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A B S T R A C T

The growing production of plastics has led to widespread environmental contamination by micro- and nano
plastics (MNPLs), raising increasing concern about their potential impact on human respiratory health. Among 
them, nanoplastics (NPs) can penetrate deeply into the lungs. However, their impact on human bronchial 
epithelial cells remains poorly characterized. Here, we assessed the effects of 40 nm polystyrene (PS)-NPs on 
human bronchial Calu-3 cells cultured at the air-liquid interface (ALI) during early epithelial establishment, a 
three-dimensional model representing a functionally immature or compromised airway epithelial barrier. 
Chronic exposure (120 h) to PS-NPs (12 and 120 µg/cm²) interfered with barrier establishment in a concen
tration- and time-dependent manner, as demonstrated by reduced transepithelial electrical resistance (TEER) and 
decreased expression of the junctional proteins E-cadherin and Zonula Occludens-1 (ZO-1). PS-NPs also pro
moted the release of multiple inflammatory mediators, with osteopontin (OPN), a recognized biomarker of air 
pollution exposure, together with IL-2 and IL-10, showing the most consistent increases across both epithelial 
compartments. Other cytokines displayed concentration- and compartment-dependent secretion patterns. This 
polarized secretion pattern suggests selective activation of epithelial signaling pathways and paracrine 
communication toward the submucosal milieu. Furthermore, PS-NPs were internalized by Calu-3 cells and 
packaged into extracellular vesicles (EVs), a process that may limit acute cellular damage while potentially 
enabling propagation of NP-induced signals. Overall, these findings indicate that PS-NP exposure perturbs 
epithelial barrier function and polarized intercellular communication under conditions mimicking a compro
mised airway epithelium, suggesting a mechanistic role for NPs as aggravating factors of pre-existing epithelial 
dysfunction.

1. Introduction

The increasing global plastic production, currently exceeding 400 

million tons per year (Plastics – the fast Facts, 2024, https://plasticse 
urope.org/knowledge-hub/plastics-the-fast-facts− 2024), is associated 
with a growing accumulation of environmental plastic waste. Plastics, 
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engineered to be resilient, do not readily degrade. When entering the 
environment, they undergo progressive physical and chemical frag
mentation, leading to the formation of microplastics (MPs) (<5 mm) and 
nanoplastics (NPs) (<1 μm), collectively referred to as 
micro-nanoplastics (MNPLs) (Gigault et al., 2018), which are found in 
the air and water.

In the atmosphere, primary MNPL sources include tire abrasion, 
agricultural activities, textiles, and paints (Sharaf Din et al., 2024). 
Accurate quantification and lifetime accumulation remain challenging 
due to detection limits and sampling complexities, mainly for NPs in the 
air (Xie et al., 2022). The small size of NPs enables them to penetrate 
deeply into the lower airways and translocate across the bronchial and 
alveolar epithelial barriers (Geiser and Kreyling, 2010). Therefore, the 
presence of MNPLs in all regions of the respiratory system (Jenner et al., 
2022) and in the bloodstream (Leslie et al., 2022) has strongly fuelled 
concerns about their potential risks to human health. An association 
between high exposure to NPs and the onset/exacerbation of respiratory 
diseases, such as asthma, chronic obstructive pulmonary disease 
(COPD), pulmonary fibrosis, and tumors, has been described (Gou et al., 
2024).

Over the last decade, there has been an exponential growth in 
research on the complex and multifaceted nature of NP toxicity, high
lighting that several factors, including size, surface charge, and polymer 
type, significantly contribute to the harmful effects of these particles, 
especially on the respiratory system (Viana et al., 2025). In this regard, 
in vitro studies have reported NP-induced cytotoxicity in bronchial and 
alveolar epithelial models, with additional findings linking these expo
sures to oxidative stress and pro-inflammatory responses (Shahzadi 
et al., 2023; Wu et al., 2024; Milillo et al., 2024; Vattanasit et al., 2023). 
In vivo administration of NPs, either via inhalation or intratracheal 
instillation, elicited a pronounced pulmonary immune response char
acterized by increased levels of pro-inflammatory cytokines and marked 
infiltration of immune effector cells in the lung tissues of rodent models 
(Vattanasit et al., 2023). Polystyrene (PS) is one of the “Big Five” 
polymers, alongside polyethylene (PE), polypropylene (PP), polyvinyl 
chloride (PVC), and polyethylene terephthalate (PET), which collec
tively dominate global plastic production and consumption (Singh et al., 
2025). PS particles have been detected in human lung tissue 
(Amato-Lourenço et al., 2021) and have been implicated in the activa
tion of inflammatory signalling pathways and the induction of cellular 
stress in response to MNPL exposure (Jiang et al., 2024; Siddiqui et al., 
2023; Milillo et al., 2024; Bruno et al., 2024). Nevertheless, research 
investigating the impact of PS plastics (especially NPs) on airway and 
alveolar epithelial cells remains limited. Progress in NP toxicology 
research is hindered by the scarcity of in vitro models that accurately 
recapitulate the structural and physiological complexity of the human 
airway epithelium. Existing studies primarily rely on submerged 
monocultures of bronchial and alveolar epithelial cell lines, which are 
an accessible and cost-effective approach, albeit with several method
ological constraints (Kouthouridis et al., 2021; Place et al., 2017). 
Altogether, these limitations underscore the need for more physiologi
cally relevant in vitro models. Among them, Air-Liquid Interface (ALI) 
cultures are well-recognized three-dimensional (3D) cell models that 
more closely resemble in vivo airway exposure by realizing a direct 
contact between airborne particles and the apical cell surface (Lacroix 
et al., 2018; López-Rodríguez et al., 2018; López-Rodríguez et al., 
2021a). On the other hand, owing to their small size and remarkable 
ability to interact with biological systems, NPs have recently attracted 
attention for their potential to affect cellular processes, similar to other 
nanoscale particles. In this framework, extracellular vesicles (EVs), lipid 
bilayer membranous vesicles secreted by virtually all cell types, are 
emerging as critical mediators of intercellular communication (Dellar 
et al., 2022). Conventionally, they were classified into three main 
types based on their biogenesis: exosomes (40–120 nm), microvesicles 
(50–1000 nm), and apoptotic bodies (500–2000 nm) (Welsh et al., 
2024). More recently, additional EV subtypes have been identified, 

including oncosomes, which originate from membrane blebs in cancer 
cells (Ciardiello et al., 2019), and migrasomes. These vesicle-like 
structures form on the retraction fibers of migrating cells (Fan et al., 
2022) and have been implicated in several biological processes, such 
as immune regulation, tissue repair, and cancer metastasis (Zhai et al., 
2023). These different EV subtypes often exhibit overlapping sizes and 
phenotypic features, making classification based on biogenesis chal
lenging and potentially misleading (Théry et al., 2018). Thus, the In
ternational Society for Extracellular Vesicles (ISEV) has recommended 
the general use of the term “extracellular vesicles” for all subtypes, 
advocating a simplified classification based on size. In line with ISEV 
guidelines, EVs are now broadly categorized as small EVs (under 200 nm 
in diameter) and medium/large EVs (over 200 nm) (Théry et al., 2018; 
Welsh et al., 2024).

