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ABSTRACT
Objective: Solid composite propellants combustion, in aerospace and defense fields, can lead to com-
plex aerosols emission containing high concentrations of alumina nanoparticles (Al2O3 NPs) and hydro-
gen chloride gas (HClg). Exposure to these mixtures by inhalation is thus possible but literature data
toward their pulmonary toxicity are missing. To specify hazards resulting from these combustion aero-
sols, a pilot study was implemented.
Materials and methods: Male Wistar rats were nose-only exposed to Al2O3 NPs (primary size 13nm,
10 g/L suspension leading to 20.0–22.1mg/m3 aerosol) and/or to HClg aerosols (5 ppm target concen-
tration) following two exposure scenarios (single exposures (SE) or repeated exposures (RE)).
Bronchoalveolar lavage fluids (BALF) content and lungs histopathology were analyzed 24h
after exposures.
Results: Repeated co-exposures increased total proteins and LDH concentrations in BALF indicating
alveolar–capillary barrier permeabilization and cytolysis. Early pulmonary inflammation was induced
after RE to Al2O3 NPs±HClg resulting in PMN, TNF-a, IL-1b, and GRO/KC increases in BALF. Both expos-
ure scenarios resulted in pulmonary histopathological lesions (vascular congestions, bronchial pre-exfo-
liations, vascular and interalveolar septum edemas). Lung oxidative damages were observed in situ
following SE.
Conclusion: Observed biological effects are dependent on both aerosol content and exposure scen-
ario. Results showed an important pro-inflammatory effect of Al2O3 NPs/HClg mixtures on the lungs of
rat 24 h after exposure. This pilot study raises concerns toward potential long-term pulmonary toxicity
of combustion aerosols and highlights the importance for further studies to be led in order to define
dose limitations and exposure thresholds for risk management at the work place.
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Introduction

Combustion reactions from different sources can produce
high volumes of complex aerosols containing various com-
ponents as gases and particles in the environment (Sgro
et al. 2012; Chivas-Joly et al. 2016). Solid composite propel-
lants use in aerospace and defense fields lead to emission of
complex combustion aerosols containing notably alumina
(Al2O3) particles and hydrogen chloride gas (HClg) (Pellett
et al. 1983; Meda et al. 2005). Indeed, high concentrations
of Al2O3 particles and HClg were measured close to these
propulsion systems under normal use conditions (classified
data). Thermochemical simulations based on highly

aluminized solid composite propellant (68% ammonium
perchlorate and 20% aluminum) also confirm production of
high quantities of Al2O3 particles and HClg during the com-
bustion process (data not shown). Moreover, these pollu-
tants can also be emitted, respectively, by industrial
activities such as aluminum manufacturing (Pichard et al.
2005) and wastes incineration (Wang et al. 1999) increasing
the risk of exposure to the workers.

Alumina (Al2O3) is the oxidized form of aluminum and
exists under several crystalline phases (c, d, h, and a)
(Piriyawong et al. 2012). Among them, a majority of c then
d polymorphs were found following solid composite propel-
lants use (Galfetti et al. 2004; Meda et al. 2005). Alumina is
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mainly used for aluminum production and enters in the
composition of many everyday products (paper, plastics,
ceramics, flame retardants, and coatings) due to its hard-
ness. Otherwise, alumina can also be found in foods and
cosmetics (Krewski et al. 2007). To determine health hazard
related to alumina particles exposure, only few studies were
conducted in vivo by inhalation. Twenty-eight days nose-
only inhalation of Al2O3 NPs (11.94 nm, 0.2–5mg/m3,
5 days a week) showed pulmonary pro-inflammatory proper-
ties of Al2O3 NPs on rats. This was characterized by total
cells, polymorphonuclear neutrophils (PMN), lymphocytes,
lactate dehydrogenase (LDH), TNF-a, and IL-6 increases in
bronchoalveolar lavage fluids (BALF). Alveolar macrophages
accumulation was also observed in lungs after 28 days
exposure (Kim et al. 2018). In mice, pulmonary pro-inflam-
matory effects were also recorded after 7 days exposure to
40 nm Al2O3 NPs (0.4mg/m3) by inhalation. Increased con-
centrations of IL-6 and IL-33 were measured in BALF asso-
ciated with emphysema and airway remodeling appearance.
However, in this study, BALF PMN concentration was not
increased following Al2O3 NPs inhalation (Li et al. 2017).
Al2O3 NPs intratracheal (IT) instillation on rats (6.3 nm,
0.5–300 cm2/mL) also induced acute pulmonary inflamma-
tion resulting in PMN concentration increases in BALF
(Cho et al. 2012). Moreover, mice IT instillation exposures
to Al2O3 particles (4.37 lm, 40mg) increased macrophages,
PMN, and fibronectin concentrations in BALF until
12months after exposure suggesting pulmonary inflamma-
tion persistence over time (Tornling et al. 1993). Another
study, carried out by nasal instillation on rats, highlighted
dose-dependent inflammation and alveolar–capillary barrier
permeabilization after Al2O3 particles (size unknown,
1–40mg/kg) exposure (Kwon et al. 2013). Besides pro-
inflammatory properties, several in vitro Al2O3 particles tox-
icity studies’ results suggest oxidative stress induction and
genotoxic potential (DNA single- and double-strand breaks
induction) of these particles (Sliwinska et al. 2015; Zhang
et al. 2017). These effects were also found in vivo after oral,
intravenous, or peritoneal injection exposures to Al2O3 par-
ticles (Chen et al. 2008; Balasubramanyam et al. 2009;
Prabhakar et al. 2012; Zhang et al. 2017). Furthermore, alu-
minum is a known respiratory sensitizer which can induce
immune response resulting in allergies and occupational
asthma (Cohen 2004; Zhu et al. 2013; Kongerud and
Soyseth 2014).

Hydrogen chloride gas is a known irritant and caustic
agent able to cause severe ocular and cutaneous lesions
(Dyer and Esch 1976). In water, HClg dissolves to form
hydrochloric acid solution (HCl). HClg and HCl exposure
risk is non-negligible as these compounds are widely used
in industries and laboratories and as they can be found in
some household products (Dawe et al. 2019). After HClg
inhalation by rats and mice, eyes, mucous membranes, and
skin irritations were observed which is associated with
respiratory system lesions (emphysema, atelectasis, and
edema) (Darmer et al. 1974). Respiratory system necrosis as
well as PMN increases were also observed on rats after
30min inhalation (1284 and 1293 ppm of HClg) (Stavert

et al. 1991). Nevertheless, HClg long-term inhalation
(10 ppm; 6 h a day 5 days a week) performed during rats
entire life did not induce neoplastic or preneoplastic lesions
(Sellakumar et al. 1985). Similar respiratory symptoms were
found in Guinea pigs and rabbits associated with severe and
persistent inflammatory reactions (Machle et al. 1942).
Mitogenic effect of HCl (40mM) was also shown on rabbit
esophageal mucosa after 1 h incubation (Carpizo et al.
1998). Moreover, respiratory rate increase and oxygen par-
tial pressure in blood decrease were observed after HClg
head-only inhalation in baboons (500, 5000, and
10,000 ppm; 15min). However, no alteration of pulmonary
function was reported 3months post-exposure (Kaplan et al.
1988). Pro-inflammatory effect of HCl was also demon-
strated in vitro on esophageal mucosa and mice macro-
phages (cell line RAW 264.7), resulting in an increase in the
substance P, IL-8, IL-6, IL-1b, platelet-activating factor
(PAF), and nitric acid levels (Kellum et al. 2004; Cheng
et al. 2006; Cheng et al. 2006; Ma et al. 2010).

