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ARTICLE INFO ABSTRACT
Keywords: Increasing regulatory pressure to reduce animal testing has accelerated the development of New Approach
Cerium oxide Methodologies (NAMs) for hazard assessment. This study employed a Calu-3/monocyte-derived macrophages

Barium sulfate
Pulmonary fibrosis
Nanotoxicology
Occupational exposure

(MDMs) co-culture at the air-liquid interface to assess the biological effects of cerium oxide (CeO2) and barium
sulfate (BaSO4) nanoparticles, two occupationally relevant materials. Doses ranged from 6 to 324 pg/cm? for
BaSO4 and 9 to 324 ug/cm? for CeoO,, and samples were analyzed on days 1, 3, and 7. Epithelial barrier
integrity, cytotoxicity, inflammatory cytokine secretion, and targeted transcriptional responses were mapped
onto the adverse outcome pathway for inflammation-induced pulmonary fibrosis (AOP173) and compared with
published rodent inhalation and human data. CeO: induced sustained basolateral interleukin-8 secretion with
NF-«B activation and upregulation of oxidative stress, DNA damage, and proteotoxic stress markers peaking at
day 3 at the middle dose (108 pg/cm?). Epithelial barrier integrity remained intact, while molecular endpoints
detected early AOP-relevant stress responses. BaSOa elicited minimal activity across all endpoints, consistent
with in vivo and human data, and was correctly identified as a low-hazard material. By integrating multi-
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endpoint responses within an AOP framework, this study demonstrates that human cell-based co-culture models
can mechanistically discriminate nanoparticles with distinct hazard profiles.

1. Introduction

Nanoparticles (NPs) are increasingly used in industrial, commercial,
and consumer applications, raising concerns about occupational and
environmental exposure, particularly via inhalation, the primary route
of uptake for airborne particulates [1]. Among these materials, cerium
oxide (CeO2) and barium sulfate (BaSO4) represent two widely produced
NPs with contrasting physico-chemical and toxicological profiles, mak-
ing them valuable reference materials for hazard assessment.

CeO2 NPs are used as diesel fuel additives to improve combustion
efficiency and reduce soot emissions, as polishing agents in the semi-
conductor and optics industries, and as electrolyte materials in solid
oxide fuel cells [2]. Their combustion-related use results in direct release
of CeO:z NPs into the ambient environment, contributing to airborne
nanoparticle loads in both urban and occupational settings and raising
concerns about inhalation exposure across the general population and
workforce alike. CeO: is biopersistent in the lung, with impaired clear-
ance and overload observed in rodent studies at subchronic exposure
levels [3] and its accumulation has been linked to rare earth pneumo-
coniosis in occupationally exposed workers, including optical lens
grinders and photoengravers [4-6]. Notably, no nano-specific occupa-
tional exposure limit has been established by the Occupational Safety
and Health Administration (OSHA) for CeOg; it currently falls under the
general category of Particulates Not Otherwise Regulated (PNOR), with
a permissible exposure limit (PEL) of 5 mg/m? for the respirable fraction
[7]. This regulatory gap, combined with the growing evidence of CeO:'s
pulmonary toxicity and its environmental release as a combustion
byproduct, underscores the need for mechanistic hazard data from
human-relevant test systems.

In contrast, BaSOa is widely used in paints, coatings, and plastics, as
well as in medical imaging as a radiopaque contrast agent. It is generally
regarded as low-toxicity, with OSHA classifying it separately from sol-
uble barium compounds and assigning a comparatively low PEL of
10 mg/m? (total) and 5 mg/m? (respirable fraction) [7]. In occupational
settings, prolonged inhalation of BaSO. dust can cause baritosis, a
benign, non-fibrotic pneumoconiosis characterized by striking radio-
graphic opacities, no impairment of lung function or symptoms, and
gradual recovery after exposure [8,9].

Beyond differences in use and regulatory status, the contrasting
pulmonary behavior of CeOz and BaSOa is also due to different disso-
lution behavior in biological fluids. Continuous-flow dissolution studies
under simulated lysosomal conditions classify BaSOs as a partially dis-
solving material whose ion release is governed by local ion saturation
rather than particle size, with a predicted dissolution half-time (~11
days) that closely matches its measured in vivo pulmonary clearance
half-time (9.6 days) [10]. CeO., in contrast, undergoes comparatively
little dissolution, consistent with the prolonged retention and overload
potential described above [3]. This divergence has been observed
directly at the cellular level: in a human alveolar epithelial monoculture
model, both NPs were predominantly retained in the apical compart-
ment with minimal basal translocation, yet the intracellular fraction of
BaSO. declined markedly faster between 24 and 80 h than that of CeO-, a
difference attributed to BaSO4's higher dissolution rate under
lysosomal-mimicking conditions [11]. These findings suggest that the
two NPs follow different mechanisms upon internalization, which un-
derline their contrasting hazard profiles.

The contrasting hazard profiles of CeO2 and BaSO« have also been
established through a series of in vivo inhalation studies. In a compre-
hensive short-term inhalation screening of 14 NPs, CeO: ranked among
the materials with higher toxic potency and BaSOs among those with the
lowest, based on bronchoalveolar lavage parameters and histopathology

[12]. Moreover, both materials were selected as representative NPs
within the European NANOREG program and the OECD sponsorship
framework for nanomaterial testing and were further evaluated in the
EU Horizon 2020 PATROLS project, which developed guidance for
realistic in vitro dosing of engineered nanomaterials [13].

Despite extensive in vivo characterization, translating these findings
into a mechanistic understanding using human-relevant in vitro models
remains challenging. A range of in vitro models, including monocultures,
co-cultures, and advanced three-dimensional airway tissues, have been
used. One study demonstrated that rat alveolar macrophages could
distinguish biologically active from passive NPs, including CeOz and
BaS0s, with good correlation to short-term in vivo data, yet this approach
relies on a single cell type, and therefore its applicability is limited to
materials that are phagocytosable and well dispersed, capturing only
macrophage-mediated mechanisms without accounting for direct
epithelial effects, epithelial-immune cell crosstalk, or barrier function
[14]. Moreover, across different studies, NPs are applied under sub-
merged, air-liquid interface (ALI) or pseudo-ALI (sometimes referred to
as quasi-ALI) conditions [11,15]. Notably, ALI exposures have consis-
tently demonstrated greater sensitivity and improved concordance with
in vivo outcomes than traditional submerged approaches [16-18].
Pseudo-ALI exposure falls between the levels of ALI (i.e. aerosol expo-
sure) and submerged cultures. This method is technically accessible and
easier to reproduce across laboratories; therefore, it is widely used. It has
been shown to generate biological responses comparable to those ob-
tained by aerosol-based ALI delivery [19,20], supporting the validity of
this approach for assessing the nanoparticle hazard under physiologi-
cally relevant conditions without the need for specialized
aerosol-generation equipment.

A structured framework for interpreting mechanistic in vitro data is
provided by the adverse outcome pathway (AOP) concept [21], a
sequence of causally linked biological events that connect a molecular
initiating event to an adverse outcome relevant to regulatory
decision-making. Mapping in vitro endpoints onto AOP key events allows
hazard testing to move beyond descriptive endpoints toward mecha-
nistic interpretation grounded in in vivo relevance. However, in practice,
in vitro studies differ in model complexity, exposure conditions, and the
number and types of biological endpoints, thereby limiting
cross-comparison and mechanistic interpretation. Although advanced
models offer clear advantages by incorporating multiple cell types,
polarized epithelial architecture, and physiologically relevant exposure,
their multi-endpoint responses are rarely mapped onto AOP, particularly
for materials such as CeO: and BaSOa, because the relevant inhalation
AOPs remain largely under development with qualitative key event re-
lationships, so these readouts are typically reported as hazard profiles
rather than positioned as key events along a causal pathway [21].

The AOP framework has gained increasing traction as a tool for
regulatory decision-making. The successful regulatory adoption of AOP-
based in vitro test guidelines for skin sensitization, including OECD Test
Guidelines 442 C, 442D, and 442E, integrated within the defined ap-
proaches framework of OECD TG 497, demonstrates the practical
translational potential of the AOP framework for replacing animal
testing [22-25], and similar efforts are now underway for inhalation
toxicity endpoints [26]. AOP173, which describes the pathway from
substance interaction with lung-resident cell membranes to
inflammation-induced pulmonary fibrosis, provides a structured
framework for mapping in vitro endpoints onto causally linked key
events and evaluating whether a given test system captures the relevant
biological processes [27].