EVs facilitate intercellular communication by transferring a wide 
range of biomolecules, including proteins, lipids, mRNAs, and micro
RNAs, that orchestrate critical functions in recipient cells involved in 
immunity, inflammation, and tissue regeneration (Welsh et al., 2024; 
Dellar et al., 2022). Recently, the potential role of EVs in modulating the 
cell responses to environmental stressors, including MNPLs, has been 
suggested (Mierzejewski et al., 2023). Furthermore, MNPLs and EVs are 
increasingly recognized as key players in disease development linked to 
environmental contamination (Calzoni et al., 2024). Thus, the investi
gation of their interactions represents a highly compelling and emerging 
field of research.

In this study, we employed a human lung adenocarcinoma cell line 
(Calu− 3) under ALI conditions to investigate the impact of PS-NPs on 
airway epithelial cell viability, barrier integrity, and cytokine secretion, 
as well as their potential to interfere with EV-mediated communication. 
Using this physiologically relevant lung epithelial model, this study 
provides valuable insights into the respiratory hazards of PS-NP expo
sure and their potential impact on epithelial barrier function and EV- 
mediated communication.

2. Methods

2.1. Physicochemical characterization of PS-NPs

PS-NPs (cat. # PS02002, manufacturer-reported mean diameter 
40 nm) were obtained from Bangs Laboratories (Indiana, USA) and 
characterized by dynamic light scattering (DLS) and electrophoretic 
light scattering. Hydrodynamic diameter (Z-average), polydispersity 
index (PDI), and zeta potential were measured using a Malvern Zetasizer 
Nano ZS instrument (He–Ne laser, 633 nm; backscattering angle 173◦) at 
25 ◦C, at the Spectroscopic and Correlation Unit (CAI Chemical Tech
nologies), Microanalytical Service of the Complutense University of 
Madrid (Spain). Measurements were performed on the as-supplied stock 
suspension (SS) and after dilution in phosphate-buffered saline (PBS). 
Size and PDI were determined by DLS, while zeta potential was 
measured by electrophoretic light scattering.

Dragon-green-labeled PS-NPs (Bangs Laboratories Inc., Cat # 
FSDG001, Lot 15738) were characterized by the manufacturer using 
photon correlation spectroscopy/quasi-elastic light scattering (PCS/ 
QELS). According to the certificate of analysis, the mean hydrodynamic 
diameter of this batch was 44 nm. PS-NPs and Dragon-green-labeled PS- 
NPs were diluted to the desired final concentrations in PBS for cell 
treatments.

2.2. In vitro PS-NP exposure in a Calu− 3 Air–Liquid Interface model 
during epithelial barrier establishment

An in vitro airway epithelium model based on the human lung 
adenocarcinoma Calu− 3 cell line (ATCC, Ref. HTB− 55, Manassas, VA, 
USA), growth at ALI, was employed as previously described 
(López-Rodríguez et al., 2021a; López-Rodríguez et al., 2021b). Briefly, 
Calu− 3 cells were cultured on transwell supports (pore size 0.4 mm, 
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Corning, New York, USA), with a density of 3 × 105 cells/cm2 in Dul
becco's Modified Eagle Medium/Nutrient Mixture F− 12 (DMEM/F− 12, 
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented 
with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco, 
Thermo Fisher Scientific), two mM L-glutamine, 100 µg/mL penicillin, 
and 100 µg/mL streptomycin, by adding 100 μL and 500 μL of complete 
medium to the apical and basolateral side, respectively, at 37ºC and 5% 
CO2. Once 80% confluence was reached (about 2 days under submerged 
conditions), Calu-3 cells were cultured under ALI conditions for 7 days 
to establish the Calu− 3 cell functional barrier (Fig. 1A). ALI condition 
culture was established by removing the apical side culture medium, 
while on the basolateral side, the culture medium was replaced with 
DMEM supplemented with 5% (v/v) FBS, 100 µg/mL penicillin, and 
100 µg/mL streptomycin, and replaced every 2 days. Under ALI condi
tions, Calu− 3 cells undergo different stages of epithelial development, 
ranging from immature/non-polarized (day 2) to mature/polarized (day 
7) states (López-Rodríguez et al., 2021a, 2021b) (Fig. 1A). In the present 
study, ALI-cultured Calu− 3 cells were therefore apically exposed to 
PS-NPs (12 and 120 μg/cm²) or PBS (CTR) for 5 consecutive days 
(120 h), starting on day 2 and continuing through day 7, corresponding 
to the period in which the epithelium remains immature and undergoes 
progressive stabilization under ALI conditions (López-Rodríguez et al., 
2021a, 2021b). The selected PS-NP concentrations were based on pre
liminary results obtained from a 3-(4,5-dimethylthiazol− 2-yl)− 2, 
5-diphenyl-2H-tetrazolium bromide (MTT) cell viability assay per
formed on Calu− 3 cells under submerged culture conditions 
(Supplementary Methods and Supplementary Fig. 1).

2.3. LDH assay

Because the MTT assay is not readily applicable to ALI cultures, cell 
damage was evaluated by quantifying lactate dehydrogenase (LDH) 
release using the CytoTox 96® Non-Radioactive Cytotoxicity Assay 
(Promega, Italy), according to the manufacturer’s instructions. Briefly, 
Calu− 3 cells were cultured under ALI conditions and exposed apically to 
PS-NPs as described above. Baseline LDH release (T0) was determined 
from apical washes and basolateral medium collected immediately 
before exposure. These samples were clarified by centrifugation to 
remove cellular debris prior to LDH quantification. Cultures were then 
maintained at ALI and treated for 5 days (120 h). To restrict measure
ments to the final 24 h of exposure, both compartments were refreshed 
at 96 h. At 120 h, media were collected, clarified by centrifugation to 
remove debris, and LDH levels were quantified spectrophotometrically 
at 490 nm following the manufacturer’s protocol. For each insert, apical 
and basolateral absorbance values were measured separately and com
bined to obtain the total LDH release per well, accounting for 
compartment volumes. LDH values, therefore, were reported as volume- 
corrected absorbance at 490 nm (OD490), proportional to total extra
cellular LDH activity. Finally, because our experimental model relies on 
early-stage ALI cultures that are still undergoing physiological matura
tion and therefore exhibit inherently elevated spontaneous LDH release 
(He et al., 2021), treatment effects were expressed as ΔLDH = LDH120 h 
− LDHT0. Compartment-specific LDH values were also retained to allow 
descriptive assessment of LDH distribution across the epithelial barrier 
by calculating the apical-to-basolateral LDH ratio.

