
RESEARCH ARTICLE

Evaluating the toxicity of polystyrene micro- and nanoplastics in human 
bronchial epithelial cells: differences and challenges using aerosol and 
suspension exposures

I. F. Gosselinka, P. Leonhardta, M. J. Drittija, E. M. H€oppenerb, R. J. Smelta, F. J. van Schootena and
A. H. V. Remelsa 

aDepartment of Pharmacology and Toxicology, Institute of Nutrition and Translational Research in Metabolism (NUTRIM), Maastricht 
University, Maastricht, the Netherlands; bNetherlands Organization for Applied Scientific Research, TNO, Utrecht, the Netherlands 

ABSTRACT  
Objective: Studies investigating toxicity of airborne micro- and nanoplastics (MNPs) are mostly 
based on conventional submerged cell cultures while limited studies utilize air-liquid interface 
(ALI) systems. Inherent differences in these culture/exposure modalities, such as particle behav
ior and deposited dose, likely affect cellular responses. To investigate this, we exposed sub
merged human bronchial epithelial cells (BEAS-2B) to polystyrene (PS) MNPs vs. aerosol 
exposure of ALI cultures.
Methods: First, submerged bronchial epithelial cells (BEAS-2B) were exposed to suspensions of 
PS particles (50 nm or 1 mm) in four different applied concentrations (0.79–50 mg/cm2; 24 h). 
Second, BEAS-2B cells were cultured at ALI and exposed in a cloud system to PS 1 mm particles 
(deposited dose: 55.4 mg/cm2; 24 h). Toxicity readouts focused on cytotoxicity (LDH release), 
inflammation (IL-8 release and transcriptional activation of inflammatory genes), and oxidative 
stress (DCFH-DA assay, antioxidant gene expression, and assessment of reduced/oxidized 
glutathione).
Results: In both models, PS exposure did not induce cell death, or an antioxidant response. 
However, NF-jB transcriptional activity was strongly upregulated in submerged cells in response 
to both sizes of PS particles in a dose-dependent manner. Gene expression of CXCL1, CXCL2, 
and CXCL8 increased up to 7-fold after PS microplastic exposure (50 mg/cm2) in the submerged 
model (which was less pronounced in response to PS nanoplastics) and 2-fold in the ALI model. 
In contrast, IL-8 secretion increased 1.6-fold for the ALI, but not the submerged model.
Conclusions: Overall, both exposure modalities revealed an inflammatory response toward PS 
MNPs although with differences, likely due to significant differences in deposited dose.

GRAPHICAL ABSTRACT

PLAIN LANGUAGE SUMMARY
Very small plastic particles, called microplastics and nanoplastics (MNPs), are present in the air 
and can be inhaled into the lungs. To study possible health effects, scientists often expose lung 
cells to these particles in liquid (submerged) culture systems. However, this does not closely 
match how people are exposed through breathing. This study used a traditional liquid-based 
method and a more realistic system that exposes lung cells to plastic particles through the air. 
More specifically, human lung cells were exposed to polystyrene (PS) plastic particles of different   

ARTICLE HISTORY 
Received 1 January 2026 
Accepted 22 June 2026 

KEYWORDS 
Polystyrene; air-liquid 
interface; submerged; 
bronchial epithelial cells; 
exposure  

CONTACT A. H. V. Remels a.remels@maastrichtuniversity.nl Department of Pharmacology and Toxicology, Institute of Nutrition and Translational 
Research in Metabolism (NUTRIM), Maastricht University, Universiteitssingel 50, 6629 ER Maastricht, the Netherlands 

Supplemental data for this article can be accessed online at https://doi.org/10.1080/08958378.2026.2695089. 

� 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

INHALATION TOXICOLOGY 
2026, VOL. 38, NO. 8, 469–481 
https://doi.org/10.1080/08958378.2026.2695089

http://crossmark.crossref.org/dialog/?doi=10.1080/08958378.2026.2695089&domain=pdf&date_stamp=2026-08-05
https://doi.org/10.1080/08958378.2026.2695089
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/08958378.2026.2695089


sizes using either liquid exposure or an air–liquid interface system, where particles were deliv
ered as an aerosol, similar to inhalation. The researchers looked for signs of cell damage, inflam
mation, and oxidative stress. The results showed that the plastic particles did not kill the cells 
and did not cause oxidative stress in either exposure method. However, both methods caused 
signs of inflammation, which is a normal response of the body to foreign substances. In the 
liquid-based system, inflammation-related genes were strongly activated. In the air-exposed sys
tem, gene activation was weaker, but cells released higher levels of an inflammatory signaling 
protein. Importantly, the air-based exposure better reflects how people actually breathe in par
ticles and avoids some problems linked to liquid-based testing. This study shows that there are 
differences in cellular responses to MNPs depending on the dose, particle behavior and culture 
system, which are all connected to each other.