In this study, we used a human co-culture model composed of Calu-3
cells (bronchial epithelial cell line) and monocyte-derived macrophages
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(MDMs), cultured at the air-liquid interface, to investigate the biological
effects of CeOz and BaSO4 NPs across a wide dose range. This model was
originally optimized for long-term, repeated aerosol exposure at the
air-liquid interface [28], and subsequently shown to be transferable and
reproducible across seven independent laboratories within the EU Ho-
rizon 2020 PATROLS project [29]. More recently, the exposure protocol
and endpoint selection were further refined and directly benchmarked
against in vivo outcomes using crystalline silica (DQ12) as a reference
particle, demonstrating the model's ability to capture biologically
meaningful, time-resolved inflammatory responses [30]. Building on
this established model, we assessed particle physicochemical behavior
in cell culture media, epithelial barrier integrity, cytotoxicity, inflam-
matory cytokine secretion, and targeted gene expression spanning
oxidative stress, inflammation, DNA damage, and apoptosis pathways.
By mapping these endpoints onto the key events of AOP173 and
comparing them with published in vivo data, we aimed to determine
whether CeO2 and BaSO. can be mechanistically differentiated using this
human-relevant in vitro model, and to identify the early key events
linking their distinct physicochemical behavior to
inflammation-induced pulmonary fibrosis. These findings contribute to
a more mechanistic, material-specific characterization of inhaled
nanoparticle hazard, while also supporting the development of alter-
native testing strategies that reduce reliance on animal models.

2. Materials and methods
2.1. Chemicals and reagents

All the chemical reagents were purchased from Sigma-Aldrich
(Switzerland), while all cell culture reagents were purchased from
Thermo Fisher Scientific (Switzerland) unless stated otherwise.

2.2. Test nanoparticles

Cerium oxide (CeO3) NM-212 and barium sulfate (BaSO4) NM-220
nanoparticles (NPs) were obtained from Fraunhofer IME and used
within the OECD Working Party on Manufactured Nanomaterials
Testing Program [31] as selected representative materials. Full physi-
cochemical characterization data for the materials used in this study are
publicly available in the PATROLS project deliverable [32].

2.3. Nanoparticle dispersion protocol

NPs were dispersed according to the Nanogenotox protocol [33] for
toxicity testing in 5 mL of endotoxin-free water (Cat ref. 1897399),
without bovine serum albumin (BSA). Briefly, 145.8 mg of the material
powder was weighed into glass vials (20 mL, N24, flat-bottom;
MACHEREY-NAGEL, Diiren, Germany; Cat. No. 702021), pre-wetted
with 100 pL ethanol, and mixed with 5 mL of endotoxin-free water to
a stock concentration of 29.16 mg/mL. The solution was sonicated using
a Branson SFX-550 sonifier model equipped with a model 102-C con-
verter (Emerson, Baar, Switzerland) to reach a total power of 7056 J
(7.35 W for 21 min). During sonication, the glass vial was kept on ice to
prevent excessive heating of the samples.

Final exposure concentrations were prepared by serial dilution of the
stock in cell culture medium to achieve doses ranging from 6 to 324 ug/
cm? for BaSO4 and 9-324 ug/cm? for CeO2 on the 0.9 cm? inserts. For
example, the highest dose of 324 pg/cm? corresponds to 9.72 mg/mL in
30 pL applied per insert. All suspensions were always prepared on the
day of cell exposure and vortexed right before exposure (Vortex-Genie 2,
Scientific Industries, USA).

2.4. Nanoparticle morphology and primary size characterization by
transmission electron microscopy

To image the NPs, transmission electron microscopy (TEM) was
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performed using an FEI Technai Spirit (FEL, Hillsboro, OR, USA) oper-
ating at 120 kV. Ten microliters of the sample were drop-cast onto a
carbon film on a copper 300-square-mesh grid (Electron Microscopy
Sciences, Pennsylvania, PA, USA) and dried at room temperature before
visualizing the NPs with a 2048 x 2048-pixel wide-angle Veleta CCD
camera (Olympus, Tokyo, Japan). Image processing, including scale bar
inclusion, contrast adjustments, and particle analysis, was performed
using Fiji (ImageJ version 1.54). TEM images were used to determine
particle size. Using FIJI (ImageJ), individual, distinguishable NPs were
manually outlined using the polygon selection tool to obtain projected
particle areas. The equivalent circular diameter (ECD), defined as the
diameter of a circle with the same projected area, was calculated as

EDC =2 (’%) A total of 160 BaSO. and 210 CeO2 NPs were analyzed.

2.5. Colloidal stability and hydrodynamic size assessment

The hydrodynamic diameter was determined by dynamic light
scattering (DLS) using an Anton Paar Litesizer 500 particle analyzer
(Anton Paar, Graz, Austria) operating with a 658 nm laser and a scat-
tering angle of 175°.

For the size measurement series, measurements were performed
using disposable cuvettes in backscatter detection mode at a target
temperature of 25 °C, following a 30 s equilibration time. Data were
analyzed using a narrow distribution model with an advanced cumulant
algorithm. Measurements were conducted in manual mode, with a single
run per sample and a 30 s measurement duration. Automatic filter and
focus settings were applied. Water was used as the dispersant, with a
refractive index of 1.3303 and a viscosity of 0.0008903 Pa-s. Stock
suspensions were diluted with Milli-Q® water (pH = 6.0) or Calu-3 cell
culture medium (pH = 7.2) to a final concentration of 90 ug/mL for
measurement. This corresponds to a dilution factor of 3-100 x relative
to the concentrations used in cell exposure experiments, ensuring that
particle concentrations were suitable for reliable DLS measurements
without multiple scattering or detector saturation.

For the Zeta Potential Series 10 measurements, an Omega cuvette
(Mat. No. 225288) was used at a target temperature of 25 °C, following a
30 s equilibration time. Data were analyzed using the Smoluchowski
approximation with a Henry factor of 1.5. Power adjustment was con-
ducted in automatic mode with a maximum voltage of 200 V. Mea-
surements were acquired in manual mode with up to 100 runs per
sample. Water was used as the dispersant, with a refractive index of
1.3303, viscosity of 0.0008903 Pa-s. For the measurements, NPs were
diluted in Milli-Q® water (pH = 6.0) and cell culture media (pH = 7.2).
After incubation of 1 h in cell culture media, NPs were centrifuged, then
resuspended in Milli-Q® water, centrifuged again, and resuspended in
Milli-Q® water before being measured. For the data plotting, GraphPad
Prism Version 10.2.3 was used.

2.6. Cell-free radical scavenging activity assessment

The antioxidant activity of NPs was evaluated using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical scavenging assay, adapted from
Basnet et al. with minor modifications [34]. Briefly, 0.5 mL of an
ethanolic DPPH solution (60 uM) was mixed with 0.5 mL of the sample.
Cerium oxide (CeOz) NPs were prepared in Milli-Q® water and complete
cell culture media (CCM), consistent with exposure conditions used in
biological experiments. Corresponding blanks (sample with ethanol
replacing DPPH) and controls (DPPH with ethanol replacing the sample)
were included. Additionally, CCM alone was measured, and its contri-
bution was subtracted from the sample readings.

The reaction mixtures were incubated for 30 min at room tempera-
ture in the dark, after which absorbance was measured at 520 nm using
a V-670 spectrophotometer (Jasco Corporation, Tokyo, Japan). Samples
were diluted when necessary to ensure measurements fell within the



L Loncarevic et al.

linear range of the Beer-Lambert law. For cerium-containing samples,
appropriate dilutions were applied (15 x in CCM and 25 x in Milli-Q®
water), while barium-containing samples were analyzed without dilu-
tion. Antioxidant activity was expressed as the percentage of DPPH
radical scavenging relative to the control.

For the data plotting and statistics, GraphPad Prism Version 10.2.3
was used.

2.7. Cell lines and primary cell culture conditions

At every step during cell culture and exposure, cells were kept in an
incubator under controlled conditions (humidified atmosphere, 37 °C,
5% CO3). Cell numbers were determined using an EVE™ bench-top
automated cell counter (Witec AG, Switzerland) with the trypan blue
exclusion method (0.4% trypan blue solution in phosphate buffer saline
(PBS) (Cat. No. 10010-015).

The human bronchial epithelial cells (Calu-3) were purchased from
the American Type Culture Collection (ATCC, Rockville, USA). Calu-3
cells were cultured in complete cell culture media (CCM) composed of
MEM + GlutaMAX (Cat. No. 41090-028) supplemented with heat
inactivated 10% fetal bovine serum FBS (Cat. No. A5256701), 1% Pen
Strep (Cat. No. 15140-122), 2% Amphotericin B (Cat. No. 15290-026)
and 1% Non-Essential Amino Acids (NEAA) solution (Cat. No.
11140-035). Heat inactivation was done by incubating the pre-thawed
FBS bottle for 30 min at 56 °C in a water bath with occasional
shaking. The cells were seeded at a density of 90,000 cells/cm? Falcon®
12-well PET permeable supports (0.4 um pore size, 0.9 cm? growth area;
Corning, Corning, NY, USA; Cat. No. 353180) placed in a companion 12-
well flat-bottom plate with a low-evaporation lid (Corning Life Sciences,
Corning, NY, USA, Cat. No. 353043). The cells were kept in the incu-
bator, and the medium was renewed every 2-3 days.