2.4. Assessment of transepithelial electrical resistance

Transepithelial electrical resistance (TEER) values of ALI-cultured 
Calu− 3 cells were monitored using an EVOM2 voltmeter (World Pre
cision Instruments, WPI, Sarasota, FL, USA) with STX2 electrodes, ac
cording to the manufacturer's instructions. Briefly, Calu− 3 cells were 
cultured under ALI conditions and monitored every day for 7 days. Eight 
individual transwell supports were used for each group, and triplicate 
measurements were performed for each well. TEER values were 
expressed in Ω x cm2 and calculated after correction using a blank (cell- 

free membrane to assess intrinsic resistance) and multiplying by the 
effective growth area (0.33 cm2) (López-Rodríguez et al., 2021a; 
López-Rodríguez et al., 2021b; Srinivasan et al., 2015).

2.5. E-cadherin and ZO− 1 localization and protein expression analysis

Localization and expression of E-cadherin and zonula occludens 1 
(ZO− 1), canonical proteins of adherens junctions (AJs) and tight junc
tions (TJs), respectively (Fiegel et al., 2003), were evaluated by confocal 
laser scanning microscopy (CLSM) (López-Rodríguez et al., 2021b) and 
by western blot (Giuliani et al., 2015; Saul et al., 2019; D’Agostino et al., 
2021) as reported in Supplementary Methods.

2.6. Cytokine analysis

Apical and basolateral media from cells exposed to PS-NPs (120 μg/ 
cm2) or PBS (CTR) were analyzed by using the commercially available 
Human Cytokine Array C5 (Cat. n◦. AAH-CYT− 5–2, RayBiotech, 
Peachtree Corners, GA, USA), a multiplex membrane-based antibody 
array for the semi-quantitative detection of 80 proteins, as previously 
described (Tang et al., 2025; López-Rodríguez et al., 2018). Chemilu
minescent signals were analyzed using the LAS− 3000 Mini Imaging 
System (Fujifilm), and optical density signals were quantified by using 
ImageJ software (NIH), normalized to internal positive controls, and 
expressed as fold changes, where fold change represents the relative 
expression of PS-NPs 120 μg/cm2 compared to control. The heatmap 
was generated using GraphPad Prism (GraphPad Software, version 9, 
San Diego, CA).

2.7. Ingenuity pathway analysis

Based on the results of semi-quantitative cytokine array in ALI- 
cultured Calu− 3 cells exposed to PS-NPs (120 μg/cm2) vs CTR, the 
corresponding gene list (Supplementary Table 1) that contains gene 
symbols and corresponding expression values (fold-change>1.5) was 
uploaded into the Ingenuity pathway analysis (IPA) software (QIAGEN, 
Hilden, Germany), and the source of the organism was filtered by "Homo 
Sapiens" to generate a human molecular interaction pathway. Then, the 
core analysis in IPA was used to analyze the functional analysis, such as 
canonical pathways and upstream regulators. The significance of the 
association between the uploaded dataset and a canonical pathway was 
determined by a p-value of overlap calculated by a right-tailed Fisher's 
exact test. All enriched pathways were sorted from largest to smallest by 
Z-score values.

The upstream regulator analysis was used to evaluate the observed 
expression of the downstream genes in the uploaded dataset and to 
identify the putative regulators that contribute to the changes in gene 
expression in the significantly perturbed pathway. All analyses were 
based on the latest version of the Ingenuity database released in May 
2025.

2.8. Cytokine validation

The Osteopontin (OPN) protein concentration in the culture media 
was analyzed using a commercial OPN ELISA kit (catalog number 
BMS2066; Thermo Fisher Scientific, Waltham, MA, USA) according to 
the manufacturer's protocol.

A panel of 12 cytokines was evaluated using a Milliplex custom kit 
for Luminex MAGPIX detection system (Affymetrix, eBioscience), 
following the manufacturer's instructions. Cytokine concentrations were 
normalized to the number of viable cells present at the end of the 
exposure period (120 h of ALI culture) and are reported as pg/mL per 
10^5 viable cells. Viable cells were identified by exclusion of 7-aminoac
tinomycin D (7-AAD; BD Biosciences) and counted by flow-cytometry.
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Fig. 1. Schematic representation of the three-dimensional (3D) in vitro model of Air-Liquid Interface (ALI) cultured Calu− 3 cells and physicochemical character
ization of polystyrene nanoplastics (PS-NPs, 40 nm) under exposure-relevant conditions (A) Calu− 3 cells (3 ×105 cells/cm2) were cultured submerged on transwell 
cell culture supports. After 2 days, once 80% confluence was reached, the culture medium was removed from the apical side, thus establishing the ALI condition (day 
0), and the basolateral medium was changed with DMEM supplemented with 5% (v/v) FBS. Calu-3 cells were cultured under ALI conditions for 7 days to establish the 
Calu− 3 cell functional barrier. This model at day 2 represents a functionally immature and more vulnerable airway epithelial barrier, whereas by day 7 it resembles a 
mature airway epithelium. From day 2 to day 7 (for a total duration of 120 h), cells were exposed to PS-NPs. (B) Intensity-weighted hydrodynamic size distributions 
measured by dynamic light scattering (DLS) for PS-NPs in stock suspension (SS) and after dilution in PBS, the exposure medium used for bronchial epithelial cells. (C) 
Z-average hydrodynamic diameter and (D) zeta potential measured by DLS and electrophoretic light scattering, respectively. Data are shown as individual mea
surements with mean ± SD.
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2.9. Flow cytometry analysis of EVs

In Calu− 3 cells cultured under ALI conditions and exposed to PS-NPs 
(12 and 120 μg/cm2) or PBS (CTR) for 120 h, starting on day 2, apical 
and basolateral media samples were collected and stained to detect EVs 
as previously described and strictly adhering to MIFlowCyt-EV guide
lines (Lanuti et al., 2025; Marchisio et al., 2020; Simeone et al., 2020; 
Welsh et al., 2020). Briefly, 100 μl of culture medium was added to 
100 μl of 1x PBS, then stained using the reagents detailed in 
Supplementary Table 2 for 45 min, at RT, in the dark. For EV intra
vesicular staining, samples were fixed and permeabilized using 200 µl of 
Cytofix/Cytoperm (BD Biosciences, New Jersey) for 20 min at RT, in the 
dark, and stained with anti-Flotillin− 1 antibody for 30 min 
(Supplementary Table 2). Samples were acquired by flow cytometry 
(Symphony A5, BD Biosciences) and analyzed for EV concentrations and 
phenotypes, as previously described (Lanuti et al., 2025; Marchisio 
et al., 2020; Simeone et al., 2020; Contursi et al., 2023) and reported in 
supplementary methods. The gating strategy used to identify EVs is 
depicted in Supplementary Fig. 2.

2.10. Statistical analysis

The data were analyzed using the Student's t-test or one-way ANOVA 
followed by Tukey’s multiple comparisons test, or Kruskal–Wallis test, 
followed by Dunn's post hoc test with a Bonferroni correction for pair
wise comparisons. All quantitative results were analyzed using Graph
Pad Prism Software (version 9.00 for Mac; GraphPad, San Diego, CA, 
USA). Data are presented as means ± standard error of the mean (SEM), 
unless otherwise specified, of at least three separate experiments. Values 
of p ≤ 0.05 were considered statistically significant.