Taken together, these toxicity data regarding Al2O3 par-
ticles and HClg raise questions toward their potential com-
bined toxicity due to possible exposure to the workers. The
study of mixtures effects is an actual major concern in toxi-
cology. Only few scientific data are available in literature,
especially for mixtures of compounds with different physical
forms (solid and gas for example). However, population is
daily exposed to multiple pollutants simultaneously and a
recent study highlighted mixtures effects (synergy, addition,
antagonism, or inhibition) unpredictability (Hayes et al.
2019). Therefore, it is currently necessary to study mixtures
effects in a case-by-case basis. Biological effects and result-
ing hazard of complex combustion aerosols exposure are
poorly described in literature. To date, only one study was
published concerning the combined effect of Al2O3 particles
and HClg. This study was carried out in vivo on rats and
mice by whole body exposure (Wohlslagel et al. 1976).
However, during exposures, HClg was always associated
with hydrogen fluoride gas (HFg) and the only studied end-
point was mortality. Conclusions did not highlight any addi-
tive or synergistic effect of Al2O3 particles addition to the
mixture of gases on animals’ mortality.

Due to the lack of scientific data in literature concerning
biological effects of mixtures containing NPs and other
environmental pollutants, performing in vitro and in vivo
studies is essential to improve knowledge on toxicological
impact on human health. Following solid composite propel-
lant combustion, high concentrations of hydrogen chloride
gas (HClg) and alumina nanoparticles (Al2O3 NPs) are pro-
duced. Therefore, our pilot study focused on exposure to
mixture of aerosols containing HClg and Al2O3 NPs.
Inhalation is the main route of exposure to these combus-
tion aerosols, and little is known about combined effects of
HClg and Al2O3 NPs on the respiratory tract. Consequently,
our objective was to assess the early pulmonary effects of
model aerosols mimicking an inhalation exposure to com-
bustion aerosols from solid composite propellants on rats.
To investigate toxicological effects, animals were nose-only
exposed 4 h (single exposures; SE) or 4 h a day for 4 days
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(repeated exposures; RE) to aerosols. To assess pro-inflam-
matory response and oxidative stress induction, BALF con-
tent, and lungs histopathology were analyzed 24 h after
exposures end.

Material and methods

Test materials

Alumina nanoparticles (Al2O3 NPs) were provided by
Sigma-Aldrich (St. Louis, MO, USA) (718475) with the fol-
lowing physico-chemical specifications: primary size 13 nm,
crystalline phase gamma/delta (c/d), specific surface (85–115
m2/g) experimentally confirmed by the Brunauer, Emmet,
and Teller method (BET) (97m2/g), pH (4.5–5.5), and pur-
ity 99.8%. HClg was calibrated, certified, and provided by
Air Liquide (0023159805-000010; “Saphir” quality). Initial
HClg concentration is 500 ppm in the gas cylinder.

Animals

All in vivo experiments were approved by the “Comit�e
R�egional d’Ethique en Mati�ere d’Exp�erimentation Animale
de Picardie” (CREMEAP, CNREEA registration code:
C2EA-96). Healthy 7-week-old male rats WISTAR
RjHan:WI, Janvier Labs; 250 g) were housed in polycarbon-
ate cages, at a temperature of 20–24 �C, and a relative
humidity of 40–70% controlled room, and had free access to
food and water ad libitum. A 12 h light–12 h dark cycle was
respected. Animals (2–3 rats/cage) were acclimatized for at
least 5 days before experiments. Wistar rats were selected for
this project as they are often used in inhalation studies
(Parasuraman 2011).

Animal exposure

Two exposure scenarios were tested in this study. Single
exposures (SE) of 4 h and repeated exposures (RE) of 4 h a
day for 4 days were performed. These scenarios were
adapted from OECD guidelines 403 “Acute Inhalation
Toxicity” and 436 “Acute Inhalation Toxicity – Acute Toxic
Class Method” (OECD/OCDE403 2009a; OECD/OCDE436
2009c) recommendations. The 96 animals were distributed
in 8 groups of 12 rats (6 rats for biochemistry analysis, 3
rats for histopathology analysis, and 3 rats for aluminum
quantification in lungs among each group), respectively,
exposed to air (control group, inhaling air mixed with nebu-
lized ultrapure water), HClg, Al2O3 NPs or Al2O3 NPs/HClg
for each exposure scenario. They were exposed in a nose-
only inhalation tower (randomized placement on the inhal-
ation tower) to nebulized Al2O3 NPs suspensions in ultra-
pure water (10 g/L, a high dose to simulate a worst case
scenario) using a PALAS AGK 2000E (Palas) and/or to
HClg (target concentration 5 ppm, French Occupational
Exposure Limit (OEL)). For Al2O3 NPs, the choice was
based on a preliminary study results in which intratracheal
instillations of 10 mg of Al2O3 NPs did not induce biological
effect while instillations of 500mg of Al2O3 NPs led to pro-

inflammatory response (data not shown). HClg French OEL
was selected to conduct this pilot study in the absence of
field data related to HClg precise concentrations generated
by solid composite propellants use. Exposure flow was con-
trolled using regularly checked mass flow meters (TYLAN).
Both compounds were mixed (Al2O3 NPs/HClg exposures)
prior to entering into the inhalation tower at a 20 L/min
flow rate. Samples were taken on bubblers (two bubblers in
series) or cellulose filters using mass flow meters to allow
aerosols characterization. A neutralization system (bubblers
with caustic soda and desiccant) was placed at the exposure
device exit to eliminate generated aerosols (Figure 1). Rats
were euthanized by isoflurane inhalation 24h after the last
exposure end and biological samples were collected for further
analysis according to the OECD guidelines 412 “28-day (sub-
acute) inhalation toxicity study” (OECD/OCDE412 2009b).

Monitoring and characterization of aerosols

To precisely characterize generated aerosols and ensure their
stability over time, samples were collected directly from the
inhalation tower (empty animal exposure tube location)
regularly during exposures (30min, 2 h and 3h30 after
exposure beginning). Aerosols characterization was only
performed during rats single 4-h exposures assuming that
repeated exposures would result in similar exposures. Al2O3

NPs aggregates size, form, and chemical composition were
studied. Transmission electron microscopy (TEM) imaging
on Al2O3 NPs bulk powder was performed using electron
microscope JEOL JEM 1400 operated at 120 kV equipped
with an CCD camera (Gatan Orius 1000, Gatan Inc.,
Warrendale, PA, USA). Aerosol samples were collected on
copper grids and TEM observations were performed using a
CM12 80 kV microscope (Philips, Tokyo, Japan) equipped
with a Megaview 3 camera (EMSIS) and an EDX probe.
Al2O3 NPs crystal structure and size of crystallites were
determined by X-ray powder diffraction (XRD) using a D4
ENDEAVOR X-ray diffractometer (Bruker, Karlsruhe,
Germany). XRD patterns were acquired with the use of Cu-
Ka radiation (k¼ 1.5406Å) from powders directly hand-
pressed on sample holders. Sioutas (SKC Inc., Seoul, South
Korea) cascade impactor was used to precise the NPs sizes
distribution and concentrations in the aerosols. Sampling
was performed during aerosol generation (Al2O3 NPs alone
or with HClg) without animals as it requires a 9 Lpm (liter
per minute) flow rate during 15min. The mean aero-
dynamic diameter was calculated from Sioutas data using
the following formula: aerodynamic diameter (nm) ¼ P

(mass % x stage size (mm)) � 1000. The stability of Al2O3

NPs concentrations during exposures was assessed using
inductively coupled plasma optical emission spectrometry
(ICP-OES) to quantify aluminum on cellulose filters after
samples collection (1 Lpm, 15min), as recommended by
AFNOR standard NF-EN-ISO-11885. Analyses were per-
formed on ICP-OES 5110 (Agilent, San Deigo, CA, USA)
with ICP Expert II 7.3 software (Agilent).