Introduction

In recent years, environmental pollution by micro
plastics (< 5 mm) and nanoplastics (< 1 mm) (MNPs) 
has emerged as a significant global concern due to 
their pervasive presence and potential health implica
tions. Airborne MNPs originate from a variety of 
sources, including tire wear, agriculture, and indus
trial processes (Zhao et al. 2023). Humans are con
stantly exposed to airborne MNPs, especially indoors, 
with most recent estimated exposure levels being 
around 68,000 MPs/d (Yakovenko et al. 2025). MNPs 
smaller than 10 mm can enter the airways where they 
can encounter the bronchial epithelium. This critical 
barrier in the respiratory system plays a pivotal role 
in protecting against inhaled particles, pathogens, and 
pollutants (Braakhuis et al. 2014). MNPs of various 
polymers have been detected in all areas of the 
lung, as well as in other parts of the human body 
(Amato-Lourenço et al. 2021; Jenner et al. 2022). 
Understanding the interactions between inhaled 
MNPs and bronchial epithelial cells (BEAS) is essen
tial for assessing potential health risks.

As use of environmentally relevant MNPs in tox
icity research up till now has been limited due to lack 
of commercial availability and technical difficulties in 
generating these MNPs, most studies thus far have 
used polystyrene (PS) as a model MNP. These mono
dispersed particles with well-defined sizes are suitable 
to study correlations between size and particle toxicity 
(Zhang et al. 2022; Luo et al. 2025). In addition, the 
uniform spherical shape of these model MNPs allows 
to quantify the dose in number or relative surface 
area, considered a more biologically relevant metric 
than mass-based (Schmid and Stoeger 2016). 
Indicative of the potential toxicity of PS MNPs, intra
tracheal instillation of mice with PS for two weeks 
resulted in inflammatory cell infiltration in the lung 
and increased levels of interleukin-6 in bronchoalveo
lar lavage fluid (Danso et al. 2022). Due to ethical 
concerns and translational challenges in predicting the 

human toxicity response toward environmental pollu
tants, the field is moving away from in vivo experi
ments toward new approach methodologies, including 
in vitro models. In vitro models allow researchers to 
study the effects of MNPs on key cellular events 
upstream of tissue injury, most important being cyto
toxicity, inflammation, and oxidative stress 
(Halappanavar and Mallach 2021). For example, 24 h 
exposure to 1 mg/cm2 PS microplastics (1.7 mm) 
was previously shown to induce cytotoxicity, while 
also inducing intracellular reactive oxygen species 
(ROS) in bronchial epithelial cells (BEAS-2B) (Dong 
et al. 2020).

Despite the growing number of in vitro studies 
performed in the field of MNPs, studies focusing on 
the effects of airborne MNPs are still very much 
restricted to submerged exposures. However, the air 
liquid interface (ALI) culture system provides a useful 
tool and more physiologically relevant system to 
examine the response of epithelial cells of the airways 
and lungs to airborne pollutants. This system has 
been used for toxicological research of metal nanopar
ticles, as well as for diesel exhaust particles and par
ticulate matter (Hufnagel et al. 2020; Kaur et al. 
2022). Studies comparing exposure methods using 
non-plastic particles indicate exposures performed at 
ALI may substantially differ from submerged expo
sures which could be related to inherent model differ
ences, dosimetry, and particle behavior/characteristics 
(Kaur et al. 2022; Silva et al. 2023; Allouche et al. 
2025). However, these studies reported variable 
results, and outcomes might differ per type of air
borne pollutant. Before selecting the most suitable 
exposure and culture system, it is essential to evaluate 
the influence of exposure method on MNP character
istics and subsequent cellular responses.

This study aimed to assess the biological responses 
of human BEAS to MNPs in a submerged – vs ALI set
ting. We used PS as model MNP and investigated the 
effect of exposure setting on particle characteristics, 
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deposition/dose, and toxicological effects. As toxico
logical endpoints we selected cytotoxicity, inflamma
tion and oxidative stress, as based on literature, these 
key events are the ones most likely to occur after MNPs 
exposure. In addition, we describe the considerations 
and challenges of implementing both exposure meth
ods for MNPs studies, which will help guide future 
research efforts in this emerging field.