3. Results

3.1. Physicochemical characterization of PS-NPs

PS-NPs (manufacturer-reported mean diameter 40 nm) were char
acterized by DLS and electrophoretic light scattering to verify particle 
behavior under the experimental exposure conditions. Intensity- 
weighted size distributions showed a predominantly monomodal pop
ulation with hydrodynamic diameters centered around 43–45 nm, both 
in SS and after dilution in PBS, the exposure medium used for bronchial 
epithelial cells (Fig. 1B). Quantitative analysis of the Z-average hydro
dynamic diameter confirmed comparable particle sizes in SS and PBS, 
with low variability across independent measurements (Fig. 1C). PDI 
values remained low, indicating a narrow size distribution 
(Supplementary Table 3). Zeta potential measurements revealed nega
tively charged PS-NPs under both conditions, with more negative values 
observed in PBS compared to SS, consistent with ionic 
strength–dependent surface charge screening (Fig. 1D). Although char
acterization was performed in PBS to reproduce the defined exposure 
conditions used for ALI cultures, interactions with biological compo
nents released by epithelial cells during exposure cannot be excluded 
and may further influence NP surface properties. Overall, these results 
indicate that PS-NPs maintained stable colloidal behavior without 
detectable aggregation under the experimental exposure conditions.

3.2. Effect of PS-NP exposure on epithelial barrier establishment in ALI- 
cultured Calu− 3 cells

Based on preliminary MTT assays performed in Calu− 3 cells under 
submerged conditions (Supplementary Fig. 1), two PS-NP concentra
tions were selected to assess their impact on epithelial barrier estab
lishment in ALI-cultured Calu− 3 cells. Specifically, 12 µg/cm² was 
chosen as a concentration that preserved cell viability, whereas 120 µg/ 
cm² was selected as a sub-lethal, stress-inducing dose approximating a 
worst-case exposure scenario (Supplementary Fig. 1).

Because the MTT assay is not readily applicable to ALI cultures, cell 
damage under ALI conditions was assessed by measuring total LDH 
release, combining apical and basolateral LDH values (Fig. 2A). At 
baseline (T0), Calu− 3 cultures displayed relatively high spontaneous 
LDH release, consistent with the early maturation phase of ALI culture 
and ongoing epithelial remodeling (He et al., 2021). CTR cultures 
exhibited a negative ΔLDH over the final 24 h of exposure, indicating a 
progressive reduction in LDH release under ALI conditions. Exposure to 
12 µg/cm² PS-NPs did not significantly affect ΔLDH compared with 
CTR. In contrast, 120 µg/cm² induced a significant increase in ΔLDH, 
reflecting enhanced cell damage during the last 24 h of treatment 
(Fig. 2A).

Since apical and basolateral fractions were collected separately 
throughout the experiment, the apical-to-basolateral LDH ratio was 
calculated as a descriptive measure of barrier polarization (Michi and 
Proud, 2021). Upon PS-NP exposure, a concentration-dependent 
decrease in the apical/basolateral LDH ratio was observed 
(Supplementary Table 4), suggesting an alteration in LDH compart
mentalization across the epithelial layer, which may be indicative of 
impaired barrier integrity (Rezaee and Georas, 2014). Given these re
sults and the fact that LDH release reflects loss of membrane integrity 
(Schlinkert et al., 2015), we further investigated epithelial barrier 
functionality by assessing TEER, a widely used quantitative technique 
for evaluating the integrity of TJ dynamics in cell culture systems of 
endothelial and epithelial monolayers (Srinivasan et al., 2015). The 
establishment of the epithelial barrier was daily monitored by TEER 
measurements, starting from day 2 in the ALI condition (Fig. 2B). At this 
time point (0 h), the epithelial barrier was still forming, as indicated by 
the low TEER value (approximately 104 Ω.cm2) (Fig. 2B). Control cells 
showed a significantly increased in TEER value at 48 h, reaching values 
of 456 Ω.cm2 after 120 h, which indicates the establishment of an 
epithelial barrier by day 7 through the formation of an apical junctional 
complex (Srinivasan et al., 2015; Lee et al., 2021; López-Rodríguez et al., 
2021a; López-Rodríguez et al., 2021b).

Exposure to PS-NPs (12 and 120 µg/cm2) for 48 h or longer signifi
cantly reduced TEER values compared to control cells in a 
concentration-dependent manner, thus suggesting an impairment of 
epithelial barrier establishment. CLSM analyses supported these results. 
As shown in Fig. 2C, ALI-cultured Calu− 3 cells exposed to PS-NPs for 
120 h exhibited a concentration-dependent decrease in the fluorescence 
intensity of the AJ protein E-cadherin and TJ protein ZO− 1, which 
contribute to the apical junctional complexes (AJCs) (Shaykhiev et al., 
2011). Moreover, an altered distribution pattern of both proteins, 
characterized by a disrupted and discontinuous ring at the cell–cell 
junctions, was observed (Fig. 2C). The decreased expression levels of 
E-cadherin and ZO− 1 were confirmed by western blot analysis and the 
corresponding OD measurements (Fig. 2D-E and Supplementary Fig. 3). 
Collectively, these findings suggest that PS-NP exposure impairs 
epithelial barrier establishment by affecting both ZO− 1 and E-cadherin, 
likely increasing paracellular permeability and altering the barrier 
function of the bronchial epithelium.

3.3. Exploratory cytokine profiling following PS-NP exposure in early- 
stage ALI-cultured Calu− 3 cells

To obtain an exploratory overview of cytokine modulation induced 
by PS-NP exposure and to guide subsequent quantitative analyses, a 
semi-quantitative human cytokine antibody array was performed using 
pooled conditioned media collected from the apical and basolateral 
compartments of early-stage ALI-cultured Calu− 3 cells exposed for 
120 h to the highest PS-NP concentration (120 µg/cm²) or PBS (CTR).

Array profiling revealed broad cytokine modulation, with 22 and 36 
cytokines showing relevant changes (fold change >1.5) in the apical and 
basolateral compartments, respectively (Supplementary Table 1). Most 
altered cytokines were upregulated, suggesting an overall activation of 
secretory signaling rather than suppression. Only 10 cytokines were 
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commonly modulated in both compartments, including angiogenin 
(ANG), C-X-C motif chemokine ligand 8 (CXCL8), C-X-C motif chemo
kine 5 (ENA− 78), growth-regulated α-protein (GRO-α/CXCL1), GROα/ 
β/γ, interleukin− 2 (IL− 2), monocyte chemoattractant protein− 1 
(MCP− 1/CCL2), transforming growth factor beta− 2 (TGFβ− 2), tissue 
inhibitor of metalloproteinases− 1 (TIMP− 1), and osteopontin (OPN), 
indicating partially compartment-specific secretion patterns consistent 
with polarized epithelial responses.

Among shared mediators, differences in modulation magnitude were 
observed between compartments. ENA− 78 showed stronger induction 
in the basolateral medium (6.65-fold increase, FI) compared with the 
apical compartment (1.63-FI), whereas TGFβ− 2 displayed greater 
upregulation apically (4.73-FI vs 1.92-FI basolateral).