HClg content was assessed indirectly by chloride ions
(Cl�) dosing on bubbler samples (free fraction, two bubblers
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placed in series) and on cellulose filters (particulate fraction)
using ion exchange chromatography according to AFNOR
standard NF-EN-1911. The sampling was performed over
15min at a flow rate of 1 Lpm.

Aluminum quantification in lungs

Rats (n¼ 3) were euthanized 24 h after the last exposure
end and perfused with phosphate-buffered saline (PBS) to
remove blood from the lungs. Aluminum burden was then
quantified using ICP-OES. Briefly, tissue samples were
digested in a mixture of concentrated nitric acid (HNO3;
AnalpureVR Analytika 69% for SE and Normatom VWR
67–69% for RE) and hydrofluoric acid (HF; AnalpureVR
Analytika 48% for SE and Normatom VWR 47–51% for RE)
using a microwave oven (Mars Xpress CEM for SE and
Ethos One Milestone for RE). After cooling at room tem-
perature, boric acid solution was added to neutralize digests
(H3BO4; Ultra-pure Chem Lab 99.9% for SE and SuprapurVR
Merck 99.9999% for RE) and samples were diluted in ultra-
pure water (at a final volume of 50mL). Aluminum quanti-
fication was then performed using ICP-OES 5110 (Agilent,
for SE, LLOQ1 ¼ 0.25mg/g of lung) or ICP-OES Optima
8300 (PerkinElmer, Waltham, MA, USA, for RE, LLOQ ¼

1.25 mg/g of lung). Software used to realize spectra analysis
were ICP Expert II 7.3 (Agilent, for SE) or WinLab32 ICP
v5.5 (PerkinElmer, for RE). The equipment and reagents
change should not have influenced experimental results as
LLOQ were in each case was lower than measured values
and as the reagents used had the same quality and
concentration.

Clinical symptoms and body weight

Daily monitoring of clinical symptoms was performed
throughout the experiment. Respiratory, behavioral, and
dermal visible changes were watched. Type, date of occur-
rence, and symptoms severity were individually recorded.
Rats were weighted at the arrival, before, and after each 4 h
exposure and before euthanasia.

BALF analysis

Rats (n¼ 6) were euthanized 24 h after the last exposure
end and bronchoalveolar lavages were performed with PBS.
A first bronchoalveolar lavage was performed using 5mL of
PBS. Two other lavages were then performed with 10mL of
PBS to collect more cells. Collected BALF were centrifuged
at 350 g (4 �C) for 10min.

Figure 1. Nose-only inhalation exposure system. Al2O3 NPs aggregates suspension in water and HClg bottle were connected to the system on two parallel paths
that joined to create the mixture. Mass flow meters allowed to generate and calibrate the air flow in order to avoid re-inhalation phenomena of the air exhaled by
the animals (dynamic air circulation, 10 L/min). During exposures, rats were placed in individual containment tubes positioned on the oro-nasal inhalation tower.
Al2O3 NPs and HClg mixture reached the inhalation chamber at a flow rate of 20 L/min. Bubblers and samplers connected to the inhalation tower allowed the col-
lection of samples during the exposures in order to characterize the generated aerosol. A release neutralization system (bubbler with soda and desiccant) was set
up at the inhalation tower exit.

1LLOQ: lower limit of quantification.
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Cell pellets of the three lavages were suspended in
Hank’s Balanced Salt Solution (HBSS) and immune cells
were counted with Cellometer auto2000 (Ozyme, Saint-Cyr-
l’�Ecole, France) using propidium iodide and orange acridine.
BALF cytospins were prepared by methanol fixation and
May-Gr€unwald Giemsa staining (MGG) to allow immune
cells differential count (macrophages, lymphocytes, poly-
morphonuclear neutrophils (PMN), polymorphonuclear
eosinophils (PME), and polymorphonuclear baso-
phils (PMB)).

Supernatants recovered from the first lavage were ali-
quoted and stored at �80 �C until biochemical analysis.
BALF lactate dehydrogenases (LDH) and total proteins con-
tents were assessed using commercial kits (respectively,
74048 and 74230, Siemens Healthineers, Erlangen,
Germany). Absorbances were measured at, respectively, 340/
410 nm for LDH and 596/694 nm for total proteins on
ADVIA 1800 clinical chemistry automaton (Siemens
Healthineers). BALF pro-inflammatory cytokines were quan-
tified by ELISA assay. IL-1b, TNF-a, and IL-6 concentra-
tions (respective LLOQ¼ 6 pg/mL, 16 pg/mL, and 13 pg/mL)
were measured using Bio-Plex ProTM Rat kit (64178837, Bio
Rad, Hercules, CA, USA). GRO/KC, INF-c, and MIP-2 con-
centrations (respective LLOQ ¼ 19.7 pg/mL, 6.2 pg/mL, and
11.3 pg/mL) were measured using Milliplex MAP Rat kit
(RECYTMAG-65K, Merck, Kenilworth, NJ, USA).
Measurements were performed on Bio-PlexVR MAGPIXTM

System (Bio Rad). 8-Isoprostane (8-iso PGF2a) levels in
BALF were quantified using ELISA assay (ADI-900-010,
Enzo, LLOQ¼ 6.1 pg/mL). Measurements were performed
on Multiskan Go plate reader (Thermo Scientific, Waltham,
MA, USA) at 405 nm.

Lungs histopathology

After euthanasia, rats (n¼ 3) were perfused with PBS then
with 4% formalin. Injections of 4% formalin were also per-
formed directly inside the lungs to inflate them. After 48 h
incubation in 4% formalin, lungs were transferred to PBS
and included in paraffin. Five micro-meter slices were cut
from paraffin blocks with Autocut 2045 (Leica, Norcross,
GA, USA) and stained with hematoxylin, phloxine, and saf-
fron (HPS staining). Lungs histopathology study was carried
out on cranial lobes of right lungs to insure reproducibility.
Samples were observed under DMI6000B light microscope
(Leica) with a DFC 450C color camera (Leica).

After staining, microscopy slides were sent to Novotec
R&D (Bron, France) who performed anatomo-histopatho-
logical reading and lesions scoring. Localization (alveolar,

vascular or bronchial) and severity of pulmonary lesions
resulting from exposures were assessed (Table 1) and lesion
scores were calculated individually. Lesion scores means for
each experimental group are presented in arbitrary
units (A.U.).

8-OHDG immunofluorescence labeling in situ on
rat lung

To perform lungs immunofluorescence labeling, 5lm lungs
slices were cut from paraffin blocks with Autocut 2045
(Leica). After toluene dewaxing, citrate buffer (pH 6; 10mM;
C9999, Sigma-Aldrich, St. Louis, MO, USA) incubation
enable antigen unmasking. To reduce lung tissue autofluores-
cence (Davis et al. 2014), samples were stained with Sudan
black (0.3%; 30min; 199664, Sigma-Aldrich). Cells were then
permeabilized with Triton X100 (0.025%; 10min; X100,
Sigma-Aldrich) and aspecific sites saturation was performed
using bovine serum albumin (BSA; 6%; 1 h; A2153, Sigma-
Aldrich). Lung slices were then incubated with primary anti-
body overnight at 4 �C (anti-8-OHdG antibody, Abcam
ab48508; dilution 1/400), before shorter incubation (2 h) with
secondary antibody (goat anti-mouse IgG secondary antibody,
Life Technologies A11029; dilution 1/500). Finally, slides
were mounted using Vectashield# Hardset containing Di
Aminido Phenyl lndol (DAPI; H-1500,Vector). Lung sections
without primary antibody incubation were used as negative
controls to ensure specificity of observed labeling.