Materials and methods

Preparation of particle suspensions

Polystyrene PolybeadVR Microspheres (PS) with a diam
eter of 50 nm and 1 mm were obtained in watery suspen
sion (Polysciences, Warrington, PA, USA). For 
submerged exposures, particle stocks were pre-diluted in 
0.5% Bovine Serum Albumin (BSA; Sigma-Aldrich, St. 
Louis, MO, USA), to increase steric repulsion and pre
vent agglomeration, and then further diluted to desired 
particle concentration while reaching a final concentra
tion of 0.05% BSA, 1% heat inactivated fetal bovine 
serum (FBS), and 100 U/mL Penicillin/100 mg/mL 
Streptamycin in Dulbecco’s Modified Eagle Medium 
(DMEM) (all derived from Thermo Fisher Scientific, 
Waltham, MA, USA). For ALI exposures, PS stock was 
diluted in a mixture of MilliQ-water (MQ) and 
Dulbecco’s Phosphate-Buffered Saline (dPBS; 
Thermo Fisher Scientific), to a final concentration of 
14 mg/mL.

Characterization of particle suspensions

Scanning electron microscopy, combined with energy 
dispersive X-ray spectroscopy (SEM/EDX) was used, 
as previously described, to confirm elemental compos
ition and shape of the particles (Gosselink et al. 
2025). Dynamic Light Scattering (DLS) was performed 
using a Zetasizer nano ZS (Malvern Panalytical, 
Malvern, UK) to determine particle size distributions 
in diluted stock suspensions in both MQ and (sub
merged) exposure medium (0.1–0.5 mg/mL). The 
refractive index for PS was set at 1.59 (Zhang et al. 
2020). The average spectrum from three measure
ments was used to calculate the hydrodynamic diam
eter. The same machine was used to determine the 
zeta-potential, indicating surface charge of PS par
ticles in MQ (equilibration time 120 s).

BEAS-2B cell culture and exposure

Human BEAS-2B, were obtained from American 
Type Culture Collection and cultured in complete 

medium (DMEM supplemented with 10% FBS and 
100 U/mL Penicillin/100 mg/mL Streptamycin) in a 
humidified incubator with 5% carbon dioxide at 
37 �C. Medium replacement was performed approxi
mately every 2 d and cells were passaged before con
fluency. For submerged exposures, cells were seeded 
in full medium 24 h prior to exposure, in a 48-well 
plate (30,000 cells/well). For ALI exposures, 55,000 
cells were seeded 5 d prior to exposure in complete 
medium on the apical side of 12-well 12-mm trans
wells with 0.4-lm pore polyester membrane cell cul
ture inserts (Corning Costar, New York, NY, USA). 
Three days later, complete medium was refreshed. 
The next day, 24 h before exposure, cells were airlifted 
by removing the apical medium and replacing the 
basolateral medium by 1 mL reduced medium 
(DMEM supplemented with 1% heat-inactivated FBS 
and 100 U/mL Penicillin/S, i.e. reduced concentration 
of FBS). All exposures were performed in three or 
four biological replicates, each including three tech
nical replicates.

Submerged exposure
Cells were exposed to PS 50 nm or PS 1 um in differ
ent doses: 0.79 mg/cm2, 2.38 mg/cm2, 7.14 mg/cm2, and 
50 mg/cm2 for 24 h. Exposures occurred in particle 
suspensions (paragraph ‘Preparation of particle sus
pensions’) of 200 lL in 96-well plates (DCFH-DA 
assay, NF-jB and AP-1 transcriptional activity assay), 
400 lL in 48-well plates (cytotoxicity, IL-8 ELISA, 
gene expression measurements) or 2 mL in 6-well 
plates (GSH:GSSG assay). A vehicle control, (DMEM 
with 1% FBS, 100 U/mL Penicillin/100 mg/mL 
Streptamycin, 0.05% BSA) as well as a positive control 
for inflammation (Tumor Necrosis Factor-alfa [TNF- 
a]; 50 ng/mL, Thermo Fisher Scientific), was included 
in all experiments. For better comparison, we mod
eled the deposition of the 1 mm PS particles in the 
submerged system. For this, we applied the 
RiskGONE in vitro dosimetry web application, which 
is based on the Harvard DG model developed by 
DeLoid et al. (2015). Solvent parameters of the expos
ure medium were: media density¼ viscosity ¼
(Gosselink et al. 2025). The effective density in 
DMEM 1% FBS, as measured using the volumetric 
centrifugation method (DeLoid et al. 2014) was pro
vided by H. Dusza: 1.0259 g/cm3 (Zheng et al. manu
script in preparation). The following additional 
parameters were used in the model: polymer density 
of PS ¼ 1.05 g/cm3, suspension column height ¼
3.64 mm, height of sub-compartment ¼ 0.02, 
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centrifugation ¼ 1 (gravity), total simulation time ¼
24 h, and time interval for simulation ¼ 1 s. The 
resulting estimated deposited dose of PS 1 mm was 
reported in particle mass per unit surface area (mg/ 
cm2), as well as fraction of the applied dose.