OPN, previously proposed as a biomarker of exposure to fine par
ticulate matter (Ho et al., 2019), was markedly increased in both com
partments (4.31-FI apical; 5.84-FI basolateral). Distinct 
compartment-specific responses were also observed, with IL− 5 selec
tively increased apically and VEGFA detected only in the basolateral 
medium (Supplementary Table 1). Heatmap visualization confirmed 
clear differences in cytokine profiles between PS-NP-exposed and con
trol cells (Fig. 3A).

Overall, the cytokine release pattern suggests that PS-NP exposure 
induces a selective and compartment-dependent inflammatory response 
rather than a widespread acute inflammatory activation, even under a 
worst-case exposure scenario.

To explore biological relationships among modulated cytokines, 

Fig. 2. Effects of PS-NPs (40 nm) on epithelial barrier integrity and junctional protein expression. (A) Calu− 3 cells cultured under ALI conditions were exposed 
apically to PS-NPs (12 and 120 µg/cm²) for 120 h. Cell membrane damage was assessed by measuring total LDH release (apical + basolateral). To account for the 
elevated spontaneous LDH release of early-stage ALI cultures, data are expressed as ΔLDH, calculated as the change in total LDH signal between 120 h and baseline 
(T0). LDH values represent volume-corrected absorbance at 490 nm (OD490). Values represent the mean ± SEM (N = 4, each performed in duplicate). *P < 0.05 vs 
CTR. (B) Calu-3 cells (3 ×105 cells/cm2) were cultured under ALI conditions and apically exposed to PS-NPs (diameter 40 nm) at the concentrations of 12 and 
120 μg/cm2, or PBS (CTR) for 120 h. The TEER values were expressed in Ω x cm2 after correction using a blank (cell-free membrane to assess intrinsic resistance) and 
the effective growth area (0.33 cm2). Data shown are the mean ± SEM of eight independent determinations (n = 8). Triplicate measurements were taken daily from 
each well at all tested time-points. ***P < 0.001 vs CTR (one-way ANOVA followed by Tukey’s multiple comparisons test). (C) Representative images of E-cadherin 
(green) and ZO− 1 (red) protein expression and localization in control conditions (CTR) and in ALI-cultured Calu− 3 cells exposed to NPs (12 and 120 μg/cm2) for 
120 h, by CLSM analysis. Representative Z-stacks are shown. (D) The protein expression of E-cadherin (C) and ZO− 1 (D) was analyzed by Western blot in ALI- 
cultured Calu-3 cells exposed to PS-NPs (12 and 120 μg/cm2) for 120 h; β-actin was used as protein loading control. The images are representative of three 
different experiments. *P < 0.05 vs CTR; **P < 0.01 vs CTR; ***P < 0.001 vs CTR (Student's t-test).
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Fig. 3. Cytokine release in ALI-cultured Calu− 3 cells exposed to PS-NPs: semi-quantitative array profiling and IPA-based pathway analysis. (A)Pooled samples of 
apical and basolateral media from ALI-cultured Calu− 3 cells, exposed to PS-NPs (120 μg/cm2) or PBS (CTR) for 120 h, were analyzed using a multiplex membrane- 
based antibody array for the semi-quantitative detection of 80 proteins. Signal intensities were normalized to internal positive controls, and expressed as fold 
changes, where fold change represents the relative expression of PS-NPs 120 μg/cm2 compared to their relative control in apical and basolateral compartments, 
respectively. Data are reported as a heatmap. To investigate the biological pathways associated with PS-NP-induced cytokine modulation (120 μg/cm²), cytokines 
showing fold-change values exceeding the predefined ±1.5 threshold in the apical and basolateral compartments were analyzed using Ingenuity Pathway Analysis 
(IPA), including canonical pathway enrichment analysis. Pathways significantly enriched (p < 0.05) among the cytokines altered in the apical (B) and basolateral (C) 
compartments were identified. The five most significantly enriched canonical pathways for each compartment are shown, ranked by Z score value. For canonical 
pathway analysis, the − log (P-value) of 1.30 was taken as the threshold.
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datasets exceeding the ±1.5 fold-change threshold were analyzed using 
Ingenuity Pathway Analysis (IPA). Upstream regulator analysis identi
fied OPN (gene name: SPP1), lipopolysaccharide (LPS), and cigarette 
smoke among the top predicted regulators in the apical compartment 
(Supplementary Fig. 4 A and Supplementary Table 5), while LPS and 
OPN were also prominent regulators in the basolateral compartment 
(Supplementary Fig. 4B and Supplementary Table 6). Canonical 
pathway enrichment highlighted inflammatory and stress-associated 
signaling networks, including the Pathogen-Induced Cytokine Storm 
pathway, tumor microenvironment signaling, and pathways related to 
IL− 17-mediated inflammatory responses, in both the apical and baso
lateral compartments (Figs. 3B and 3C, respectively).

Given the semi-quantitative nature of the array analysis and its 
performance on pooled samples at a single exposure condition, selected 
cytokines emerging from this exploratory screening were subsequently 
subjected to targeted quantitative analyses to validate and refine PS-NP- 
induced secretion patterns across exposure concentrations.

3.4. Quantitative assessment of cytokine secretion following PS-NP 
exposure in early-stage ALI-cultured Calu− 3 cells

Following exploratory cytokine array profiling, selected mediators 

were quantitatively assessed by using ELISA (for OPN) and Luminex 
multiplex technology (for ENA− 78, IL− 2, CXCL1, CCL2, TIMP− 1, 
CXCL8, IL− 1β, IFN-γ, IL− 6, IL− 10, VEGF, and IL− 5). This cytokine 
panel was selected based on the microarray results and the availability 
of commercially validated assay kits, including pre-assembled multiplex 
panels from manufacturers.

In the apical compartment, PS-NP exposure significantly increased 
OPN secretion at both concentrations (12 and 120 μg/cm²) compared 
with controls (Fig. 4A). Consistent increases were also observed for 
several pro-inflammatory and immunomodulatory cytokines, including 
IL− 2, CXCL8, IL− 1β, IFN-γ, and IL− 10, which were elevated at both 
exposure levels (Fig. 4B-F). ENA− 78 showed a significant increase at the 
lower concentration (12 μg/cm²) (Fig. 4G), whereas IL− 6 elevation was 
detected only at the higher concentration (120 μg/cm²) (Fig. 4H). In 
contrast, CXCL1, CXCL2, and TIMP− 1 did not show statistically signif
icant changes (Supplementary Fig. 5).