Human MDMs were differentiated from monocytes isolated from
buffy coats provided by the Swiss Transfusion Center (Bern,
Switzerland), as described previously [35,36]. In brief, isolated blood
monocytes were cultured in 6-well cell culture plates (Corning, FAL-
CON®, United States) for six days at a density of 10° cells/mL in 3 mL
Roswell Park Memorial Institute (RPMI)-1640 (Cat. No. 42401-018) cell
culture medium supplemented with 10% (v/v) heat inactivated FBS, 1%
L-glutamine (Cat. No. 25030-024), and 1% Pen Strep. For MDMs dif-
ferentiation, 10 ng/mL of macrophage colony-stimulating factor
(M-CSF; Miltenyi 130-096-485) was added to the cell culture medium
for 6 days. Experiments involving primary monocyte isolation from
human blood were approved by the committee of the Federal Office for
Public Health Switzerland (reference number: 611-1, Meldung
A110635/2) for the Adolphe Merkle Institute.

2.8. Establishment of the Calu-3/MDMs air-liquid interface co-culture
model

The cell culture model is well-established and was used in a recent
interlaboratory comparison study [29]. More details on the Calu-3
model can be found elsewhere in the literature [36-38]. In brief,
Calu-3 cells were cultured under submerged conditions for 7 days. After
7 days, the apical medium was removed, and the cells were cultured at
the ALI for an additional 7 days. On day 14, after differentiation into
MDMs, cells were scraped off the wells, counted, and added to the Calu-3
monolayer to obtain a co-culture. As not all MDMs adhere to the Calu-3
cells, 39,000 MDMs were added in a volume of 0.2 mL to achieve a final
concentration of 25,000 MDMs/cm? [28]. After 4 h, the apical medium
was removed, and the co-culture was returned to the incubator. Mono-
cytes were derived from different donors for each biological repetition.

2.9. Nanoparticle exposure protocol and dose selection

Exposure of the cell cultures with NPs was performed under pseudo-
ALI conditions according to the already developed PATROLS Guidance
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Document 3016 [39] without washing the apical side of the insert and
adjusting the volume to the surface of the 12-well insert. In brief, 30 pL
of the previously prepared particle solution was added to the apical side
of the co-culture insert with a surface area of 0.9 cm? Based on the
known volume of particle suspension and surface area of the inserts, a
calculation was made, and the concentrations were reported in pg/cm?.
The plate was returned to the incubator for the desired exposure period
of 24 h, 3 days, or 7 days. During exposures, only the basal medium was
refreshed every 2-3 days, while the apical compartment was left un-
disturbed, and the apically applied NPs remained in situ throughout the
exposure period.

2.10. Endotoxin contamination screening

Both CCM and NPs suspension media aliquots were analyzed for
endotoxin contamination using the Pierce™ Chromogenic Endotoxin
Quant Kit (Thermo Fisher Scientific, Cat. No. A39552) according to the
manufacturer's instructions. For all samples, endotoxin levels were
below the 1 EU/mL threshold considered acceptable for cell-based ex-
periments (CCM = 0.193 EU/mL; CeOz = 0.130 EU/mL; BaSOs = 0.417
EU/mL).

2.11. Mycoplasma contamination monitoring

A mycoplasma test was performed to detect potential Mycoplasma
infections in cell culture. Two mL of cell supernatant from a cell culture
flask, which has been in contact with cells for at least 24 h, was collected
for mycoplasma detection. MycoAlert™ Assay was performed according
to the manufacturer's user guide Lonza protocol (Catalog #: LT07-318).
For Calu-3 cells, the gain-to-ratio (210) was 0.275, below the acceptable
limit of 0.9.

2.12. Plastic embedding and ultrathin sectioning

After the experiment, the co-cultures on the PET inserts were washed
3 times with PBS, and the membrane was cut out with a scalpel. Cells
were then rinsed with PBS and fixed for 18 h at 4°C in 2.5% glutaral-
dehyde (EMS, Cat. No. 16216), 4% paraformaldehyde (EMS, Cat. No.
15714) prepared in 0.1 M cacodylate buffer (EMS, Cat. No. 11652).
Following fixation, samples were washed five times for 5 min each in
0.1 M cacodylate buffer. Post-fixation was carried out using 1% osmium
tetroxide (EMS, Cat. No. 19150), 1.5% potassium hexacyanoferrate (II)
trihydrate (Sigma-Aldrich. Cat. No. 455989) in 0.1 M cacodylate buffer
for 1 h at room temperature, followed by six washes for 5 min each in
0.1 M cacodylate buffer.

Samples were subsequently dehydrated through a graded ethanol
series consisting of 25%, 50%, 70%, 80%, 90%, and 100% ethanol
(Sigma-Aldrich, Cat. No. 1.00983.1000), followed by 100% anhydrous
ethanol, with each step performed for 15 min at room temperature.
Dehydration was completed with two incubations in anhydrous acetone
(Sigma-Aldrich, Cat. No. 1.00014), each lasting 20 min at room
temperature.

Resin infiltration was performed by sequential incubation in 25%,
50%, and 75% epoxy resin mixtures diluted in anhydrous acetone for 1 h
per step, followed by overnight incubation in 100% epoxy resin mixture.
The epoxy resin formulation consisted of 46.1% (w/w) dodecenyl suc-
cinic anhydride (Sigma-Aldrich, Cat. No. 45346), 29.0% (w/w) Durcu-
pan ACM Component A (Sigma-Aldrich, Cat. No. 44611), 22.3% (w/w)
Epon 812 substitute (Sigma-Aldrich, Cat. No. 45345), and 2.7% (w/w)
dibutyl phthalate (Sigma-Aldrich, Cat. No. 524980). Subsequently,
samples were incubated for 2 h at room temperature in epoxy resin
supplemented with 2.25% (v/v) DMP-30 accelerator (Sigma-Aldrich,
Cat. No. 45348). The resin was then refreshed with the same DMP-30-
containing mixture prior to polymerization at 60 °C for 28 h.

Ultrathin sections (50-70 nm) were prepared using a 45° Ultra dia-
mond knife (Diatome, Cat. No. 20-US) mounted on a Reichert Ultracut E



L Loncarevic et al.

ultramicrotome. Sections were collected onto formvar-carbon-coated
copper grids (Agar, Cat. No. AGS162-5). Samples were examined
using a FEI Tecnai G2 Spirit BioTWIN transmission electron microscope
operated at an accelerating voltage of 120 kV and equipped with a side-
mounted Veleta CCD camera (Olympus). The micrograph images were
processed with ImageJ 1.54p (Fiji, NIH, USA; Java 1.8.0_322, 64-bit).

2.13. Epithelial barrier integrity assessment

At 24 h after exposure, 500 pL cell culture medium was added to the
apical side of the cells, and the epithelial barrier integrity was evaluated
by transepithelial electrical resistance (TEER) measurements using a
Millicell® ERS-2 (Electrical Resistance System, Millipore, Switzerland)
equipped with an STXO01 electrode (World Precision Instruments,
Switzerland). All TEER measurements were recorded in the presence of a
500 pL cell culture medium at 37°C in the apical compartment of the
inserts and a 1500 pL. medium in the basolateral compartment. Mea-
surements were performed inside a biosafety cabinet at room tempera-
ture, with cultures being outside the incubator for 25 min. Before each
TEER recording, the electrodes were sterilized in 70% ethanol, rinsed
with pre-warmed sterile 1x HBSS (Cat. No. 14025-092) and briefly
equilibrated in pre-warmed cell culture medium. This procedure was
done before measuring TEER in each insert. A blank insert (without
cells) was measured to determine offset values, which were then sub-
tracted from the sample readings. Measurements were performed in
three technical replicates (each insert was measured 3 times, with the
probe positioned at different areas of the insert) and 3 biological
replicates.

2.14. Cytotoxicity assessment

The release of LDH into the supernatant was assessed using an LDH
cytotoxicity detection kit (Roche Applied Science, Mannheim, Germany,
Ref. 11644793001), according to the manufacturer’s protocol. Each
sample was tested in a single experiment, with three independent rep-
licates. LDH activity was quantified photometrically by measuring at
490 nm (reference wavelength at 630 nm). For positive controls, cell
cultures were exposed apically to 2% Triton X-100 in PBS for 30 min,
and the negative control was untreated co-cultures. Samples collected
from both apical and basal sides were centrifuged at 14,000 x g for
5 min to ensure that all debris is removed from the supernatant and then
tested.