ALI exposure
The VitrocellVR Cloud alpha move system (Vitrocell, 
Waldkirch, Germany) was used for ALI exposures, 
equipped with a vibrating mesh nebulizer with droplet 
mass mean aerodynamic diameter ranging from 4.0 to 
6.0 lm. During exposure, cells were maintained at 
37 �C and provided with reduced medium via the 
basolateral compartment. The aerosol was generated 
by nebulizing 500 mL of the (14 mg/mL) working sus
pensions, using a flow rate around 400 mL/min. 
Following nebulization, the aerosol was allowed 6 min 
to settle and subsequently evacuated for 3 min using 
the PowerVent system (Vitrocell). Each culture was 
exposed three times: either three times with MQ-PBS 
(vehicle control) or one-time MQ-PBS and two times 
with PS suspensions, aiming to match the nominal 
concentration (50 mg/cm2) of the highest dose imple
mented for submerged exposures. A quartz crystal 
microbalance (QCM; Vitrocell) was embedded in the 
cloud chamber for determination of the deposited 
mass. Directly after exposure, cells were placed in 
new plates with fresh reduced medium containing at 
the basal side and kept at the ALI for 24 h in the 
incubator.

Cytotoxicity assay

To determine cytotoxicity, Lactate dehydrogenase 
(LDH) analysis was performed according to manufac
turer’s specifications (Cytotoxicity Detection Kit 
(LDH); Roche, Basel, Switzerland). Of 24 h after 
exposure an apical wash (dPBS) was collected for the 
ALI exposures, as well as the supernatant of the sub
merged exposures. Absorbance values were measured 
at 492 nm (reference wavelength 650 nm) with a 
SpectraMax iD3 Multi-Mode Microplate reader 
(Molecular Devices, San Jose, CA, USA) and cor
rected for medium/dPBS background. As a positive 
control (LDH max), cells were exposed to 2% Triton- 
X-100 (Sigma-Aldrich) for 10 min. Cytotoxicity was 
expressed relative to the LDH max.

IL-8 ELISA

As indicator of pro-inflammatory response, interleu
kin-8 (IL-8) protein secretion was quantified in the 

supernatant (submerged exposures) or apical and baso
lateral compartments (ALI exposures) using the IL-8/ 
CXCL8 ELISA Duoset kit (R&D Systems, Minneapolis, 
MN, USA). To remove debris and floating cells, super
natant or apical wash was centrifuged at 4000 rcf for 
10 min at 4 �C. Absorbance measurements were per
formed at 450 nm (reference wavelength 570 nm) using 
the SpectraMax iD3 Multi-Mode Microplate reader. 
Absorbance values were corrected for a blank control 
(exposure medium, i.e. DMEM or PBS) and IL-8 pro
tein levels were quantified based on the standard curve, 
using a four-parameter logistic regression curve.

Quantitative polymerase chain reaction (qPCR)

TRIzol reagent (Invitrogen, Waltham, MA, USA) was 
used to extract RNA, according to manufacturer’s 
instructions. Isolations, cDNA synthesis, quantitative 
polymerase chain reaction (qPCR) as well as analysis 
has been performed as previously described 
(Gosselink et al. 2025). qPCR was performed on the 
CFX Opus 384 Real-Time PCR System (Bio-Rad, 
Hercules, CA, USA) and analyzed with the CFX 
Maestro software version 2.3 (Bio-Rad) and 
LinRegPCR software 2014. Gene expression levels of 
target genes were normalized using the geometric 
mean of four housekeeping genes (beta-actin (ACTB), 
beta-2 microglobulin (B2M), Cyclophilin A (CYPA), 
and ribosomal protein L13 A (RPL13 A)) and subse
quently expressed as fold change to vehicle control. 
Primers are listed in Supplementary Table S1.

DCFH-DA assay

To detect general intracellular ROS after particle 
exposure, a dichlorofluorescein diacetate (DCFH-DA) 
assay was performed. First, BEAS-2B cells were seeded 
in a 96-well plate at a seeding density of 2.5� 105 

cells/well. After 24 h, the cells were incubated for 
40 min with 10 mM DCFH-DA (Sigma-Aldrich) in 
reduced medium without phenol red. Thereafter, cells 
were exposed to either PS MNPs or vehicle control, 
in phenol red-free reduced medium. Of 1 mM H2O2 

served as positive control. Fluorescence was measured 
after 24 h using a SpectraMax iD3 Multi-Mode 
Microplate reader (excitation 485 nm and emission 
535 nm) and expressed as fold change to the vehicle 
control.