In the basolateral compartment, quantitative analysis confirmed 
significant increases in OPN, IL− 2, IL− 10, and CXCL1 at both PS-NP 
concentrations (Fig. 5A–D). Additional cytokines, including ENA− 78, 
TIMP− 1, CXCL8, IL− 1β, and CCL2, were significantly elevated only at 
the higher exposure condition (120 μg/cm²) (Fig. 5E–I), suggesting a 
concentration-dependent amplification of basolateral signaling. No 

Fig. 4. Quantitative assessment of cytokines in apical medium of Air-Liquid Interface (ALI) cultured Calu− 3 cells exposed to PS-NPs. Osteopontin (OPN) (A) levels in 
the apical of ALI-cultured Calu− 3 cells exposed to PS-NPs (12 and 120 μg/cm2) for 120 h were assessed by ELISA. Data shown are the mean ± SEM (n = 6–8), 
*P < 0.05 vs CTR and **P < 0.01 vs CTR (Student's t-test). The levels of IL− 2 (B), CXCL8 (C), IL− 1β (D), IFN-γ (E), IL− 10 (F), ENA 78 (G), IL− 6 (H), were assessed in 
the apical medium of ALI-cultured Calu− 3 cells exposed to PS-NPs (12 and 120 μg/cm2) for 120 h by a Luminex detection system. Cytokine levels were expressed as 
pg/mL per 105 viable cells. Data shown are the mean ± SEM (n = 4). (B-H) *P < 0.05 vs CTR and **P < 0.01 vs CTR (Student's t-test).
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significant changes were observed for IL− 6 or IFN-γ (Supplementary 
Fig. 6). VEGF and IL− 5 levels remained below detection limits in both 
compartments.

Overall, quantitative analyses confirmed a selective increase in 
cytokine secretion following PS-NP exposure, characterized by 
compartment-dependent and partially concentration-dependent re
sponses. Notably, OPN, IL− 2, and IL− 10 were consistently increased in 
both apical and basolateral compartments at both PS-NP concentrations, 
whereas other mediators displayed concentration- and compartment- 
specific secretion patterns.

3.5. PS-NP internalization and EV release following PS-NP exposure in 
early-stage ALI-cultured Calu− 3 cells

To investigate whether the secretory alterations observed following 
PS-NP exposure could be associated with NP uptake and EV-mediated 
communication, the ability of early-stage ALI-cultured Calu− 3 cells to 
internalize PS-NPs was first assessed by CLSM after exposure to dragon 
green–conjugated NPs (12 and 120 μg/cm²) for 120 h (Fig. 6A–C). 
Green fluorescence was absent in CTR cells (Fig. 6A), but clearly 

detectable in exposed cells (Fig. 6B-C), confirming PS-NP internaliza
tion. Internalized NPs exhibited a predominantly perinuclear distribu
tion, with accumulation increasing in a concentration-dependent 
manner.

Previous studies have shown that PS-NP exposure can stimulate EV 
release in different cell types, including astrocytes and macrophages 
(Adamiak et al., 2024; Deville et al., 2022). Therefore, in media 
collected from cells exposed to PS-NPs (12 and 120 μg/cm2), we 
assessed EV concentrations both in apical and basolateral compartments 
by flow cytometry. The entire populations of EVs released from unex
posed cells (CTR, Supplementary Fig. 7A-B), as well as from cells 
exposed to PS-NPs 12 μg/cm2 (Supplementary Fig. 7C-D) and 
120 μg/cm2 (Supplementary Fig. 7E-F), expressed both CD63 and 
FLOT− 1, two canonical EV markers recommended by the current MISEV 
guidelines for EV characterization (Welsh et al., 2024). These findings 
confirm the vesicular nature of the analyzed particles. We observed 
100% positivity for both markers under all conditions analyzed, as 
demonstrated by a complete shift in the fluorescence signal of the 
stained samples (blue histograms) compared to the respective FMO 
controls (red histograms), and by MFI ratio values, all of which were 

Fig. 5. Quantitative assessment of cytokines in basolateral medium of Air-Liquid Interface (ALI) cultured Calu− 3 cells exposed to PS-NPs. Osteopontin (OPN) (A) 
levels in the basolateral compartment of ALI-cultured Calu− 3 cells exposed to PS-NPs (12 and 120 μg/cm2) for 120 h were assessed by ELISA. Data shown are the 
mean ± SEM (n = 6–8), *P < 0.05 vs CTR and **P < 0.01 vs CTR (Student's t-test). The levels of IL− 2 (B), IL− 10 (C), CXCL1 (D), ENA 78 (E), TIMP-1 (F), CXCL8 (G), 
IL− 1β (H), and CCL2 (I) were assessed in the basolateral medium of ALI-cultured Calu− 3 cells exposed to PS-NPs (12 and 120 μg/cm2) for 120 h by a Luminex 
detection system. Cytokine levels were expressed as pg/mL per 105 viable cells. Data shown are the mean ± SEM (n = 4). (B-I) *P < 0.05 vs CTR and **P < 0.01 vs 
CTR (Student's t-test).
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greater than 2.
During the final 24 h of exposure, EV secretion in the apical 

compartment showed a tendency to increase at 12 µg/cm², reaching 
statistical significance only at the highest concentration tested (120 µg/ 
cm²) (Fig. 6D), whereas no significant changes were detected basolat
erally (Fig. 6E). Notably, EV numbers in the apical medium were one to 
two orders of magnitude higher than those detected basolaterally. Based 

on these findings, subsequent analyses were focused on apical EVs.
CLSM analysis demonstrated that apical EVs released by Dragon 

green-PS-NP-exposed Calu− 3 cells clearly exhibited green fluorescence 
originating from the fluorescent dye conjugated to PS-NPs (Fig. 6F). 
TEM analysis confirmed their EV morphology and showed that they had 
a diameter of approximately 100 nm, surrounded by a cell membrane 
that may provide protection for their internal cargo (Fig. 6G). The flow 

Fig. 6. PS-NPs internalization and release of EVs generated by Air-Liquid Interface (ALI) cultured Calu− 3 cells exposed to PS-NPs. ALI-cultured Calu− 3 cells were 
unexposed (A) or exposed to Dragon green-labelled PS-NPs at 12 μg/cm2 (B) or 120 μg/cm2 (C) for 120 h. Representative images of green-fluorescent PS-NP cell 
internalization. EVs released from apical (D) and basolateral (E) compartments of cells were quantified using a volumetric counting device. The Y-axis shows the 
number of EVs per cell (EVs/Cell), calculated by normalizing measured EV concentrations to the number of corresponding parental viable cells. Data shown are the 
mean ± SEM (n = 3). (D-E) *P < 0.05 vs CTR [one-way ANOVA (Kruskal–Wallis) with Dunn–Bonferroni post hoc test]. PS-NP incorporation into EVs released by ALI 
cultured Calu− 3 cells was evaluated by sorting and isolated EVs were from apical compartment of ALI-cultured Calu− 3 cells exposed to Dragon green (FITC)-labelled 
PS-NPs (12 and 120 μg/cm2). Representative image of green-fluorescent PS-NPs incorporated into EVs by CLSM (F). Representative images of isolated EVs by TEM 
(scale bar: 100 nm) (G). Flow cytometry analysis of isolated EVs released from Calu− 3 cells unexposed or exposed to Dragon green (FITC) -labelled PS-NPs (H). Blue 
histogram represents the fluorescence signal (FITC channel) of PS-NPs contained within isolated EVs released by cells exposed to PS-NPs (Dragon-green PS-NPs). The 
overlaid red histogram represents EVs from untreated cells (CTR). Data are representative of three independent experiments.
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cytometry analysis confirmed that the entire apical EV population 
released by Dragon green-PS-NP-exposed Calu− 3 cells (120 μg/cm2 for 
120 h) exhibited green (FITC) fluorescence (Fig. 6H, blue histogram), in 
contrast to EVs from unexposed CTR cells (Fig. 6H, red histogram).