2.15. Quantification of inflammatory mediators

Because Calu-3 cells form a polarized epithelium, cytokine secretion
occurs in a directional manner; therefore, both the apical and basolateral
compartments were analyzed to capture the full inflammatory profile of
the co-culture. At 1 day, 3 days, or 7 days after exposure, 500 pL cell
culture medium was added to the apical side of the inserts. After 30 min,
the apical and basolateral supernatants were collected separately and
stored at —80 °C for cytokine and chemokine analysis. IL-8, IL-6, and
TNF-a were selected because they are established markers of the key
inflammatory event in AOP173 and enable direct comparison with
cytokine panels reported in the in vivo rodent inhalation literature for
cross-species alignment (see Discussion, Table 1). Release of inflam-
matory cytokines interleukin IL-6, IL-8, and tumor necrosis factor-alpha
(TNFa) was measured in the supernatants using ELISA kits (Biotechne,
R&D systems, Minneapolis, USA, IL-6 Cat. No DY206, IL-8 Cat. No
DY208, and TNFa Cat. No DY210). Each sample was tested in a single
experiment, with three independent replicates. Cytokine analysis was
performed according to the manufacturer's protocol. For ELISA, absor-
bance was measured at 450 nm with a reference wavelength of 570 nm.
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2.16. Total RNA extraction and quality control

After collecting the supernatant for the ELISA assay, the cells were
carefully washed 3 times with PBS, and the total RNA was isolated from
the co-culture. Cell lysis was performed directly on the insert, using
100 pL of BL + TG buffer (Promega Madison, WI, USA, Ref. Z6011), and
total RNA was extracted using ReliaPrep™ RNA Cell Miniprep System
(Promega, Madison, WI, USA, Ref. 7Z6011) following the technical
manual from the manufacturer. The quantity and quality of RNA were
assessed by Thermo Scientific™ NanoDrop™ 2000 Spectrophotometer.
The 260/280 and 260/230 absorbance ratios were evaluated, and only
RNA samples with ratios of ~2.0 (typically 1.9-2.2) were taken forward
for cDNA synthesis and RT-qPCR analysis.

2.17. RNA reverse transcription and gene expression analysis by real-
time-qPCR

The reverse transcriptase reaction was performed with the Omni-
script RT system (Qiagen, Hilden, Germany, Cat. No. 205113), OligodT
(Microsynth, Balgach, Switzerland, Cat. No. 35 and 36), and RNasin Plus
RNase Inhibitor (Promega, Madison, WI, USA, Switzerland, Cat. No.
NZ2611), described previously [40]. In brief, the synthesis of comple-
mentary DNA (cDNA) was performed by using 6.5 pL of isolated RNA
(250 ng), 1 L oligo-dT primer (10 pM), 0.25 uL. RNase inhibitor, 1 pL
dNTP Mix (5 mM), 0.25 pL. Omniscript reverse transcriptase (1 Unit),
and 1 pL buffer RT.

Real-time PCR was performed on the 7500 Fast Real-Time PCR
System (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA). Reactions were carried out in a final volume of 10 uL by mixing
2 uL 5-fold diluted cDNA with 5 pL SYBR-green master mix (Fast SYBR
Green master mix, Applied Biosystems, Thermo Fisher Scientific, Wal-
tham, MA, USA, Cat. No. 4385617), 2 uL nuclease-free water (Promega,
Madison, WI, USA, Cat. No. P119A), and 2 uL primer mix (91 nM).

Thermal cycling conditions consisted of an initial denaturation at 95
°C for 20 s, followed by 40 amplification cycles of denaturation at 95 °C
for 3 s and annealing/extension at 60 °C for 30 s. A melt curve analysis
was performed at the end of each run, consisting of a preconditioning
step at 95 °C for 15 s, followed by incubation at 60 °C for 1 min, and a
continuous temperature ramp from 60 °C to 95 °C, with fluorescence
acquisition to verify amplification specificity.

Relative expression levels were calculated as fold change compared
to untreated co-cultures with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and tyrosine 3-monooxygenase/tryptophan 5-mono-
oxygenase activation protein zeta (YWHAZ) as internal standard genes.
These reference genes were selected based on empirical assessment of
expression stability, as their Ct values showed minimal variation (CV
<3%) across all experimental conditions and treatments. Primers were
purchased from Thermo Fisher Scientific (Zug, Switzerland). Details
about the primers are included in Supplementary Table 1.

2.18. RNA reverse transcription and gene expression analysis by qPCR
array

The panel was designed to investigate the molecular key events most
consistently implicated in metal-oxide nanoparticle lung toxicity, with
oxidative stress as the core mode of action and the expected point of
divergence between redox-active CeO: and the passive BaSO4 nano-
particle, as introduced above. Genes were selected through a targeted
literature review of markers reported in published in vivo rodent inha-
lation studies, allowing direct cross-species benchmarking of our in vitro
findings without generating additional animal data (Table 1). It spanned
four functional categories: oxidative stress, DNA damage/repair,
inflammation, and growth/signaling, with NF-xB signaling (RELA)
linking redox imbalance to the inflammatory key events central to
AOP173. The full panel composition is provided in Supplementary
Table 2.



L Loncarevic et al.

Total RNA (800 ng) was reverse transcribed using the QuantiNova
Reverse Transcription Kit (Qiagen, Hilden, Germany; Cat. No. 205411)
according to the manufacturer's instructions. Briefly, RNA was com-
bined with the gDNA Removal Mix (2 pL) and internal control (1 uL) in a
final volume of 15 uL with RNase-free water, and incubated at 45 °C for
2 min followed by a pause at 25 °C to eliminate genomic DNA
contamination. Reverse transcription components, reverse transcriptase
(1 pL) and Transcription Mix (4 uL), were then added on ice directly to
the 15 pL gDNA elimination reaction, yielding a final reaction volume of
20 L. Reverse transcription was carried out with the following thermal
cycling conditions: annealing at 25 °C for 3 min, reverse transcription at
45 °C for 10 min, and reaction inactivation at 85 °C for 5 min. The
resulting cDNA was diluted by the addition of 90 uL. RNase-free water
(final volume 110 pL) prior to use.

Gene expression profiling was performed using custom QuantiNova
LNA PCR Flexible Panels (Qiagen, Hilden, Germany; Cat. No. 249960,
Variant No. 96W-24_12-23; custom panel SBFA89194) in combination
with the QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, Germany;
Cat. No. 208056), on a 7500 Fast Real-Time PCR System (Applied Bio-
systems, Thermo Fisher Scientific, Waltham, MA, USA). Each panel re-
action was prepared by combining 100 pL of diluted cDNA with 260 pL
of SYBR Green Master Mix, 2.6 uL of ROX reference dye, and 157.4 pL of
RNase-free water (total volume: 520 pL), and distributing the mixture
across the 96-well panel plate. Thermal cycling was performed under the
following conditions: reverse transcriptase activation at 50 °C for
10 min, initial PCR activation at 95 °C for 2 min, followed by 40 cycles
of denaturation at 95 °C for 5 s and combined annealing/extension at 60
°C for 10 s, with fluorescence data collected at each extension step. A
melting curve analysis was performed at the end of each run to confirm
amplification specificity.

Each panel included two dedicated controls: a Human Genomic DNA
Control (HGDC) to verify gDNA removal efficiency and an RNA Quality
Internal Control (QIC) to detect the synthetic RNA spike-in added during
the reverse transcription step. A Positive PCR Control (PPC) well
confirmed PCR amplification performance. The panel profiled 18 target
genes involved in oxidative stress response, heat shock response,
apoptosis, and xenobiotic metabolism: NQO1, GCLC, GSR, TXNRDI,
HSPA1A, LPO, NOX1, CYBB, RELA, BCL2, BAX, EGFR, HSP90AA1, ATM,
CYP1A1, AHR, CDKN1A, and GADD45A. Gene expression was normal-
ized using three reference genes, GAPDH, RPLP0O, and YWHAZ, selected
for their stable expression across experimental conditions. Relative gene
expression was calculated using the AACq method, with statistical
analysis and visualization performed in R. Five genes (BCL2, LPO,
NOX1, CYBB, CYP1A1) with a mean Ct > 30 across all conditions were
excluded due to low or undetectable expression in the Calu-3/MDM co-
culture system, resulting in a final panel of 13 genes used for statistical
analysis and visualization.

2.19. Statistical analysis

All experiments were performed with n = 3 biological replicates; for
TEER, three technical replicates per insert were averaged prior to
analysis. Data are presented as mean + standard deviation unless
otherwise stated, and a threshold of p < 0.05 was considered statisti-
cally significant (*p < 0.05, **p < 0.01).

TEER and LDH data were analyzed by two-way ANOVA followed by
Tukey's multiple comparisons test. Cytokine data (IL-8, IL-6, TNF-a)
were analyzed by two-way ANOVA followed by Dunnett's multiple
comparisons test, comparing each treated group with the untreated
control of the corresponding day; Dunnett's test was used for treatment-
versus-control comparisons and Tukey's test for pairwise comparisons
across conditions. TEER, LDH, and cytokine analyses and plots were
performed in GraphPad Prism v10.2.3.

For the transcriptional panel, statistical comparisons were performed
on normalized Ct values (ACt) rather than fold-changes. Each gene was
analyzed separately at each timepoint, with each treated dose compared
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against the material-matched untreated control (CeO: doses vs un-
treated CeOz-plate controls; BaSO4 doses vs untreated BaSOa-plate con-
trols; n = 3 biological replicates). Normality was assessed per gene and
timepoint; normally distributed data were analyzed by one-way ANOVA
with Dunnett's post-hoc comparison against the untreated control, and
non-normally distributed data by the Kruskal-Wallis test with Dunn's
post-hoc test. P-values were adjusted for multiple comparisons across
the panel using the Benjamini-Hochberg (false discovery rate) method.
No comparison reached statistical significance before or after correction;
the transcriptional data are therefore reported as fold-change trends.
Analyses and visualization were performed in R v4.5.0 (RStudio
2026.01.1 +403) using the dplyr, tidyr, purrr, broom, and ggplot2
packages.