Measurement of GSH and GSSG levels

Another useful indicator for oxidative stress is the 
intracellular reduced glutathione (GSH)/oxidized 
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glutathione (GSSG) ratio, which was determined after 
PS exposure exactly as previously described (Rahman 
et al. 2006; Gosselink et al. 2025). Total glutathione 
(GSHþGSSG) and the oxidized form (GSSG) were 
quantified in two parallel reactions whereafter 
reduced glutathione levels could be quantified. Data 
are presented as GSH:GSSG ratios.

NF-jB and AP-1 transcriptional activity assay

To study the transcriptional activity of nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF- 
jB) and Activator protein-1 (AP-1) inflammatory 
pathways, we performed exposures on BEAS-2B 
reporter cells, transduced with a Luciferase reporter 
driven by NF-jB (RelA/p50) or AP-1 (Fos/Jun) tran
scription factor binding elements, as described earlier 
(Housmans et al. 2023; Gosselink et al. 2025). In 
short, 24 h before exposure to PS MNPs, transduced 
BEAS-2B cells were seeded in a 96-well plate. Of 24 h 
after exposure, cells were washed with PBS and lysed 
in MQ. A Tristar 2 injection system (Berthold 
Technologies, Bad Wildbad, Germany) was used to 
add Nano-GloVR reagent to each well. Luminescence 
was quantified using the Tristar2 LB942 multi-mode 
plate reader (Berthold Technologies).

Statistical analysis

Data are shown as the mean ± standard deviation for 
three independent experiments. Statistical analysis was 
performed with GraphPad Prism version 10.3.1 
(GraphPad Software, San Diego, CA, USA). The 
Shapiro–Wilk test was used to check for normality. 
For dose-response data statistical differences between 
vehicle and treatment conditions were tested using an 
ordinary one-way ANOVA with Dunnett’s multiple 
comparisons test (normally distributed data) or a 
Kruskal–Wallis test (non-normally distributed data). 
For single-dose exposures, a two-tailed unpaired t test 
was used to test statistical differences. Values of p<
0.05 were considered significant.

Results

Particle characteristics

PS particles displayed a spherical morphology, as 
assessed by SEM (Figure 1(A,B)). Diluted stock sus
pensions of PS particles were characterized using DLS 
which revealed an average hydrodynamic diameter in 
the same size range as their primary particle size; 
68 ± 0.47 nm and 1024 ± 16 nm. The low polydispersity 

index for both PS nanoparticles (0.045 ± 0.01) and PS 
microparticles (0.053 ± 0.04), and narrow size distribu
tion spectra indicated suspensions were highly mono
dispersed (Figure S1). The zeta potential in MQ was 
−34.0 mV ± 1.1 and −31.1 mV ± 1.8 for the PS nano
particles and PS microparticles suspensions, respect
ively, indicating a strong electrostatic repulsion 
between PS particles in MQ. To get more insight into 
PS particle behavior in suspension we also measured 
the particle size in exposure medium. In exposure 
medium, in the presence of BSA and FBS, a broader 
size distribution of PS nanoparticles was observed 
(196 ± 31.49 nm), whereas the size distribution of PS 
1 mm remained similar to the distribution in MQ 
(1057 ± 77.88 nm) (Figure S1).

Particle deposition

For submerged exposures with PS micro- and nano
particles, the applied dose ranged from 2.2 mg/mL to 
137.5 mg/mL (48-well format) and 1.3 mg/mL to 80 mg/ 
mL (96-well format). The narrow size distributions 
and spherical shape of the PS particles enabled us to 
accurately transfer the applied mass-based doses 
toward other relevant dose metrics, including particle 
number and surface area (Table 1). Representative 
pictures illustrative of the deposition of the 1 mm par
ticles relative to cell surface area are depicted in 
Figure S3(A). The 50 nm particles were too small to 
be visualized with light microscopy. The theoretical 
delivered dose in all submerged exposures in case of 
100% deposition efficiency would be 0.79 mg/cm2 − 
50 mg/cm2. Importantly, to more accurately estimate 
the effective dose of 1 mm PS particle in the sub
merged culture condition, we modeled the deposited 
dose using the RiskGONE in vitro dosimetry web 
application. This revealed that after 24 h, in the sub
merged system, only approximately 8% of the applied 
dose was deposited, resulting in an effective dose of 
approximately 4.1 mg/cm2 for the highest dose 
(Figure S6).