Collectively, these results demonstrate that PS-NPs are efficiently 
internalized by ALI-cultured Calu− 3 cells and promote a polarized in
crease in EV release, with NP incorporated into secreted vesicles. These 
findings support a potential role for EVs as carriers of internalized NPs, 
providing a mechanistic basis for PS-NP dissemination through epithe
lial communication pathways.

4. Discussion

During the last decades, the adverse effects of MNPLs on human 
health have become a growing global concern, largely because of their 
ability to cross biological barriers, accumulate intracellularly, and 
interfere with essential cellular functions (Bridgeman et al., 2025). Most 
in vitro studies investigating the effects of MNPLs on human respiratory 
health have relied on submerged-exposure models, which fail to reca
pitulate the structural and functional complexity of the airway epithe
lium (Wright et al., 2024). In contrast, ALI cultures provide a 
physiologically relevant system that promotes epithelial differentiation 
and polarization, barrier integrity, and mucus secretion (Silva et al., 
2023; López-Rodríguez et al., 2018).

Among available in vitro models, Calu− 3 cells represent one of the 
few human airway-derived epithelial lines capable of forming TJs and 
sustaining high TEER, thereby providing a reliable surrogate of the 
airway barrier. Under ALI culture conditions, this model recapitulates 
distinct stages of epithelial maturation: at day 2, the epithelium repre
sents a functionally immature or compromised airway barrier. While it 
does not replicate the structural complexity of developing airway tissue 
in vivo, its high-permeability phenotype may model conditions char
acterized by impaired epithelial integrity, such as epithelial injury, 
repair, or inflammatory airway diseases. In contrast, by day 7 it closely 
resembles a mature and restrictive epithelial barrier (López-Rodríguez 
et al., 2018, 2021a, 2021b). Using this system, we show that chronic 
exposure to PS-NPs during the critical window of barrier establishment 
interferes with epithelial barrier formation and modulates immune 
signaling pathways. Importantly, these findings suggest that PS-NP 
exposure may exacerbate epithelial dysfunction in airway conditions 
characterized by incomplete or compromised barrier integrity, rather 
than merely damaging a fully mature epithelium.

Compared with our previous observations in submerged A549 cul
tures, in which PS-NPs induced oxidative stress, senescence, and 
apoptosis (Milillo et al., 2024), the present ALI-cultured Calu− 3 model 
enabled investigation of additional features directly relevant to airway 
exposure, including epithelial barrier establishment, polarized cytokine 
secretion, and EV release. These characteristics support the physiolog
ical relevance of ALI-based airway models for studying the respiratory 
effects of inhaled NPs (Lacroix et al., 2018).

The integrity of the epithelial barrier relies on AJ and TJ proteins, 
which connect neighbouring cells and ensure proper cell polarization, 
an essential process for lung homeostasis (Hellings, Steelant, 2020; Pell 
et al., 2021). Disruption of this barrier by NP exposure has been linked to 
the onset and exacerbation of respiratory pathologies, including asthma, 
COPD, pulmonary fibrosis, and tumors (Gou et al., 2024). In our study, 
chronic exposure to PS-NPs impaired epithelial barrier establishment in 
a concentration-dependent manner, as demonstrated by reduced TEER 
values compared to unexposed cells.

CLSM analyses revealed altered distribution and reduced expression 
of E-cadherin and ZO− 1, canonical proteins of AJs and TJs (Gao, 
Rezaee, 2022), respectively, and western blot analyses confirmed their 
downregulation during barrier establishment. These observations are 
consistent with previous reports showing that NPs compromise bron
chial epithelial integrity through disruption of intercellular junctions 
(Srinivasan et al., 2015; Lee et al., 2021; López-Rodríguez et al., 2021a, 

2021b; Hsu et al., 2025). These findings also align with the epithelial 
barrier theory, which proposes that chronic exposure to environmental 
barrier-disrupting agents contributes to inflammatory disease develop
ment (Akdis, 2021; Celebi Sozener et al., 2022).

Chronic PS-NP exposure promoted the release of multiple inflam
matory mediators in early-stage ALI-cultured Calu− 3 cells. Notably, 
OPN, IL− 2, and IL− 10 were consistently increased in both apical and 
basolateral compartments at both PS-NP concentrations, whereas other 
mediators displayed concentration- and compartment-specific secretion 
patterns. This polarized cytokine release suggests selective activation of 
epithelial signaling pathways and paracrine communication toward the 
submucosal milieu.

Among the altered cytokines, OPN may represent a relevant medi
ator, given the markedly elevated levels detected. OPN is a multifunc
tional glycoprotein involved in immune regulation and tissue 
remodeling processes (Du et al., 2022), including airway inflammation 
(Kohan et al., 2009), and its levels are increased in chronic airway dis
eases such as asthma, COPD, and idiopathic pulmonary fibrosis (Xu 
et al., 2019; Papaporfyriou et al., 2014; Pardo et al., 2005). Increased 
plasma OPN has also been associated with exposure to fine particulate 
matter in humans (Ho et al., 2019). In our study, OPN was predicted 
among upstream regulators together with canonical inflammatory trig
gers such as LPS and cigarette smoke, supporting the concept that PS-NP 
exposure activates signalling pathways resembling responses to envi
ronmental or infectious stressors.

IL− 2 and IL− 10 were also consistently secreted following chronic 
PS-NP exposure. Although IL− 2 is traditionally associated with T-cell 
activation, epithelial-derived IL− 2 has been reported under stress con
ditions (Aoki et al., 1997) and may contribute to immune cell recruit
ment and epithelial–immune crosstalk. Likewise, IL− 10 secretion by 
airway epithelial cells has been described under oxidative and envi
ronmental stress (Latorre et al., 2014; Zhang et al., 2021) and may 
represent an epithelial regulatory response occurring in parallel with the 
production of pro-inflammatory mediators, including IL− 1β, and 
CXCL8.

Although key mediators of the IL− 17 axis, such as IL− 17 and IL− 23, 
were not directly quantified, several cytokines significantly modulated 
following PS-NP exposure, including IL− 1β, CXCL8, and CXCL1, are 
known downstream effectors of IL− 17-associated inflammatory re
sponses (Margelidon-Cozzolino et al., 2022) and may have contributed 
to the enrichment of the IL− 17 signaling pathway identified by IPA.

Together, these findings indicate that PS-NP exposure did not trigger 
a widespread or overtly cytotoxic inflammatory response; rather, it 
induced a selective, compartment-dependent modulation of several cy
tokines, suggesting activation of epithelial inflammatory signaling 
pathways.