Statistical analysis

Results are presented as means ± standard deviations (SD)
for each experimental group. Statistical analysis was per-
formed using GraphPad Prism 7 software (GraphPad
Software, La Jolla, CA). Within the same exposure scenario,
comparison with the control group (air) or other experi-
mental groups means was performed using one-way
ANOVA variance tests and Tukey’s post-tests. To compare
exposure scenarios for the same aerosol two-way ANOVA
variance tests and Sidak’s post-tests were implemented.
Two-way ANOVA variance tests and Dunnett’s post-tests
were used to compare weights losses of rats to the control
ones. Statistical analysis was performed using an a-risk of
0.05 and the p-value was used to assess differences signifi-
cance. p-values were represented on figures using stars or
circles (� or º p-value < 0.05, ��or ºº p-value < 0.01, ���or
ººº p-value < 0.001, ����or ºººº p-value < 0.0001).

Results

Aerosols physico-chemical characterization

Transmission electron microscopy (TEM) observations
showed micronic spherical agglomerates of Al2O3NPs from
bulk powder (Figure 2(A)). To characterize alumina crystal-
line structure, XRD experiments were performed on bulk
powder. Results confirmed majority of c and d polymorphs
as indicated by the supplier (Figure 2(B)).

Table 1. Novotec scoring and corresponding pulmonary lesions.

Lesion score Observed lesions

0 No lesion or physiological lesions
1 Vascular lesions
2 Limited to moderate vascular and alveolar lesions,

with or without bronchial lesion
3 Significant vascular and alveolar lesions, with or

without bronchial lesion
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Once nebulized, Al2O3 NPs formed spherical agglomer-
ates (Figure 2(C)). The presence of HClg did not modify the
shape of agglomerates in aerosols (data not shown). Energy
dispersive X-ray (EDX) analysis confirmed aluminum and
oxygen atoms presence without chemical impurities. The
copper spike on EDX spectra corresponds to TEM grids
used for aerosol sampling (Figure 2(D)). Results obtained
with Sioutas (SKC Inc., Seoul, South Korea) cascade
impactor revealed that a majority of particles in the agglom-
erates in generated aerosols had a size below 250 nm (Figure
2(E)). Mean aerodynamic diameters of 383.07 nm and
343.59 nm were, respectively, calculated for Al2O3 NPs aero-
sol and for the mixture aerosol. Based on these data, the
presence of HClg did not seem to modify particles’ concen-
trations and size distribution over 250 nm (Figure 2(E)).

To deepen and complete these analytical data, the content
of aerosol particles was assessed using Al quantification (ICP-
OES) after filter samplings. Mean Al2O3 concentrations of
22.1 ±4.5mg/m3 and 20.0±2.9mg/m3 were, respectively,
measured for aerosols containing Al2O3 NPs and Al2O3 NPs
associated with HClg (Table 2A). Therefore, we confirmed that
the addition of HClg to aerosol did not significantly modify
NPs concentrations. HClg concentrations in generated aerosols

were estimated through the measurements of chlorine (Cl�)
levels carried out on filters (particulate fraction) and bubbler
(free fraction) samples. Results showed 10 times smaller Cl�

levels than target concentrations (5 ppm ¼ 7.4mg/m3). The
addition of Al2O3 NPs to the HClg aerosol did not seemed to
modify significantly Cl� levels but this statement should be
taken cautiously due to the variability in the chloride measure-
ments. However, it has to be noted that in the presence of
Al2O3 NPs, Cl� in the aerosols was exclusively found in par-
ticulate fraction whereas it was exclusively in free fraction
when alone (Table 2B). Moreover, variations in Cl� concentra-
tions were noted when HClg was alone, with concentrations
ranging from 0 to 2145mg/m3 (Table 2B). These variations
were not observed in presence of Al2O3 NPs.

Lungs aluminum content increasing after
repeated exposures

Pulmonary aluminum load was measured by ICP-OES after
aerosols inhalation. Following single exposures (SE) to Al2O3

NPs alone or associated with HClg, concentrations around
100lg of aluminum per g of lung were measured (Figure 3).

Figure 2. Bulk powder and aerosols alumina nanoparticles physico-chemical characterization. Transmission electron microscopy (TEM) images of Al2O3 NPs in bulk
powder (A) and generated aerosol (C) (respective scale bars ¼ 200 nm and 500 nm). Crystalline phases (c and d) identification using X-ray diffraction (XRD) on bulk
Al2O3 NPs (B). NPs elementary chemical composition (in %) using energy-dispersive X-ray (EDX) spectroscopy on Al2O3 NPs aggregates retrieved in the generated
aerosol (D). Table E summarizes Al2O3 NPs representative particles size distribution in the generated aerosols measuring using Sioutas cascade impactor (mg/m3 for
each size class in lm).
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However, these mean quantities were not significantly differ-
ent from air exposed animals. Repeated exposures (RE) to
Al2O3 NPs alone or in association with HClg-induced signifi-
cant aluminum quantities increases in lungs compared to air

exposed rats or to those exposed to the same conditions in
SE (Figure 3). RE to Al2O3 NPs with HClg significantly
increased pulmonary aluminum load compared to repeated
exposures to each component alone (Figure 3).

Figure 3. Pulmonary aluminum deposition after nose-only exposures. Rats were exposed to air, HClg, Al2O3 or to the mixture Al2O3 þ HClg. Clear blue points sym-
bolize single exposures (SE) and dark blue points symbolize repeated exposures (RE) to each aerosol. Mean aluminum quantities (lg/g of lung) ± SD were meas-
ured in lungs 24 h after the last exposure using inductively coupled plasma optical emission spectrometry (ICP-OES). One-way ANOVA and Tukey’s post-test (n¼ 3,�� p-value < 0.01, ���� p-value < 0.0001, a risk ¼ 0.05) were performed to compare each experimental condition to the control within the same exposure scen-
ario and Two-way ANOVA and Sidak’s post-test (n¼ 3, ºººp-value < 0.001, ºººº p-value < 0.0001, a risk ¼ 0.05) were performed to compare the two exposure scen-
arios for the same aerosol.

Table 2. Generated aerosols alumina and HClg contents.