For the ALI system, the deposited dose of 1 mm 
particles was 55.43 mg/cm2, as assessed by QCM 
(Figure S4(A,B)). Considering a theoretical maximal 
deposited mass of 69.8 mg/cm2, the overall deposition 
efficiency was 79%. SEM pictures from grids revealed 
the exposure surface was relatively homogeneously 
covered by PS particles and PBS salts, with some 
agglomerated particles present (Figure 1(C,D)).

In summary, the exposure method influenced 
deposition and particle behavior, in which nebuliza
tion is preferred over the submerged exposure 
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method, since the delivered dose is not influenced by 
media interactions and can be quantified more accur
ately. In the subsequent described results, for sub
merged exposures we refer to the nominal dose in 
mg/cm2, while for ALI we report the deposited dose 
(55.43 mg/cm2).

Effects of polystyrene particles on submerged 
BEAS-2B cells

Assessment of cytotoxicity as revealed by release of 
LDH in the cell culture supernatant showed absence 

of any impact on cell viability in submerged expo
sures (Figure S3(B)). Next, we assessed the impact of 
these PS particles on cellular oxidant/antioxidant sta
tus. As illustrated in Figure 2(A), using H2O2 as a 
positive control (FC ¼ 2.90, p¼ 0.001), 50 mg/cm2 PS 
50 nm or PS 1 mm led to a small, but significant 
reduction in intracellular ROS, as assessed by the 
DCFH assay (FC ¼ 0.53, p¼ 0.03, and FC¼ 0.33, 
p< 0.001, respectively). In an effort to further charac
terize potential impact on relevant cellular antioxidant 
defense systems, we assessed abundance of the total 
levels of glutathione (GSH) vs. its oxidized form, 

Figure 1. Characterization of polystyrene particles by scanning electron microscopy (SEM) Representative secondary electron 
images of polystyrene (PS) nano- (A) and microparticles (B) in diluted stock suspensions. SEM grids placed in the aerosol chamber 
during nebulization were analyzed to assess the distribution of the deposited PS microparticles and salt particles (phosphate-buf
fered saline) in air-liquid interface exposures (C). Figure (D) is the high-magnified SEM image of figure C, revealing clusters of 
spherical PS particles.

Table 1. Different dose metrics for polystyrene particles in submerged exposures.
PS 50 nm PS 1 mm

Mass (lg/mL) 2.2 6.6 19.6 137.5 2.2 6.6 19.6 137.5
Number (#particles/mL) 3.20Eþ 10 9.60Eþ 10 2.85Eþ 11 2.00Eþ 12 3.18Eþ 06 9.53Eþ 06 2.83Eþ 07 1.99Eþ 08
Surface area (lm2/mL) 2.51Eþ 08 7.54Eþ 08 2.24Eþ 09 1.57Eþ 10 1.16Eþ 07 3.49Eþ 07 1.04Eþ 08 7.28Eþ 08
Nominal dose (lg/cm2) 0.79 2.38 7.14 50 0.79 2.38 7.14 50

Applied doses for polystyrene (PS) based on particle number and surface area were derived from the mass-based dose, taking into account the particle 
diameter (0.05 and 1.08 mm as derived by Scanning Electron Microscopy) and the polymer density of PS (1.05 g/cm3). The nominal doses of PS particles 
(lg/cm2) were calculated with the exposure volume (400 mL) and surface area of the cell culture system (1.1 cm2), assuming 100% deposition efficiency.
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glutathione disulfide (GSSG), as well as superoxide 
dismutase (SOD1 and SOD2) transcript levels. We 
observed that neither exposure to PS 50 nm nor 
PS 1 mm induced changes in GSH/GSSG ratio 
(Figure 2(B)). In addition, no significant effects on 
antioxidant gene expression were observed after PS 
exposure (Figure 2(C,D)).

We next assessed whether PS exposure was able to 
induce inflammation in our bronchial epithelial cell 
model. While the positive control TNF-a potently 
induced IL-8 secretion (Figure S4(A)), neither 50 nm 
nor 1 mm PS particles led to significant IL-8 secretion 
in the medium after 24 h of exposure (Figure 3(A)). In 

addition, TNF-a led to a massive induction of tran
script levels of all 3 inflammatory genes we assessed 
(Figure S5(C)). Exposure to low doses of PS 50 nm par
ticles slightly decreased CXCL2 expression (FC¼ 0.63, 
p¼ 0.006 and FC ¼ 0.71, p¼ 0.02) but did not lead to 
any significant changes in the expression of other 
inflammatory genes (Figure 3(B)). However, we did 
observe that the highest dose of PS microparticles, sig
nificantly induced mRNA expression of inflammatory 
genes CXCL1 (FC ¼ 4.47, p¼ 0.02), CXCL2 (FC ¼
7.28, p¼ 0.002), and CXCL8 (FC ¼ 7.05, p< 0.0001). 
In addition, 2.38 mg/cm2 PS microparticles also induced 
CXCL1 gene expression (Figure 3(C)). In order to gain 