Persistent cytokine production has been associated with tissue 
remodeling processes, including epithelial–mesenchymal transition 
(EMT) (Bruno et al., 2018; Dovizio et al., 2015; Johnson et al., 2011). In 
this context, the reduction in epithelial junctional proteins (E-cadherin 
and ZO− 1), together with increased OPN expression, may indicate early 
molecular changes consistent with a pro-remodeling epithelial pheno
type following chronic PS-NP exposure.

In this study, PS-NPs 40 nm were used. NPs smaller than 100 nm are 
widely present in urban air worldwide (Vouitsis et al., 2023), under
scoring their environmental relevance for inhalation exposure. Particles 
within this size range more readily cross biological barriers, undergo 
cellular uptake, and reach intracellular compartments, increasing their 
potential for biological interference (Sousa de Almeida et al., 2021). 
Previous studies have also shown that Calu− 3 cells may release inter
nalized particles following uptake (Paget et al., 2015; Michelini et al., 
2025), although the underlying mechanisms remain poorly understood.

The polarized cytokine secretion observed under ALI conditions 
prompted us to investigate whether NP uptake could influence inter
cellular communication mechanisms, particularly EV release. We 
demonstrate that chronic PS-NP exposure led to intracellular 
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accumulation, increased EV release, and active packaging of PS-NPs into 
EVs. To our knowledge, these findings provide further evidence sup
porting EV-mediated transport of NPs (Wang et al., 2024; Calzoni et al., 
2024; Adamiak et al., 2024; Kim et al., 2024; Hsu et al., 2025). EV 
release may represent a protective cellular mechanism by sequestering 
NPs and limiting acute toxicity, consistent with the observed limited 
cytotoxicity under the tested exposure conditions. However, EVs are also 
active mediators of intercellular communication capable of transferring 
cytokines, miRNAs, and damage-associated molecular patterns (DAMPs) 
(Calzoni et al., 2024), suggesting that EV-mediated signaling may 
contribute to the propagation of NP-induced responses during chronic 
exposure. Although the present study demonstrates NP incorporation 
into EVs and increased vesicle release, the functional impact of these EVs 
on recipient cells was not directly addressed. The primary aim of this 
work was to characterize epithelial responses and EV-mediated NP 
trafficking under ALI conditions. Future studies will be required to 
determine whether EV-associated NPs can modulate signaling pathways 
in neighboring epithelial or immune cells and thereby contribute to 
propagation of NP-induced responses within the airway 
microenvironment.

Altogether our findings are consistent with recent studies showing 
that NP exposure under ALI conditions disrupts epithelial barrier 
integrity and promotes inflammatory responses in airway epithelial 
models (Alba García-Rodríguez et al., 2024; Michelini et al., 2025). 
These studies demonstrated reduced TJ integrity and activation of 
pro-inflammatory signalling following exposure to NPs in differentiated 
airway epithelia. While our study supports these observations, it extends 
current knowledge by investigating PS-NP exposure during epithelial 
barrier establishment, a vulnerable stage reflecting conditions of 
epithelial injury, repair, or pre-existing airway dysfunction. Moreover, 
we identified and validated OPN as one of the most consistently induced 
mediators following PS-NP exposure, supporting its potential relevance 
as a sensitive biomarker of NP-induced epithelial stress and remodeling. 
Finally, beyond barrier impairment and inflammatory mediator release, 
we demonstrate a polarized secretory response and identify EVs as po
tential carriers of internalized PS-NPs, suggesting an additional mech
anism through which NPs may propagate biological effects within the 
respiratory microenvironment.

In our study, early-stage ALI-cultured Calu− 3 cells were exposed to 
PS-NP concentrations of 12 and 120 μg/cm², which fall within exposure 
ranges commonly employed in in vitro nanotoxicology studies 
(Domenech et al., 2020) and are consistent with previous investigations 
using airway epithelial models (Lee, Rezaee, 2024). Accordingly with 
our previous studies, these concentrations were selected to cover 
exposure conditions ranging from levels potentially experienced in 
urban environments to higher exposure scenarios that may occur in 
occupational or industrial settings (Milillo et al., 2024). However, 
accurately quantifying airborne NP deposition and retained doses in the 
human respiratory tract remains technically challenging, particularly 
for nanosized particles, as exposure levels can currently only be 
extrapolated from datasets on larger sized particles and are highly var
iable among individuals (Grosselink et al., 2026). Consequently, as the 
purpose of this study was hazard characterization rather than risk 
assessment, in vitro concentrations exceeding estimated environmental 
levels were applied to enable identification of potential toxicological 
mechanisms, consistent with established practice in respiratory nano
toxicology (Domenech et al., 2020).

We showed that LDH release patterns is associated with minimal 
cytotoxicity at 12 μg/cm², whereas significant increases were observed 
only at 120 μg/cm², suggesting that these concentrations primarily 
modulate epithelial physiology and barrier function rather than 
inducing extensive cell death. The selected exposure range, therefore, 
enabled investigation of epithelial barrier disruption and inflammatory 
signaling under sustained NP exposure conditions while preserving 
sufficient epithelial integrity for mechanistic analyses. Taken together, 
although the concentrations used in the present study may not directly 

reproduce average human inhalation exposure levels, the higher con
centration was included to model a worst-case or localized accumulation 
scenario in vulnerable airway epithelium undergoing barrier establish
ment under ALI conditions.

Some limitations should be acknowledged. Using a single epithelial 
cell line (Calu− 3) does not fully capture the cellular complexity of the in 
vivo airway environment, particularly the contributions of immune and 
stromal components. In addition, downstream functional consequences 
of cytokine signaling were not directly assessed. The focus on early-stage 
ALI conditions was intended to model a vulnerable phase of epithelial 
barrier establishment, and findings cannot be directly extrapolated to 
fully mature airway epithelia; therefore, comparison with fully differ
entiated epithelia will be important in future studies. Finally, commer
cially available particles may not fully reproduce the physicochemical 
heterogeneity of environmental NPs.

In conclusion, chronic exposure to PS-NPs (40 nm) induces structural 
and functional alterations in ALI-cultured Calu− 3 cells during epithelial 
barrier establishment, resulting in increased barrier vulnerability. These 
alterations include impaired barrier formation and selective, 
compartment-dependent inflammatory signaling. Furthermore, PS-NP 
exposure increased apical EV release and promoted incorporation of 
NPs into secreted vesicles. Collectively, these findings identify EV 
release as a potential mechanistic link between NP uptake and alter
ations in epithelial signaling. Future studies should characterize the 
molecular cargo of EVs released upon NP exposure and determine how 
NP-induced EV signaling influences airway epithelial communication 
pathways, potentially supporting the development of EV-based bio
markers of exposure.
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T., et al., 2021b. Comparative metabolomics analysis of bronchial epithelium during 
barrier establishment after allergen exposure. Clin. Transl. Allergy 11, e12051. 
https://doi.org/10.1002/clt2.12051.
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