3. Results
3.1. Particle characterization

To investigate the morphology and size of nanoparticles (NPs),
transmission electron microscopy (TEM) was used. Cerium oxide (CeOz2)
NPs appeared angular and faceted, displaying irregular polyhedral
morphologies (Fig. 1A). In contrast, barium sulfate (BaSOs) NPs
exhibited a more rounded morphology (Fig. 1B). For both materials,
TEM imaging in Milli-Q water revealed aggregates composed of irreg-
ular particles. CeOz2 NPs were polydisperse with an equivalent circular
diameter (ECD) of 20.06 + 10.84 nm, while BaSO4 NPs showed an ECD
of 30.65 + 12.34 nm, as calculated from the TEM images of 210 and 160
particles, respectively (Supplementary Figure 1).

Zeta potential measurements were conducted for both materials in
water and complete cell culture medium (CCM) (Fig. 1C). CeO2 NPs
exhibited a zeta potential of + 14.32 mV in water and -27.58 mV in
CCM, whereas BaSOs NPs showed values of -3.14 mV in water and
—25.97 mV in CCM.

To further assess the colloidal stability of the NPs in CCM, DLS
measurements were performed. Both materials formed heterogeneous
dispersions with aggregates present (Supplementary Figure 2).

3.2. Antioxidative capacity

The antioxidative capacity of the NPs themselves in both Milli-Q®
water and CCM was determined using a cell-free DPPH radical scav-
enging assay, which reflects surface redox reactivity. CCM itself showed
intrinsic antioxidant background activity (~15%), which was accounted
for in the interpretation. CeO2 showed concentration-dependent scav-
enging activity in Milli-Q® water, reaching a plateau at higher con-
centrations. After subtracting the CCM background, CeO. showed
meaningful scavenging activity only above approximately 8 mg/mL
(~267 ng/cm? under the exposure conditions used here) in CCM. BaSOa
showed no scavenging activity beyond CCM background levels despite
increasing concentration (Supplementary Figure 3).

3.3. Uptake of nanoparticles by cells

To confirm intracellular particle uptake, TEM imaging was per-
formed at the highest dose for both materials on days 1 and 7. For CeOs,
NPs were taken up predominantly by MDMs (cells on top of the mono-
layer), where they accumulated in large membrane-bound vesicles, and
this pattern was observed at both day 1 and day 7 (Fig. 2). Calu-3 cells
also internalized CeO:= NPs, but at substantially lower levels, with NPs
confined to small discrete vesicles (Supplementary Figure 4).

For BaSOs, intracellular NPs were detected in Calu-3 cells at day 7,
but at markedly lower levels than CeO2, with only a few NPs visible
across multiple regions of interest (Supplementary Figure 5).
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Fig. 1. Physicochemical characterization of CeO2 and BaSOs nanoparticles. (A-B) TEM images of CeO2 and BaSOs NPs showing their distinct morphologies. (C) Zeta

potential measured in water and cell culture medium (CCM).

3.4. Cytotoxicity and membrane integrity

To confirm whether nanoparticle exposure affects epithelial barrier
integrity, TEER was measured after 1, 3, and 7 days of exposure to a
range of concentrations (9, 54, 108, 219, 324 ug/cm? for CeOz and 6, 18,
54,162, 324 ug/cm? for BaSO4). TEER remained largely stable across all
concentrations and time points, with average values of 343.47 + 15.15
Q-cm? for CeO2 and 354.27 + 16.01 Q-cm? for BaSOa (Fig. 3A,B; two-
way ANOVA with Tukey's multiple comparisons test). Minor but statis-
tically significant decreases over time were observed at 108 pg/cm?
CeO2 between day 3 and day 7 (p = 0.0075), though absolute TEER
values remained well within the range expected for an intact epithelial
barrier in this model. This was further supported by unchanged OCLN-1
expression across all conditions (Supplementary Figure 6). Moreover,
TEM imaging confirmed the ultrastructure of the junctional complex,
including tight junctions, adherens junctions, and desmosomes, at the
highest doses of both NPs on Day 1 and Day 7 (Fig. 4).

To test the adverse effects of NPs on co-cultures, LDH was measured
after 1, 3, and 7 days of exposure. CeO: exposure induced a slight, dose-
dependent elevation in LDH release with the increase of concentration,
which was not statistically significant (two-way ANOVA with Tukey's
multiple comparisons test, p > 0.05). A slight increase over time was
observed at 216 pg/cm? between day 1 and day 7 (p = 0.0433), though
absolute LDH values remained low across all conditions (Fig. 3C). In
contrast, BaSO4 did not induce LDH release, indicating no detectable
cytotoxicity at any tested concentration (Fig. 3D).

3.5. Inflammatory cytokine secretion

Cytokine secretion was measured in both apical and basolateral
compartments for interleukin-8 (IL-8), interleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-a) at low (CeO2: 9 pug/cm? BaSOa: 6 pg/cm?),
middle (CeO2: 108 pg/cm? BaSOa: 54 pug/cm?), and high (CeO2,BaSOa:
324 pg/cm?) doses over 1, 3, and 7 days.

Overall, IL-8 concentrations were consistently higher in the apical
compartment (up to ~10,000 pg/mL) compared to the basal compart-
ment (up to ~4000 pg/mL) (Fig. 5A,B). However, there was a significant
increase in IL-8 secretion on the basolateral side (Fig. 5B) at all doses
upon CeO; exposure, with the most pronounced effect observed at the
middle dose (p = 0.002 on day 1, p = 0.006 on day 3, and p = 0.002 on
day 7). In contrast, BaSOa did not induce significant IL-8 release to either
side (Fig. 5E,F), although a trend toward decreasing basal IL-8 with
increasing concentration was observed.

IL-6 levels remained near baseline on both sides for both materials,
although slightly higher values were observed on the apical side
(Fig. 5C,D,G,H).

TNF-a was below the detection limit at all doses and time points
(Supplementary Figure 7).

3.6. Transcriptional responses of Calu-3/MDM:s co-cultures

To gain mechanistic insight beyond secreted cytokines, we examined
transcriptional changes across a targeted panel of 13 genes spanning
oxidative stress, DNA damage/repair, inflammation, and growth/
signaling.

CeO: induced a transient upregulation of oxidative stress defense
genes (TXNRD1, GSR), stress response/proteostasis markers (HSPA1A,
HSP90), inflammatory/NF-xB regulator (RELA), and DNA damage/
repair genes (ATM, GADD45A) at day 3, particularly at the middle dose
(108 ug/cm?). Mean fold-changes were highest for HSPAIA (2.4) and
RELA (2.1), with more modest increases in TXNRD1 (1.9) and ATM
(1.8); none reached statistical significance at any dose or timepoint after
correction for multiple comparisons. By day 7, most genes across all
pathways were downregulated to below baseline levels (Fig. 6A).

In contrast, BaSOa elicited minimal transcriptional changes. Non-
significant upregulation of HSPA1A, HSP90, and RELA was detected at
day 3, at the middle dose (54 pg/cm?), as well as slight upregulation of
HSPA1A at day 7 for the lowest dose (6 pug/cm?) (Fig. 6B).

Additionally, qPCR analysis was performed to further investigate NF-
kB signaling and activation of the p53 pathway, including genes related
to oxidative stress (SOD2, HMOX1) and inflammation (TGF-f, TNF-a, IL-
1p, IL-6, IL-8). None of these genes showed significant up- or down-
regulation over 7 days (Supplementary Figure 8 A,B).

4. Discussion

Inhalation of nanoparticles (NPs) such as cerium oxide (CeO2z) and
barium sulfate (BaSO4) is a growing occupational concern, yet mecha-
nistic hazard data from human-relevant test systems remain limited. In
this study, we employed a Calu-3/MDMs co-culture to assess whether
material-specific biological responses can be captured in vitro across a
dose range anchored to in vivo exposures.

4.1. Cell model selection

The Calu-3/MDMs co-culture was selected because it combines a
human-relevant, polarized epithelial barrier with immune cells,
capturing both epithelial- and macrophage-driven mechanisms of
particle-induced injury in one system rather than relying on a single cell
type, and because its transferability and reproducibility have already
been established across independent laboratories [28,29]. This choice
was further informed by our previous work using DQ12 crystalline silica
as a reference particle in the same model, where a standard 24-hour
exposure produced no measurable inflammatory response, but extend-
ing post-exposure assessment to 3 and 7 days, aligned with the in vivo
sampling timeline, revealed a delayed yet reproducible cytokine
response that correlated with in vivo inflammatory endpoints [30]. We
therefore applied the same time-resolved exposure design (days 1, 3, and
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CeO: High Dose - Day 1
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CeO: High Dose - Day 7

Fig. 2. Intracellular uptake of CeO2 nanoparticles by MDMs at high dose. Representative TEM micrographs showing CeO: particle uptake at day 1 (left) and day 7
(right) at the highest dose (324 pg/cm?). Overview images (top) show particle-laden cells with regions of interest (ROI) indicated by arrows. Magnified ROI panels

show NPs accumulated in large membrane-bound vesicles. Scale bars as indicated.