Figure 2. Intracellular ROS formation, GSH/GSSG ratio, and antioxidant gene expression of BEAS-2B cells in submerged culture 
upon exposure to polystyrene (PS) particles. 
Cells were exposed to the vehicle control (exposure medium; DMEM, 0.05% BSA, 1% FBS) or PS particles for 24 h. Applied doses are displayed in mg/cm2. IL-8 
secretion (A). Gene expression of CXC Motif Chemokine Ligand 1 (CXCL1), CXC Motif Chemokine Ligand 2 (CXCL2), and CXC Motif Chemokine Ligand 8 (CXCL8) 
(B, C). Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-jB) activation (D) and AP-1 activation (E) were measured through luminescence inten
sity in stably transfected BEAS-2B luciferase reporter cells. Data are shown as mean fold change over vehicle control ± SD. �p< 0.05; ��p< 0.01; ���p< 0.001; 
����p< 0.0001.
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some mechanistic insight into which pathways were 
driving the enhanced expression of these genes in 
response to PS, we probed the transcriptional activity 
of two key inflammatory pathways known to drive 
expression of these genes, namely NF-jB and AP-1 by 
use of specific BEAS-2B luciferase reporter cell lines. 
This revealed that TNF-a potently increased NF-jB 
transcriptional activity (FC ¼ 28.0, p¼ 0.02), while AP- 
1 transcriptional activity was induced more moderately 
(FC ¼ 1.44, p¼ 0.002) by TNF-a (Figure S5(D,E)). 
Subsequent exposure of these reporter cell lines to PS 

50 nm and 1 mm particles showed that AP-1 transcrip
tional activity was unaltered while NF-jB transcrip
tional activity was strongly upregulated in response to 
both sizes of PS particles in a dose-dependent manner 
(Figure 3(D,E)).

Effects of polystyrene particles on airlifted 
BEAS-2B cells

Evidently, exposure of BEAS to PS particles in a sub
merged condition is not fully representative of real-life 

Figure 3. IL-8 secretion, pro-inflammatory gene expression and inflammatory pathway activation of BEAS-2B cells in submerged 
culture upon exposure to polystyrene (PS) particles. 
Cells were exposed to the vehicle control (exposure medium; DMEM, 0.05% BSA, 1% FBS) or PS particles for 24 h. Applied doses are displayed in mg/cm2. 
IL-8 secretion (A). Gene expression of CXC Motif Chemokine Ligand 1 (CXCL1), CXC Motif Chemokine Ligand 2 (CXCL2), and CXC Motif Chemokine Ligand 8 
(CXCL8) (B, C). Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-jB) activation (D) and AP-1 activation (E) were measured through lumines
cence intensity in stably transfected BEAS-2B luciferase reporter cells. Data are shown as mean fold change over vehicle control ± SD. �p< 0.05; ��p< 0.01; 
���p< 0.001; ����p< 0.0001.
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exposures via the inhalation route. Therefore, as a 
proof-of-concept, we next explored whether exposure 
of BEAS-2B cells cultured at the ALI to an aerosol of 
PS particles induced similar effects. Given that only the 
highest dose of PS particles, and most potently the 
1 mm particles, had an impact on inflammatory gene 
expression, we selected this high dose (50 lg/cm2) of 
1 lm PS particles for ALI exposure experiments. 
Similar to submerged counterparts, assessment of LDH 
release in an apical wash of these cultures evidenced 
absence of cytotoxicity in response to PS exposure in 
this system (Figure S4(C)). As in observations in sub
merged cultures, PS 1 mm exposure of the ALI cultures 
did not result in any significant changes in antioxidant 
gene expression (Figure 4(A)). However, when assess
ing inflammatory status in response to PS 1 mm, we 
observed a significant increase in IL-8 secretion in the 
apical compartment (Figure 4(B)). In line with this, PS 
1 mm exposure in ALI resulted in increases in CXCL1, 
CXCL2, and CXCL8 gene expression, albeit smaller in 
magnitude compared to submerged cells (Figure 4(C)). 
Comparing the two exposure systems, the ALI cultures 
also appear to be less responsive to TNF-a, in terms of 
IL-8 secretion, as well as CXCL8 gene expression 
(Figure S5(A–D), ALI data adapted from Gosselink 
et al. (2024)). This might be explained by higher base
line inflammatory markers in ALI-cultured cells 
(Figure S2).

