also studied by qRT-PCR. IL-8 was slightly down regulated at 3 

h but the opposite response was observed at 24 h. IL-6 showed similar results. Studies on PFs and UFPs mostly 

reported induction of inflammation genes (Bengalli et al., 2019, 2017; Grilli et al., 2018; Rynning et al., 2018; 

Tian et al., 2019) but most of these studies are carried out for long time exposures (> 24 h). Our results suggest 

than a down-regulation of IL-8 and IL-6 may be associated to an early time response. In addition, 

immunosuppressive effects have been seen to be related to PAHs content (Ahmed et al., 2020). The xenobiotic 

metabolism was also considerably disturbed. CYP1A1 and CYP1B1 genes were highly up-regulated by surrogate 

and B2G at both time conditions. These two enzymes of cytochrome P450 (CYP) may be induced by PAHs 

presented in particles. According to the above-reported results, CAST1 does not display an important impact in 

gene expression of studied markers while surrogate and B2G do. The response was observed at both time 

conditions but mainly 3 h after exposure.  

5. CONCLUSION  

Overall, the findings of this work showed different combustion soot-induced toxicological response profiles, 

dependent of fuels, by using controlled and reproducible conditions. This approach represents a useful way to test 

novel carburant and could be appropriate to test B2G prior to commercialization. Although several measures have 

been implemented to reduce particle pollution, there is still a lot of work in the field of air quality.  
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Supplementary data 

Figure S1. Aerosol exposure system 

 

Figure S2. Amount of the different PAHs tested in the three deposits CAST1, surrogate and S+10A 
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Table S1. Estimated concentrations for the compounds detected on the gas phase, sampled with and without filter 

(/: not detected).  

  CAST1 Surrogate Surrogate + 10 % Anisole 

 Compounds 

Molar %  

(with 

filter) 

Molar % 

(without filter) 

Molar %  

(with 

filter) 

Molar % 

(without filter) 

Molar %  

(with 

filter) 

Molar % 

(without filter) 

TCD 
Dihydrogen H2 / / 0,034 0,035 0,03 0,031 

Methane CH4 / / 0,027 0,028 0,029 0,03 

MS 

Carbon dioxide CO2 1,0085 0,8539 0,6305 0,6097 0,6559 0,6059 

Ethylene C2H4 / / 0,0159 0,0177 0,0183 0,0164 

Acetylene C2H2 / / 0,0104 0,0118 0,0119 0,0105 

Ethane C2H6 / / 0,0007 0,0008 0,0008 0,0005 

Propene C3H6 / / 0,0045 0,0042 0,0035 0,0031 

Propane C3H8 0,0005 0,0002     

Propadiene C3H4 / / 0,0012 0,0011 0,001 0,0009 

Propyne C3H4 / / 0,0022 0,002 0,002 0,0017 

Acetaldehyde C2H4O / /     

Isobutene C4H8 / / 0,0013 0,0013 0,001 0,0008 

1-buten-3-yne C4H4 / / 0,0007 0,0007 0,0009 0,0006 

1,3 butadiene C4H6 / / 0,0022 0,0023 0,0022 0,0019 

1,3 butadiyne C4H2 / /     

Cyclopentadiene C5H6 / / 0,0011 0,0012 0,0023 0,0016 

Benzene C6H6 / / 0,00004 0,00005 0,00004 0,00004 

Toluene C7H8 / / 0,00004 0,00006 0,00004 0,00004 
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