7) to CeO:2 and BaSOs in the present study, an approach that again
proved essential: the strongest CeOz-induced cytokine and transcrip-
tional responses emerged only at day 3 and had largely resolved by day
7, a pattern that a conventional acute 24-hour protocol would have
missed entirely.

4.2. Dose selection and human relevance

Dose selection for CeOz and BaSO. was guided by the PATROLS
Guidance Document for realistic ENMs lung dosing considerations [13],
which derives in vitro doses from in vivo lung burdens using
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Fig. 3. Assessment of epithelial barrier integrity and cytotoxicity following nanoparticle exposure. (A,B) TEER measurements of co-cultures exposed to increasing
concentrations of CeO- and BaSO. nanoparticles over 7 days. Data are presented as mean + standard deviation (Q-cm?), n = 3 biological replicates. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparisons test. (C,D) LDH release following CeOz and BaSO4 exposure. Data are presented as
mean + standard deviation (n = 3 biological replicates), normalized to 2% Triton X-100 as 100% and untreated control as 0% LDH release. Statistical analysis was
performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01).

material-specific Brunauer-Emmett-Teller (BET) surface areas (27 mz/g
and 33 m?%/g, respectively) and published exposure data. According to
this framework, the human-relevant in vitro equivalent doses range from
0 to 6 pg/cm? for BaSO4 and from 0 to 9 pg/cm? for CeO:. For context,
when the measured lung burdens from a 90-day rat inhalation study
[41] are normalized to the proximal alveolar surface area (300 cm?), the
resulting alveolar surface doses at the end of exposure reach approxi-
mately 1.6 pg/cm? for CeO: at 3.0 mg/m? and 2.0 pg/cm? for BaSOa at
50 mg/m?®, the highest concentrations tested in that study, at which
inflammatory responses and impaired clearance were observed. The
lowest doses in our study (9 ug/cm? for CeOz; 6 ug/cm? for BaSOa) thus
represent the upper bound of this human-relevant range. Doses
30-50 times higher were included as exploratory doses to capture po-
tential threshold or non-linear responses and to simulate upper-bound
scenarios such as accidental releases or inadequate respiratory
protection.

This positioning is consistent with published in vitro work: ALI-
exposed co-cultures with CeO2. NM-212 at doses up to 5 pg/cm? [16],
and submerged models at up to 9.5 ug/cm? [17], reported no significant
cytotoxicity or inflammatory cytokine release, and a subchronic ALI
study required doses up to 100 pg/cm? to detect IL-1p release [18]. For
BaS0., doses up to 26.6 ug/cm? in ALI-exposed A549 cells produced no
significant cytotoxicity [42], while Konduru et al. (2014) demonstrated
rapid clearance and low biopersistence in vivo, with a pulmonary
half-life of approximately 9.6 days [43]. Taken together, these findings
confirm that doses at the lower end of our range are unlikely to elicit
strong responses in cell line-based systems, further justifying the inclu-
sion of higher exploratory doses to enable robust concen-
tration-response characterization and to simulate upper-bound
scenarios such as accidental releases or inadequate respiratory
protection.

Having established dose ranges spanning a wide concentration
range, we next consider how the physicochemical properties of NPs in
biological media may influence their interactions with the cellular
model.

4.3. Particle physicochemical properties in biological media and
antioxidative capacity

Despite their distinct primary morphologies and physicochemical
properties, both materials exhibited broadly similar colloidal behavior
in complete cell culture medium (CCM). The hydrodynamic diameters
measured by DLS were substantially larger than the primary particle
sizes, reflecting the formation of heteroaggregates, which is a well-
documented phenomenon in high-ionic-strength, protein-rich media
[44]. The formation of a protein corona on both materials was confirmed
by the shift of their zeta potential toward strongly negative values in
CCM. This charge reversal, particularly striking for CeO:, reflects
extensive adsorption of negatively charged serum proteins, predomi-
nantly albumin, onto the particle surface [45,46], which masks the
original differences in surface chemistry and gives both materials a
similar biological surface profile. This protein corona modulates how
each particle interacts with cells and with reactive species in the
extracellular environment [44,47]. However, following cellular uptake
and trafficking to acidic lysosomal compartments, the protein corona is
progressively degraded [45,48,49], re-exposing the native particle sur-
face and allowing intrinsic material properties, such as the redox activity
of CeO2, to drive intracellular biological responses, which are discussed
in the following sections.

To assess whether the particles' intrinsic surface reactivity was
retained under biological conditions, we performed cell-free DPPH
radical scavenging assays in both Milli-Q® water and CCM. CeO:2 dis-
played concentration-dependent radical scavenging activity consistent
with its well-characterized Ce® */Ce** redox cycling [50,51]. In Milli-Q®
water, activity increased gradually and plateaued at moderate concen-
trations. In CCM, meaningful scavenging activity emerged only above
approximately 8 mg/mlL, corresponding to ~267 ug/cm?® under the
exposure conditions used in this study, which is close to the highest
tested dose. This suggests that protein corona-mediated masking of
redox-active surface sites may limit extracellular reactivity across most
of the biologically relevant dose range, while intracellular reactivity
following lysosomal protein corona degradation remains the more likely
driver of the observed cellular responses. Importantly, most of the doses
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Untreated - Day 1 Untreated - Day 7

Fig. 4. TEM images of junctional complex in co-cultures exposed to high-dose CeO: or BaSOa. Representative transmission electron micrographs showing the
junctional complex (arrows), comprising tight junctions, adherens junctions, and desmosomes, in untreated co-cultures and co-cultures exposed to the highest dose of
CeO:2 (324 pg/cm?) or BaSOa (324 pg/cm?) at Day 1 and Day 7. Scale bars: 0.5 um (Day 1); 1 um (Day 7).

that produced gene and cytokine responses were below this corona is degraded in lysosomes) rather than radical chemistry in the
~267 ug/cm? threshold. The biological effects, therefore, occurred at surrounding medium.

doses that didn’t show measurable surface reactivity outside the cell Notably, while DPPH measurements are widely used to characterize
(DPPH assay), pointing to reactivity inside the cell (after the protein nanoparticle radical scavenging capacity, most published studies report
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Fig. 5. Inflammatory cytokine secretion in Calu-3/MDMs co-cultures exposed to CeO2 and BaSO4 nanoparticles. (A,B) IL-8 and (C,D) IL-6 release from the apical (A,
C) and basal (B,D) sides following CeO: exposure at different doses and time points. (E,F) IL-8 and (G,H) IL-6 release from the apical (E,G) and basal (F,H) sides
following BaSO. exposure at different doses and time points. Data are presented as mean =+ standard deviation (n = 3 biological replicates). The statistical test
performed was a two-way ANOVA with Dunnett’s multiple comparisons test, comparing the treated groups to the untreated control of each day. LPS (175 pg/mL) was

used as a positive control.
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Fig. 6. Transcriptional responses of Calu-3/MDMs co-cultures exposed to CeO2 (A) and BaSO4 (B) NPs. Heatmaps showing log: fold-change gene expression profiles
in Calu-3/MDMs co-cultures following exposure to low (CeO2: 9 pg/cm? BaSOa: 6 pg/cm?), middle (CeO2: 108 pg/cm? BaSOa: 54 pg/cm?), and high (CeO2,BaSOa:
324 ug/cm?) doses of NPs over 1, 3, and 7 days. Values are normalized to untreated controls using three housekeeping genes (GAPDH, RPLPO, YWHAZ) and presented
as mean (n = 3 biological replicates). Genes include DNA damage/repair markers (DNA. Dam.), oxidative stress markers (Ox. Str.), inflammatory (Inf.), and growth/
signaling (Gr./Sig.). Color scales represent logz fold change (green/orange = upregulation, blue/purple = downregulation). Comparisons versus the untreated control
were performed per gene and timepoint (one-way ANOVA with Dunnett-type comparison, or Kruskal-Wallis with Dunn's test, depending on normality). Values are

mean log: fold-change versus untreated control (n = 3).

activity in water or organic solvents; measurements in protein-
containing cell culture media remain uncommon. Our data demon-
strates that surface reactivity assessed under abiotic conditions does not
directly predict behavior in biological environments, underscoring the
importance of characterizing particle properties under conditions that
reflect the actual exposure scenario. The concentration-dependent
antioxidant activity of CeOz observed here is consistent with results
from aqueous-soluble assays such as ABTS (2,2’-azino-bis(3-ethyl-
benzthiazoline)-6-sulphonic acid) assay, which have similarly docu-
mented CeO: radical scavenging in a concentration-dependent manner
[52,53].