A

Aerosol
Al

(mg/filter)a
Al concentration

(mg/m3)b
Al2O3 concentration

(mg/m3)c
Al2O3 concentration
mean ± SD (mg/m3)

Al2O3 137 9.1 17.3 22.1 ± 4.5
183 12.2 23.0
207 13.8 26.1

Al2O3 þ HClg 185 12.3 23.3 20.0 ± 2.9
147 9.8 18.5
144 9.6 18.1

B

Aerosol

Particulate fraction (filters) Free fraction (bubblers)
Cl� total concentrations

(mg/m3)B
Cl� total concentrations
mean ± SD (mg/m3)Cl� (mg/filter) Cl� (mg/m3)A Cl� (mg/bubbler) Cl� (mg/m3)A

HClg – – 32.2 2145 2145 791 ± 1178
– – 3.4 228 228
– – 0 0 0

Al2O3 þ HClg 8.9 596 0 0 596 617 ± 32
9.0 601 0 0 601
9.8 653 0 0 653

aAfter white deduction.
bSampling at 1 Lpm for 15min (/0.015).
c� 1.889.
Table A shows alumina (Al2O3) mean mass concentrations in the generated aerosols. Aluminum mass was measured on three different fil-
ters (mg/filter). Based on these results, aluminum and alumina concentrations in aerosols (mg/m3) were calculated and alumina mean
mass concentrations (mg/m3) were determined for each experimental aerosol. Table B shows chlorine mean concentrations in the gener-
ated aerosols. Chlorine particulate and free fractions were, respectively, measured on three filters and bubbler samples (lg/filter or lg/
bubbler). Corresponding chlorine mass concentrations were calculated (mg/m3) and were added to determine total chlorine levels (lg/
m3). Total chlorine mean mass concentrations (lg/m3) were calculated for each experimental aerosol. Bold values refer to chlorine mass
concentrations in lg/m3.
ASampling at 1 Lpm for 15min (/0.015).
BParticulate fractionþ free fraction.
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Clinical symptoms and body weight

Animal clinical follow-up did not highlight any treatment-
related clinical symptom following exposures. Moreover,
even if exposures (including air) induced significant ani-
mals weight losses, no biologically relevant change in body
weight were observed after SE (Table 3A) and RE (Table
3B). Indeed, these weight decreases were always less than
10% of rats’ initial weight (data not shown) and no par-
ticular trend was noted for the different experimental
groups (Table 3).

Alveolar–capillary barrier and pulmonary inflammation

No change in total proteins or lactate dehydrogenases
(LDH) concentrations was observed following SE compared
to air exposed rats (Figure 4(A,B)). Only RE to Al2O3 NPs
alone or associated to HClg induced significant concentra-
tions increases of total proteins and LDH in rats BALF
compared to air exposed control animals (Figure 4(A,B)).
Total protein concentrations of 0.18 ± 0.03 g/L and
0.22 ± 0.04 g/L and LDH concentrations of 99 ± 43U/L and
112 ± 42U/L were measured in rats BALF following, respect-
ively, RE to Al2O3 NPs and toAl2O3 NPsþHClg.

The number of total cells was increased in rats BALF after
RE to Al2O3 NPs. Moreover, significantly higher total cell
numbers were counted following RE than SE to Al2O3 NPs
and to Al2O3 NPsþHClg aerosols (Figure 4(C)). RE to the
same aerosols also induced significant polymorphonuclear
neutrophils (PMN) number increases in BALF compared to
air exposed control animals (Figure 4(D)). In contrast, no
significant change in macrophages and lymphocytes numbers
was highlighted by the carried out counts (Figure 4(E,F)).

RE to Al2O3 NPs or Al2O3 NPsþHClg aerosols led to
significant TNF-a and IL-1b concentration increases in rats
BALF (Figure 5(A,B)). TNF-a concentrations of

42.86 ± 13.07 pg/mL and 45.73 ± 11.77 pg/mL, and IL-1b con-
centrations of 456.2 ± 163.2 pg/mL and 341.6 ± 58.11 pg/mL
were, respectively, measured. Significant increased concen-
trations of GRO/KC and MIP-2 were also measured in rats
BALF after, respectively, RE to Al2O3 NPs (Figure 5(C)) and
SE to Al2O3 NPs (Figure 5(D)) compared to air exposed
control rats.

Histopathology observations

Lung parenchyma observations revealed the presence of
pathological lesions following experimental aerosols inhal-
ation (Figure 6). However, no peribronchial or perivascular
fibrosis, resorption hyperplasia (phagocytosis phenomena),
or pleura inflammation was reported in this study. Lesions
scoring (Novotec R&D, Cincinnati, OH, USA) was per-
formed in order to compare the different experimental aero-
sols and exposure scenarios’ effects (Figure 7). No statistical
analysis was performed on these data as groups were com-
posed of only three animals and scores are not a measured
biological data (values estimated from observations and
without unit). A table with scoring details including lesions
localizations is provided as Supplementary data.

In the lungs of control rats, vascular congestions were
occasionally found and considered as physiological lesions
(histological alteration which would have no functional con-
sequence and which can be observed in normal tissue,
Figure 6(A,B)). HClg exposures mainly induced vascular
lesions. SE increased vascular congestions (Figure 6(C)),
while RE induced vascular edema and, in some cases, vela-
mentous epithelium, pneumocytes edema, and moderate
walls thickening were observed in the alveolar regions
(Figure 6(D)). Al2O3NPs inhalation mainly induced alveolar
interstitial and inflammatory lesions (Figure 6(E,F)). Indeed,
marked interalveolar septum edemas were found within rats
pulmonary epithelium after SE and RE. Slight bronchial

Table 3. Rats body weight changes during the experimental period.

A 4 h (AE) 28 h (BS)

Single
exposure (SE)

Air Mean (g) ± SD �16.1 ± 4.6 �1.2 ± 5.7
SA

HClg Mean (g) ± SD �16.5 ± 4.8 �3.4 ± 3.7
SA ns Ns

Al2O3 Mean (g) ± SD �13.1 ± 3.8 �4.5 ± 4.1
SA ns �

Al2O3 þ HClg Mean (g) ± SD �15.2 ± 2.8 �3.9 ± 2.7
SA ns Ns

B 4 h (AE) 24 h (BE) 28 h (AE) 48 h (BE) 52 h (AE) 72 h (BE) 76 h (AE) 100 h (BS)

Repeated
exposure (RE)

Air Mean (g) ± SD �15.7 ± 2.9 �5.0 ± 4.0 �21.2 ± 3.0 �9.0 ± 4.0 �23.6 ± 3.9 �9.9 ± 5.2 �21.1 ± 4.1 �10.0 ± 5.2
SA

HClg Mean (g) ± SD �18.6 ± 3.5 �1.5 ± 2.1 �20.9 ± 3.1 �3.5 ± 2.6 �22.5 ± 4.2 �4.4 ± 3.5 �22.5 ± 4.4 �2.8 ± 4.5
SA ns ns ns �� Ns �� ns ����

Al2O3 Mean (g) ± SD �12.8 ± 2.1 �4.5 ± 3.4 �15.3 ± 4.6 �7.5 ± 6.0 �18.6 ± 6.0 �9.6 ± 6.8 �21.8 ± 5.1 �8.7 ± 8.3
SA ns ns �� Ns �� Ns ns ns

Al2O3 þ HClg Mean (g) ± SD �15.3 ± 3.3 �2.6 ± 2.1 �15.3 ± 2.6 �2.4 ± 2.7 �15.2 ± 3.7 �2.9 ± 3.3 �13.9 ± 5.0 �3.2 ± 4.3
SA ns ns �� ��� ���� ���� ���� ���

Rats were exposed once or repeatedly to air, HClg, Al2O3 or to the mixture Al2O3 þ HClg. Rats body weight change (in gram, mean ± SD) was measured before
and after each aerosol exposure. Obtained results during single exposures (SE) and during repeated exposures (RE) are, respectively, presented in Tables A and
B. Tables show variations from initial body weight (t0, before the first exposure) before each exposure (BE, 24 h (B), 48 h (B), 72 h (B)), after each exposure (AE,
4 h, 28 h (B), 52 h (B), 76 h (B)) and before sacrifice (BS, 28 h (A) and 100 h (B)). Two-way ANOVA and Dunnett’s post-test (n¼ 12, �p-value < 0.05, ��p-value <
0.01, ���p-value < 0.001, ����p-value < 0.0001, a risk ¼ 0.05) were performed as statistical analysis (SA) to compare body weights variation compared with
initial body weights (t0) in each experimental condition with the control group (air). AE: after exposure; BE: before exposure; BS: before sacrifice; SA: statistical
analysis; ns: not significant.
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Figure 4. Total proteins, LDH and immune cells populations in bronchoalveolar lavage fluids (BALF). Rats were exposed to air, HClg, Al2O3 or to the mixture Al2O3