4.4. Uptake of nanoparticles by cells

TEM was selected to directly confirm particle uptake and sub-cellular
localization. The imaging confirmed intracellular particle uptake in both
cell types. CeO2 was predominantly internalized by MDMs, with particle-
laden vesicles persisting at both day 1 and day 7, indicating sustained
intracellular retention. Notably, particle morphology appeared un-
changed between day 1 and day 7, suggesting limited intracellular
dissolution and consistent with the known biopersistence of CeO2 [54].
Calu-3 cells showed markedly lower uptake, consistent with their
limited phagocytic capacity. For BaSOas, only a few intracellular NPs
were detected in Calu-3 cells at day 7, which could be explained by the
faster intracellular dissolution of BaSOas relative to CeOz [11]. MDMs
were not captured in the BaSOa sections, likely due to sampling limita-
tions rather than the absence of uptake.

4.5. Epithelial barrier integrity and cytotoxicity

As afirst step in evaluating the biological effects of particle exposure,
we assessed standard toxicological endpoints including epithelial barrier
integrity (TEER) and cytotoxicity (LDH release). Both NPs preserved
epithelial barrier integrity across all tested concentrations and time
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points, as evidenced by converging functional (TEER), molecular
(OCLN-1 expression), and ultrastructural evidence, with TEM qualita-
tively confirming the presence of the junctional complex even at the
highest doses. Minor but statistically significant decreases in TEER over
time were observed at one condition, 108 pug/cm? CeO: between day 3
and day 7, however absolute values remained well within the functional
range established for this model, and no consistent dose-dependent
pattern was observed. This is noteworthy given the wide concentra-
tion range tested and the 7-day exposure duration, suggesting that
neither particle disrupts the physical barrier even under prolonged
exposure. The slight, dose-dependent elevation in LDH release observed
with CeO2, consistent across time points but non-significant, suggests
weak membrane perturbation rather than cytotoxicity, a pattern also
reported for CeOz NM-212 in A549/THP-1 co-cultures at comparable
doses [16], with only a minor increase over time observed at 216 pg/cm?
between day 1 and day 7. BaSO4 showed no effect on LDH release at any
concentration, consistent with its established low reactivity profile in
both in vitro [42] and in vivo [41] studies.

4.6. Inflammatory responses

To investigate the inflammatory response of the co-culture, we
measured IL-8, IL-6, and TNF-a secretion by ELISA in both the apical and
basolateral compartments over 7 days of exposure.

Among the cytokines measured, IL-8 showed the clearest and most
consistent response to nanoparticle exposure. In polarized airway
epithelia, IL-8 is predominantly secreted apically under resting condi-
tions, but basolateral secretion increases during inflammatory activa-
tion, facilitating the recruitment of neutrophils from the subepithelial
vasculature [55-57]. The significant and sustained increase in baso-
lateral IL-8 secretion observed after CeO: exposure at all doses and time
points aligns with this established mechanism and highlights IL-8 as a
key early event in particle-induced epithelial activation. In contrast,
BaSO0. did not induce IL-8 release to either compartment, supporting its
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minimal inflammatory potential.

IL-6 secretion remained near baseline for both materials. In our
model, IL-6 concentrations were slightly higher in the apical compart-
ment, consistent with the preferentially apical IL-6 secretion pattern
reported for Calu-3 airway epithelia [55,58]. The absence of a dose- or
time-dependent increase in IL-6 after CeO2 exposure may indicate that
IL-6-associated inflammatory pathways were not fully engaged at the
tested doses, or that IL-6 plays a less prominent role than IL-8 in the early
epithelial response to these NPs.

TNF-a was below the detection limit in all conditions. TNF-a is
predominantly produced by macrophages, and the relatively low num-
ber of MDMs in the co-culture likely limited total secretion below the
assay threshold. Additionally, TNF-oa mRNA transcription in activated
macrophages peaks at approximately 3 h post-stimulation, with protein
release following shortly thereafter [57], whereas our earliest sampling
occurred at 24 h, by which time TNF-o may already have been cleared or
degraded. The absence of detectable TNF-a, therefore, does not
contradict the observed IL-8 response; rather, it reflects the model
composition and sampling kinetics.

4.7. Transcriptional responses: coordinated activation of oxidative stress,
inflammatory, and DNA damage pathways

The transcriptional response to CeO: suggests simultaneous, tran-
sient activation of oxidative stress defense, inflammatory, proteotoxic
stress, and DNA damage pathways, with the strongest effects observed at
the middle dose at day 3, though these transcriptional changes did not
reach statistical significance and are interpreted as trends. Upregulation
of TXNRDI1, a direct Nrf2 target gene [59] that maintains redox ho-
meostasis by reducing oxidized thioredoxin, is consistent with moderate
intracellular reactive oxygen species (ROS) generation, possibly
following lysosomal degradation of the protein corona and re-exposure
of the redox-active CeO: surface. However, the absence of NQO1 and
HMOX1 upregulation, two other canonical Nrf2 targets, together with
unchanged SOD2, suggests selective rather than full-spectrum Nrf2
activation, possibly reflecting the moderate nature of the oxidative
challenge in this model. HMOX1 induction has been reported in
BEAS-2B cells exposed to CeO: under submerged conditions [60], sug-
gesting that the extent of Nrf2 engagement may depend on cell type and
exposure conditions.

The concurrent upregulation of RELA and ATM indicates parallel
activation of NF-kB-mediated inflammatory signaling and p53-
associated DNA damage responses. RELA upregulation is mechanisti-
cally consistent with the sustained IL-8 secretion observed at the protein
level, as NF-kB is a central transcriptional regulator of IL-8 expression
[61]. ATM activation, together with GADD45A induction, reflects
engagement of the DNA damage checkpoint machinery, consistent with
oxidative stress-driven DNA lesions indicated by TXNRD1 upregulation.
The induction of HSPA1A (HSP70) further supports a proteotoxic stress
response, likely reflecting the cellular burden of managing internalized
NPs and the misfolded proteins.

While the broad downregulation of gene expression observed on day
7 could reflect adaptive resolution of the stress response, an alternative
explanation is a reduction in the transcriptionally active MDM popula-
tion under prolonged particle loading. TEM imaging confirmed that
MDMs accumulate heavy particle loads as early as day 1, with particle
morphology remaining unchanged at day 7, suggesting sustained
intracellular burden throughout the exposure period (Fig. 2,
Supplementary figure 4). Although MDMs generally maintain viability
for up to 7-14 days under standard culture conditions [28], we did not
perform cell-type-specific viability assessment at day 7, and therefore
cannot distinguish between transcriptional resolution and reduced
MDM contribution to the total RNA pool. This represents a limitation of
the current dataset and, more broadly, of long-term co-culture particle
exposure models.

Given CeOz2's dual redox behavior, it was particularly important for
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us to characterize its intrinsic reactivity before considering its effects in
cells, since the literature reports markedly divergent biological out-
comes, underscoring the need for careful, context-specific interpreta-
tion. Prior work from our group showed that CeO:z nanoparticles alone
modestly suppressed pro-apoptotic gene expression in a human airway
model, but when combined with diesel exhaust, amplified the diesel-
induced oxidative-stress response, indicating that the same material
can shift from a mildly protective to a pro-oxidant role depending on the
presence of a co-exposure [62]. A pro-oxidant, cytotoxic profile for CeO2
alone has also been reported in other human lung epithelial models,
including BEAS-2B bronchial epithelial cells [63] and A549 alveolar
epithelial cells [64], broadly consistent with the pro-inflammatory,
pro-oxidant response we observed here. In contrast, CeO: has been re-
ported as protective when applied as a pre-treatment before a separate
oxidative challenge, reducing KBrOs-induced ROS, DNA damage, and
cytotoxicity in BEAS-2B cells [65], and as an antioxidant in an intestinal
epithelial model, where CeO: alone reduced oxidized DNA base levels in
differentiated Caco-2 monolayers without affecting barrier integrity
[66]. These findings suggest that multiple factors: cell/tissue type, dose,
and the presence or absence of a co-occurring oxidative stimulus,
contribute to the effect of CeOz, rather than a fixed pro- or antioxidant
character of the material itself, a distinction that is directly relevant to
interpreting the sustained, pro-inflammatory response we observed with
CeO: alone in the present lung model.

In contrast, BaSOs elicited minimal transcriptional changes. A non-
significant upward trend in HSPA1A, HSP90, and RELA at day 3 (mid-
dle dose) may reflect a transient, low-level stress response that did not
develop into a coordinated pathway response. One possible explanation
is partial intracellular dissolution of BaSOs under non-equilibrium
lysosomal conditions, releasing barium ions that could contribute to
low-level stress signaling [11,67,68]. However, we did not measure
BaSO. dissolution or barium ion release in this study, so this mechanism
is inferred from published data on the same material rather than being
directly demonstrated and thus remains speculative. Overall, this is
consistent with the generally low reactivity profile of BaSO4 observed
across all other endpoints.

Gene expression was prioritized as the primary readout, in line with
the majority of in vivo AOP173 benchmarking literature (Table 1) and
the broader ALI nanotoxicology field, where transcriptional analysis is
favored for its sensitivity, multiplexing capability, and cost-effectiveness
[69]. Functional confirmation of these signatures, for example via
biochemical assays of oxidative damage or the comet assay for geno-
toxicity, was beyond the scope of the present study and represents an
important direction for future work.