þ HClg. Clear blue points symbolize single exposures (SE) and dark blue points symbolize repeated exposures (RE) to each aerosol. Total proteins (g/L) (A) and lac-
tate dehydrogenases (LDH, U/L) (B) concentrations were measured in rats BALF 24 h after the last exposure. Total cells, polymorphonuclear neutrophils (PMN), mac-
rophages and lymphocytes (cells � 106) were counted on BALF cytospins (respectively C, D, E, and F). Results are expressed as mean values ± SD. One-way ANOVA
and Tukey’s post-test (n¼ 6, � p-value < 0.05, �� p-value < 0.01, ��� p-value < 0.001, ���� p-value < 0.0001, a risk ¼ 0.05) were performed to compare each
experimental condition to the control within the same exposure scenario and two-way ANOVA and Sidak’s post-test (n¼ 6, º p-value < 0.05, ºº p-value < 0.01, ººº
p-value < 0.001, ºººº p-value < 0.0001, a risk ¼ 0.05) were performed to compare the two exposure scenarios for the same aerosol.
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pre-exfoliation phenomena (Figure 6(E)) and vascular ede-
mas (Figure 6(F)) were also observed. In some cases, local-
ized inflammatory areas, composed of polymorphonuclear
cells and lymphocytes, were also found in rats’ lungs (Figure
6(F)). Co-exposures to Al2O3 NPs and HClg induced vascu-
lar and bronchial interstitial lesions at a time (Figure
6(G,H)). Marked bronchial pre-exfoliation phenomena
(Figure 6(G)), vascular, and interalveolar septum edemas
(Figure 6(G)) were found in rats’ lungs after SE. RE to the
same aerosol mainly induce vascular edemas and interalveo-
lar septum edemas were observed in some animals but no
bronchial lesions was reported (Figure 6(H)). Moreover, in
one animal, repeatedly exposed to mixture pre-pulmonary
edema stage was observed (significant vascular edema,
dilated capillaries, and incipient alveolar septa rupture).
Therefore, higher mean lesion scores were calculated in

animals exposed to aerosols containing Al2O3 NPs alone or
associated with HClg (Figure 7).

In conclusion, results did not suggest major influence of
exposure scenario toward histopathological lesions induction
as close scores were calculated for SE and RE to the same
aerosol. The presence of Al2O3 NPs in the aerosol induced
lung irritation increasing lesion score, but adding HClg to
Al2O3 NPs aerosol did not seem to worsen lesions compar-
ing to those resulting from Al2O3 NPs inhalation alone. An
exception was noted for SE as the addition of HClg to
Al2O3 NPs aerosol lead to bronchial lesion worsening.

Oxidative stress analysis

To assess oxidative stress induction following experimental
aerosols exposures, 8-OHdG (8-hydroxy-20-deoxyguanosine,

Figure 5. Aerosols pro-inflammatory potential on rat lungs after nose-only inhalations. Rats were exposed to air, HClg, Al2O3 or to the mixture Al2O3 þ HClg. Clear
blue points symbolize single exposures (SE) and dark blue points symbolize repeated exposures (RE) to each aerosol. Pro-inflammatory cytokines concentrations
(pg/mL) of TNF-a (A), IL-1b (B), GRO/KC (C) and MIP-2 (D) were measured in rats BALF 24 h after the last exposure by ELISA multiplex. Results are expressed as
mean values ± SD. One-way ANOVA and Tukey’s post-test (n¼ 6, � p-value < 0.05, �� p-value < 0.01, ���� p-value < 0.0001, a risk ¼ 0.05) were performed to
compare each experimental condition to the control within the same exposure scenario and two-way ANOVA and Sidak’s post-test (n¼ 6, ºººº p-value < 0.0001, a
risk ¼ 0.05) were performed to compare the two exposure scenarios for the same aerosol.
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oxidative nucleic acids’ damages marker) was labeled in situ
in the lung tissue of the rats using immunofluorescence.
Microscopic observations revealed 8-OHdG fluorescent sig-
nal after SE (Figure 8(A–D)), whereas no specific signal was
observed after RE to the different aerosols. After SE to the
experimental aerosols, cytoplasmic and nuclear labeling
were found both in alveolar (Figure 8(B,D)) and bronchial
epithelia (Figure 8(C)). Aerosols containing Al2O3

NPs ±HClg seemed to induce more labeling on bronchial
regions than on alveolar regions whereas HClg alone lead to
both bronchial and alveolar labeling. However, no quantita-
tive analysis was performed to compare labeling in the two

regions. These labeling localizations referred to RNA (cyto-
plasmic) and DNA (nuclear) oxidations.

To complete our investigations on oxidative stress
induced by inhalations, 8-isoprostane (lipid peroxidation
marker) concentrations were measured in rats BALF 24 h
after the last exposure end. Results did not reveal any sig-
nificant increase in 8-isoprostane concentrations following
inhalations (Figure 8(E)). Significant 8-isoprostane concen-
tration decreases were measured after RE to Al2O3 NPs and
to Al2O3 NPsþHClg compared to control, with respective
mean values of 26.6 ± 1.5 pg/mL and 24.4 ± 1.7 pg/mL versus
34.9 ± 4.7 pg/mL for the control group (Figure 8(E)).

Figure 6. Pulmonary histopathological lesions observations following inhalation exposures. Rats lung parenchyma stained in HPS were observed in optical micros-
copy for histopathological analysis. Images show, respectively, lung parenchyma 24 h after single exposure (SE) to air (A), HClg (C), Al2O3 (E) and Al2O3 þ HClg (G)
and 24 h after repeated exposures (RE) to air (B), HClg (D), Al2O3 (F) and Al2O3 þ HClg (H). Scale bar ¼ 200lm. Pictures legends: a¼ alveoli; b¼ bronchioles or
bronchi; v¼ blood vessel; c¼ vascular congestion; blue arrows¼ vascular edema; red arrows¼ bronchial (pre)-exfoliation; i ¼ inflammatory area; black squar-
es¼ velamentous epithelium and black circles¼ interalveolar septum edema.
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Discussion

A combined study of gas and particles toxicity is an innova-
tive concept. In this pilot study, nose-only inhalation system
was selected to ensure better control of the inhaled dose.
Only one dose of HClg and Al2O3 NPs could be assessed. In
the case of Al2O3 NPs, a high dose was used (10 g/L suspen-
sion leading to 20.0–22.1mg/m3 aerosol) to ensure bio-
logical response following inhalation in order to identify
toxic effects.

However, this choice could have masked subtle HClg
effects on Al2O3 NPs when mixed together. Indeed,
observed effect in this study could mainly be due to the
delivered Al2O3 NPs load to the lungs, especially since HClg
measured concentrations in the experimental aerosols were
lower than expected (617–791mg/m3 versus 5 ppm ¼
7.4mg/m3). This difference and the experimental variability
in chlorides dosing repetitions could be explained by both
HClg high reactivity with water, leading to HClg dissolution
in water drops on the exposure system walls, and bubblers
saturation by other compounds, sometimes causing a non-
optimal chlorides trapping. Moreover, in our study, Al2O3

NPs were nebulized from a NPs suspension in water. This
method is different from combustion process in a solid
composite propellant and could promote aggregates forma-
tion. We can, therefore, assume that animals were exposed
to particles aggregates with different size distributions than
those which could be found on the field.

Specific physico-chemical characterization is a mandatory
step to better understand the biological effects of mixture
aerosols. Their characterization revealed the presence of

spherical Al2O3 NPs agglomerates with respective mean
aerodynamic diameters of 383 nm for Al2O3 NPs alone and
of 344 nm for mixtures. Al2O3 NPs concentrations in aero-
sols were high and comprised between 20.0mg/m3 and
22.1mg/m3. Indeed, Paur and colleagues reported in their
literature review that 5mg/m3 could be considered as an
upper limit for workplace NPs mass concentration, accord-
ing to Occupational Safety and Health Administration
(OSHA) standard for respirable nuisance dust (Paur et al.
2011). Based on this value, they estimated a mass of NPs
per surface area deposition in human lungs of 5� 10�3lg/
cm2/h, which would correspond in our exposure scenarios
to theoretical particles deposition in human lungs of
0.02 lg/cm2 (5� 10�3 � 4) after SE and of 0.08 lg/cm2

(5� 10�3 � 16) after RE. Considering alveolar surface of
4000 cm2 in rats, exposures to NPs aerosols led to higher
measured pulmonary depositions. Indeed, for Al2O3 NPs
exposures, values of 0.04 lg/cm2 and 0.13 lg/cm2 were,
respectively, obtained for SE and RE, while concentrations
for co-exposures with HClg were, respectively, 0.03 lg/cm2

and 0.18lg/cm2. Therefore, these experimental values are
higher than theoretical values but consistent with aerosols
high NPs concentrations. Even if we observed high NPs pul-
monary depositions, these scenarios are relevant in a context
of accidental exposures where specific workers (e.g. military
or aerospace industry personnels) could be exposed to com-
bustion aerosols.

To quantify Al2O3 NPs biodistribution in lungs after
exposures, aluminum concentrations were measured using
ICP-OES. Obtained values were approximately four times
higher in lungs after RE compared to SE. These results are

Figure 7. Pulmonary histopathological lesions scoring. Rats were exposed to air, HClg, Al2O3 or to the mixture Al2O3 þ HClg. Scoring was performed on HPS stained
lungs slices of three rats of each group. Lesion scores (mean ± SD, n¼ 3) were estimated for each experimental aerosol and exposure scenario based on the pres-
ence and the gravity of vascular, alveolar and bronchial lesions observed in rats lungs 24 h after the last exposure. Empty and striped bars represent, respectively,
single exposures (SE) and repeated exposures (RE) results.
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consistent with exposure scenarios as RE correspond to four
repetitions of SE. NPs accumulated in lungs after exposures
and were still retained by lungs after 100 h in the case of
RE, suggesting absence or slow clearance mechanisms early
after Al2O3 NPs aerosols inhalation. However, in this study,
rats were euthanized 24 h after the last exposure bringing no
information about long-term Al2O3 NPs clearance. This
result seems consistent with a study carried out on
Sprague–Dawley rats by intratracheal instillations, which
concluded to a very slow clearance, gradual accumulation,
and pulmonary retention of alumina particles 19weeks after
repeated exposures (Schlesinger et al. 2000). Moreover,

aluminum concentration was significantly increased in the
case of co-exposure to Al2O3 NPs with HClg compared to
Al2O3 NPs aerosols, while NPs concentration and size distri-
bution were not modified. Therefore, we hypothesized that
acidification of mixture aerosols may promote Al2O3 NPs
dissolution (Franke et al. 1987), increasing aluminum pul-
monary bioavailability. Indeed, in aqueous environment,
Al2O3 NPs could hydrated and react with hydrogen ions to
form water and aluminum ions as follow: Al2O3 þ 6H þ !
2 Al 3þ þ 3H2O (Diggle et al. 1970; Franke et al. 1987).
Particles overload, especially after RE, and HClg local effect
in lungs could also have both contribute to hinder particles

Figure 8. Oxidative stress induction by experimental aerosols inhalation exposures. Immunofluorescence was performed to detect 8-OHdG (8-hydroxy-2’-deoxygua-
nosine, green fluorescence) on rat lungs slices 24 h after the last exposure. DNA was stained by DAPI, which emits in blue fluorescence. Pictures represent obtained
results following single exposures (SE) to air (A), HClg (B), Al2O3 (C) and Al2O3 þ HClg (D). Scale bars ¼ 50 lm. Pictures legends: a¼ alveoli; b¼ bronchioles or bron-
chi. Red blood cells could also emit in green fluorescence, but red arrows and red circles point out specific 8-OHdG staining. 8-Isoprostane concentrations (pg/mL)
were measured in rats BALF 24 h after the last exposure (E). Clear blue points symbolize single exposures (SE) and dark blue points symbolize repeated exposures
(RE) to each aerosol. Results are expressed as mean values ± SD. One-way ANOVA and Tukey’s post-test (n¼ 3, � p-value < 0.05, �� p-value < 0.01, ���� p-value
< 0.0001, a risk ¼ 0.05) were performed to compare each experimental condition to the control within the same exposure scenario and two-way ANOVA and
Sidak’s post-test (n¼ 3, a risk ¼ 0.05) were performed to compare the two exposure scenarios for the same aerosol.
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lungs clearance as previously shown in different studies
(Lippmann et al. 1980; Pritchard 1989).

Pro-inflammatory properties of Al2O3 particles have
already been reported in literature following inhalation
(Sikkeland et al. 2016; Li et al. 2017; Kim et al. 2018). To
date and to our knowledge, no literature data were found
concerning the potential inflammatory response induced by
HClg alone or Al2O3 NPs/HClg inhalation exposures.
Therefore, we studied pro-inflammatory biomarkers follow-
ing Al2O3 NPs, HClg or Al2O3 NPs/HClg mixtures nose-
only exposures. Different secretion profiles were observed
for each cytokine, depending on aerosol composition and
exposure scenario. No increase of immune cells or cytokines
concentrations was measured in animals BALF exposed to
air or HClg. Our results showed early inflammation trig-
gered by RE to aerosols containing Al2O3 NPs with or with-
out HClg. Indeed, significant amount of alveolar
macrophages and PMN were measured in BALF with
increased secretion of IL-1b, TNF-a, and GRO/KC (except
for Al2O3 NPs and HClg mixture). These results corroborate
with histopathological observations with mainly interstitial
and inflammatory lesions (localized areas composed of
PMN and lymphocytes) in the case of Al2O3 NPs inhalation.
Therefore, RE induced more potent pro-inflammatory
response compared to SE. Increased cytokine concentrations
observed in BALF also corroborate with PMN influx as they
have chemoattractant properties (Huang et al. 1992; Toews
2001; Kim et al. 2018). IL-1b and TNF-a seem to orches-
trate the pulmonary pro-inflammatory response. On the one
hand, it has been described that Al2O3 NPs could stimulate
the nuclear factor NFjB pathway (Simon-Vazquez et al.
2016). IL-1b concentration increases could thus be associ-
ated with this hypothesis, suggesting the inflammasome
pathway involvement in the pulmonary pro-inflammatory
response initiated by Al2O3 NPs. Indeed, the nuclear factor
NFjB can contribute to the inflammasome regulation (Liu
et al. 2017) which is involved in IL-1b synthesis (Lamkanfi
and Dixit 2014). This conjecture is reinforced by the fact
that this pathway is also known to be activated by pulmon-
ary inflammation in patients with chronic obstructive pul-
monary disease (Barnes 2016). On the other hand, Al2O3