4.8. Alignment of in vitro findings with AOP173 key events: CeO-

The adverse outcome pathway for inflammation-induced pulmonary
fibrosis (AOP173) describes a sequence of causally linked key events,
from substance interaction with lung resident cell membranes, through
inflammation, oxidative stress, and loss of alveolar-capillary integrity, to
fibroblast activation and extracellular matrix (ECM) accumulation [27,
70]. We use AOP173 here as an interpretive and comparative framework
rather than as an object of validation or development; our aim is to
assess the translational relevance of our in vitro model by benchmarking
its molecular and functional responses against key events already
established in the in vivo literature. To evaluate the translational rele-
vance of our in vitro model, we mapped the markers measured in this
study onto the established early key events of AOP173, i.e., oxidative
stress, inflammation, and barrier integrity, and compared them with in
vivo findings from rodent inhalation studies using the same CeO:
NM-212 material (Table 1).

For the early key events, inflammation, recruitment of inflammatory
cells, and oxidative stress, our in vitro markers show clear alignment
with in vivo data, especially for the third day timepoint and middle dose.
The sustained basolateral IL-8 secretion and RELA upregulation
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Table 1
Comparison of key event markers in in vitro and in vivo after CeO, exposure.

Journal of Hazardous Materials 517 (2026) 143515

Key Event / Process In vivo Markers Reported In vitro Markers Observed (this study) Alignment  Representative References
for in vivo studies
Inflammation 1 TNF-a, IL-1p, IL-6, CXCL1/2, 1 IL-8, 1 RELA; Partial [3,41,71,73-75]
CCL2; IL-6, TNF-a - unchanged
tneutrophil & macrophage influx;
1 BALF total protein
Recruitment of 1 Neutrophils, macrophages, 1 1IL-8 Partial [41,74]
inflammatory cells lymphocytes in BALF;
flow cytometry of surface markers
Loss of alveolar-capillary 1 BALF protein/albumin; TEER largely unchanged; minor isolated decreases at single Partial [41,71]
integrity histopathology of alveolar damage conditions without a dose-response pattern; OCLN-1-
unchanged.
Slight 1 LDH
Oxidative Stress 1 ROS, malondialdehyde (MDA); 1 HSPA1A (HSP70), 1 TXNRD1; Partial [3,72,75-77]
| SOD, CAT, GSH; HMOX1, NQO1 - unchanged
1 HMOX1, NQO1
Apoptosis / Cell stress 1 BAX, | BCL-2, 1 HSP70, DNA 1 ATM, 1t HSPA1A (HSP70); BAX - unchanged Partial [75,76]
damage (COMET assay)
Th2 cell activation / pro- 1 IL-4, 1 IL-13, 1t TGF-p1 TGF-p1- unchanged None [41,71]

fibrotic signaling

observed in our model correspond to neutrophil influx, elevated bron-
choalveolar lavage fluid (BALF) cytokines (TNF-a, IL-1p, IL-6, CXCL1/
2), and macrophage recruitment, as consistently reported in rat inha-
lation studies at doses as low as 0.3 mg/m? over 90 days [41,71]. While
the specific cytokine profiles differ, reflecting species-dependent che-
mokine homology (IL-8 is the human functional equivalent of rat
CXCL1/CINC-1), the underlying biological process of epithelial-driven
neutrophil chemotaxis is conserved. Similarly, the upregulation of
TXNRD1 and HSPAIA in our model aligns with elevated ROS, depleted
antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT),
glutathione (GSH), and increased heme oxygenase 1 (HMOX1) reported
in vivo [48,49], confirming oxidative stress as a shared key event across
both systems.

Epithelial barrier integrity remained unchanged in our model, with
only minor isolated TEER decreases at single conditions and no consis-
tent dose-dependent pattern, contrasting with the histopathological
alveolar damage observed in vivo at higher doses [41,71]. However, the
slight upward trend in LDH levels and the induction of ATM and
GADD45A indicate that the model detects early upstream signatures of
cellular stress and DNA damage preceding barrier loss in AOP173 pro-
gression. The ATM and HSPA1A responses correspond to the increased
BAX, decreased BCL-2, and elevated HSP70 reported in vivo [72], sup-
porting mechanistic consistency for the apoptosis/cell stress key event.
These findings suggest that TEER is an insensitive endpoint for early
hazard detection in this model, and that molecular markers of DNA
damage and cellular stress, such as ATM and GADD45A, offer greater
sensitivity for capturing AOP-relevant events before barrier disruption.

Table 2
Comparison of key event markers in in vitro and in vivo after BaSO4 exposure.

For the later key events in AOP173, fibroblast proliferation and ECM
accumulation, these endpoints were not assessed, as the Calu-3/MDMs
co-culture lacks fibroblasts and does not support the chronic exposure
durations required for tissue remodeling.

4.9. AOP alignment: BaSOa as a low-toxicity benchmark

To further validate the model's specificity, we applied the same
AOP173 framework to BaSOs (Table 2). Across all key events, BaSOa
showed minimal or no response, as previously discussed.

Our results closely mirror observations in the in vivo literature. In the
90-day rat inhalation study by Schwotzer et al. [3], BaSO4 at 50 mg/m?,
a concentration far exceeding any CeO: dose tested, produced minimal
inflammation, no persistent effects, and extremely rapid barium clear-
ance with no signs of overload [12]. Other studies confirmed the absence
of systemic genotoxicity after 3- and 6-month BaSO. inhalation at the
same concentration [78], and demonstrated rapid pulmonary clearance,
with a half-life of approximately 9.6 days, and predominant trans-
location of dissolved barium into bone [43]. Importantly, one study on
human volunteers showed that acute inhalation of BaSO4 NPs produced
no measurable inflammatory effects, stable lung function, and no evi-
dence of oxidative stress, providing rare human data that supports the
low-toxicity classification [79].

The concordance between our in vitro findings and these in vivo and
human data confirms that the Calu-3/MDM:s co-culture model correctly
identifies BaSOa as a low-hazard material. Together with the CeO: re-
sults, this demonstrates the model's ability to discriminate between NPs

Key Event / Process Invivo Markers Reported (rat  In vitro Markers Observed (Calu-3/MDMs, this study) Alignment  Representative References
studies) for in vivo studies
Inflammation Cytokines unchanged; no BALF IL-8, IL-6 - unchanged Full [41,78,79]
increase
Recruitment of inflammatory =~ — (not reported beyond 1L-8 - unchanged Full [41,78]
cells cytokines/BALF inflammation)
Loss of alveolar—capillary — (no BALF protein or injury TEER largely unchanged; minor isolated decreases at single Full [79,801]
integrity reported) conditions without a dose-response pattern; OCLN-1-
unchanged
LDH - unchanged
Oxidative Stress No ROS/MDA increase; normal Slight 1 HSPA1A & HSP90 Partial [43,80]
SOD/CAT/GSH
Apoptosis / Cell Stress No BAX/BCL-2 change Slight 1 RELA Partial [43,78]
ATM - unchanged
Th2 cell activation / Pro- — (no IL-4, IL-13, or TGF-f1 TGF-p1 - unchanged Full [41,80]

fibrotic signaling changes)
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with fundamentally different hazard profiles based on mechanistic
endpoints aligned with AOP173.

5. Conclusion

This study demonstrates that a Calu-3/MDMs co-culture model,
exposed under pseudo-ALI conditions across a wide dose range anchored
to in vivo exposures, can mechanistically distinguish NPs with funda-
mentally different hazard profiles and capture early key events within
AOP173 for inflammation-induced pulmonary fibrosis. CeO2 produced a
coordinated, transient NF-kB-mediated inflammatory response, most
robustly reflected in significant, sustained basolateral IL-8 secretion,
accompanied by directional, non-significant transcriptional trends in
oxidative stress defense (TXNRD1), stress response (HSPA1A), and DNA
damage signaling (ATM, GADD45A), peaking at day 3 at the middle
dose. Notably, secreted inflammatory signaling was more sensitive than
functional barrier measurements: basolateral IL-8 release distinguished
CeO: from BaSO. at doses that produced no measurable change in
epithelial barrier integrity (TEER). In contrast, BaSO4 exhibited minimal
activity across all endpoints, consistent with its classification as a low-
hazard material and with both in vivo rodent data and human volun-
teer studies. The model proved well-suited for detecting early AOP-
relevant responses, while later-stage fibrotic processes fall outside its
biological scope and require complementary fibroblast-inclusive sys-
tems. These findings support the use of human cell-based models inte-
grated into AOP frameworks as a tool for mechanistic hazard screening
of environmentally and occupationally relevant nanomaterials, with the
potential to inform regulatory decision-making while reducing reliance
on animal testing. The multi-endpoint approach demonstrated here is
transferable to other airborne NPs for which mechanistic hazard data
from human-relevant systems are lacking, particularly those released
into the environment through industrial processes or combustion.
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