NPs can also induce TNF-a release in BALF. This result
corroborate with the study of Kim et al. which showed neu-
trophils, LDH, TNF-a, and IL-6 increased concentrations in
BALF after Al2O3 NPs nose-only exposure of rats for
28 days (5 days/week) (Kim et al. 2018). TNF-a secretion
after exposure to Al2O3 NPs may be linked to IL-1b release.
Indeed, in a context of acute pulmonary inflammation,
Saperstein and colleagues demonstrated that IL-1b contrib-
utes, in part, to TNF-a-mediated chemokine release, and
neutrophil recruitment to the lung (Saperstein et al. 2009).
Besides, in our study, GRO/KC and MIP-2 secretion in
BALF were only measured after Al2O3 NPs exposure. These
two cytokines possess neutrophils chemoattractant proper-
ties (Tanino et al. 2010). We hypothesized that co-exposure
to Al2O3 NPs/HClg mixtures could modify their kinetic of
secretions in BALF. A significant increase of MIP-2 concen-
trations was found in BALF only after SE to Al2O3 NPs. As

a consequence, MIP-2 may act as an early step contributing
to PMN recruitment. Furthermore, Pirela and colleagues
also demonstrated down-regulation of GRO/KC and MIP-2
in the nasal lavage fluid after repeated whole-body inhal-
ation exposure to printer-emitted engineered NPs in rats
(containing aluminum oxide) (Pirela et al. 2019). Otherwise,
IL-6 and INF-c were not detected in BALF after SE and RE
to the different aerosols of the study (respective detection
limits: 13 pg/mL and 6.2 pg/mL). INF-c promotes pulmon-
ary inflammation through oxidative stress induction (Yin
et al. 1999) and could have been secreted earlier than 24 h
post-exposure to the aerosols, inducing nucleic acids oxida-
tive damages (8-OHdG), which were still detected at that
time. Therefore, we hypothesized that aluminum oxide-
based nano-objects are notably able to induce secretion of
different cytokine secretion profiles in BALF depending on
their shape, time of exposure, and used inhalation system.
Given the sensitizing properties of aluminum and HClg
(Darmer et al. 1974; Cohen 2004; Zhu et al. 2013; Kongerud
and Soyseth 2014), studies on immune effects could also be
considered later (allergic response and other immune-related
cytokines).

As oxidative stress is a physiological mechanism closely
linked to pulmonary inflammation induced by NPs expos-
ure, and indirectly to the increase of PMN number poten-
tially releasing free radicals in the alveoli, this endpoint was
investigated (Lugrin et al. 2014; Salzano et al. 2014; Khanna
et al. 2015; Biswas 2016). Nucleic acids oxidation (8-OHdG)
were only detected in situ following SE to HClg, Al2O3 NPs
or mixture exposures while no increase of lipid peroxidation
was detected in BALF (8-isoprostane). The absence of 8-
OHdG following RE could be explained by lesions repairing
systems induction after 24 h which would limit their later
appearance and persistence over time. The main mechanism
implied in these oxidative damages repair is base excision
repair (Whitaker et al. 2017), but other intracellular actors
such as p53 protein (Silva et al. 2014) or PARP-1 enzyme
(Qin et al. 2008) may also contribute to damages repair. As
previously shown, NPs inhalation could also initiate
increased production of enzymes such as endonuclease III
homolog 1 (NTH1) or apurinic/apyrimidinic endonuclease 1
(APE1) (Ma et al. 2013), p53 (Silva et al. 2014), or poly
[ADP-ribose] polymerase 1 (PARP-1) (Qin et al. 2008),
involved in various repair mechanisms and consequently
limit side effects on nucleic acids. Lack of lipid peroxidation,
assessed by 8-isoprostane dosing, in BALF might be due to
the activation of the antioxidant response following expo-
sures. Significant decreases of 8-isoprostane after RE to
Al2O3 NPs or mixtures may also be due to changes of anti-
oxidant balance. It would be interesting to perform glutathi-
one peroxidase dosing in BALF in further studies to assess
these antioxidant mechanisms (Romero et al. 1998).
Moreover, reverse transcriptase polymerase chain reaction
(RT-PCR) study of several antioxidant enzyme genes, such
as superoxide dismutase 1 (SOD1), heme oxygenase-1 (Ho-
1), or glutathione peroxidase1 (Gpx1), could also be per-
formed to confirm this hypothesis (Constantino et al. 2014;
Liu et al. 2017). In complement, western Blot analysis and
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immunohistochemistry could be performed to assess other
repairing mechanisms such as PARP-1, p53, APE1, and
NTH1 (Qin et al. 2008; Ma et al. 2013; Silva et al. 2014).

As obtained results highlighted Al2O3 NPs lung retention
24 h after aerosols exposures, pro-inflammatory, and oxida-
tive stress induction, the aerosols effect on alveolar–capillary
barrier permeability was also studied. Significant elevations
of LDH and total protein concentrations were measured in
BALF only after RE to Al2O3 NPs and mixture aerosols con-
taining HClg, indicating impairment of alveolar–capillary
barrier permeability and cell cytolysis. These biological
effects could be linked to pro-inflammatory mechanisms
and PMN influx observed in lungs following RE to Al2O3

NPs alone or combined with HClg. Indeed, as previously
demonstrated, PMN recruitment and pulmonary inflamma-
tion trigger alveolar–capillary barrier permeabilization
(Williams and Chambers 2014; Wittekindt 2017).
Alveolar–capillary barrier permeabilization could promote
translocation of inhaled particles into bloodstream leading
to potential systemic effects or local toxicity on other organs
such as the brain, the liver, the spleen, or kidneys. A study
is currently performed on these organs to assess local histo-
pathological effects induced by aerosols inhalation.

Conclusion

In conclusion, inhalation exposure to Al2O3 NPs with or
without HClg aerosols induce early pulmonary effects (24 h
post-exposure) resulting in inflammation, oxidative stress,
and alveolar–capillary barrier permeabilization. No synergis-
tic or additive effect between Al2O3 NPs and HClg was
observed on studied endpoints except for lung histopath-
ology lesions nature (mainly vascular lesions observed with
HClg, interstitial lesions observed with Al2O3 NPs and both
observed after co-exposure). Obtained results underline that
the exposure scenario mainly influences toxicological effects
of mixtures. Al2O3 NPs presence in the aerosols also seems
to play an essential role in driving toxicity (pro-inflamma-
tory response, PMN, LDH and total protein increases, histo-
pathological lesions and oxidative stress induction)
compared to HClg (slight histopathological lesions and oxi-
dative stress). Despite an increased pulmonary aluminum
biodistribution in the case of RE to mixtures compared to
Al2O3 NPs, similar pro-inflammatory responses were
observed in the two conditions. SE induce oxidative stress
resulting in nucleic oxidative damages, while RE essentially
promote pulmonary inflammation. Special attention should
be paid to pulmonary pro-inflammatory and oxidative stress
induction as these phenomena are known to be closely
linked to long-term pathologies such as pulmonary fibrosis
or cancers (Reuter et al. 2010; Sesti et al. 2012; Khanna
et al. 2014). Therefore, this pilot study raises concerns
toward potential long-term pulmonary toxicity of combus-
tion mixture aerosols. Further studies will have to be led to
determine the potential toxicity of the mixture at longer
times and lower doses. The latter information would then
help to define dose limitations and exposure thresholds for
workplace risk management. At the same time, better

characterization of personnel exposure is still necessary,
especially for military personnel who can be exposed due to
operational constraints.
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