Discussion

In this study, we observed that PS toxicity in human 
BEAS-2B cells was size- and concentration-dependent 

in the submerged system. Although both micro- and 
nanoparticles demonstrated low acute toxicity, high 
doses of 1-mm PS microparticles induced more pro
nounced proinflammatory effects than their smaller 
counterparts. In addition, with regard to dosimetry 
and cellular responses in conventional submerged cul
tures vs. aerosol exposures of the same cell line at 
ALI we observed that deposited dose and particle 
behavior were substantially different in both systems. 
This was associated with significant differences in the 
PS-induced inflammatory response, which was 
observed in both systems.

In our study, we assessed particle characteristics, 
deposition and cellular effects in submerged exposures 
vs. aerosol exposures. First of all, different exposure 
methods might require different dispersion protocols. 
While low zeta potential values were indicating strong 
electrostatic repulsion for PS particles in MQ, we were 
unable to measure zeta potential reliably in culture 
medium due to interference. The cell culture medium’s 
high conductivity and FBS proteins adsorbing to par
ticles is known to cause such interference 
(Bhattacharjee 2016). To prevent agglomeration and 
improve suspension stability, BSA is a commonly 
employed dispersant (Li et al. 2021). However, addition 
of (bio)surfactants might introduce artifacts and 
requires careful consideration (van Uunen et al. 2024). 
In submerged exposure medium, in presence of both 
FBS and BSA, we observed a substantial increase of the 
hydrodynamic diameter of PS nanoparticles, compared 
to PS nanoparticles dispersed in MQ. This effect, indi
cating adsorption of proteins from the medium onto 
the particle surface (protein corona), is known to affect 

Figure 4. Effects of nebulized polystyrene (PS) microparticles on airlifted cultures of BEAS-2B cells. 
Air-liquid interface (ALI) cultures of BEAS-2B cells were exposed to vehicle (MQ/PBS) or PS 1 mm particles at a concentration of 55.43 mg/cm2 for 24 h. Gene 
expression of superoxide dismutase 1 (SOD1) and the mitochondrial manganese-dependent superoxide dismutase (SOD2) (A). IL-8 secretion upon exposure 
to 1 mm particles (B). Gene expression of CXC Motif Chemokine Ligand 1 (CXCL1), CXC Motif Chemokine Ligand 2 (CXCL2), and CXC Motif Chemokine 
Ligand 8 (CXCL8) (C). Data are shown as mean fold change over vehicle control ± SD. �p< 0.05; ���p< 0.001.
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particle uptake and the availability of surface chemical 
groups (Leibe et al. 2019). Also, a corona of BSA has 
been demonstrated to reduce cytotoxic effects of PS 
nanoparticles in hepatocytes (80–200 nm) (Pan et al. 
2026). Similar effects were observed for Copper (II) 
oxide nanoparticles, leading to less genotoxic effects in 
submerged BEAS-2B cells, in the presence of BSA 
(Siivola et al. 2020). Therefore, to make a better com
parison, in future experiments BSA and FBS should 
also be included in the nebulized exposures. While ALI 
exposure did not contain FBS or BSA, it does require 
the presence of free ions and a salt solution is part of 
the standard operating procedure to assure accurate 
dosing (Ding et al. 2020). The co-deposition of salts, 
originating from the applied PBS/MQ, might have an 
impact on biological outcomes. To summarize, the dif
ferent dispersion protocols of submerged exposure and 
ALI exposure lead to different exposure environments, 
complicating direct comparison between the two 
exposure modules.

In addition to interacting with medium compo
nents, MNPs might also interfere with readout assays 
(Kroll et al. 2012). This interference might account 
for the absence of IL-8 protein detection in our sub
merged exposures, despite evidence of induced 
inflammatory gene expression and NF-jB activation. 
Whereas nebulization of particles avoids the use of 
FBS, the addition of a dispersion agent like BSA 
might still be necessary to create stable suspensions of 
MNPs with higher agglomeration tendency.

Since there is a discrepancy between the adminis
trated dose and delivered dose, accurate determin
ation of the deposited dose is crucial to interpret 
toxicity outcomes. PS has a density of 1.05 g/cm3, 
which is higher than the exposure media density 
(0.98 g/cm3). However, particles might form agglom
erates, with media fluid trapped between primary par
ticles, lowering the total density of the agglomerate 
(Cohen et al. 2013). Indeed, Busch et al. (2021) meas
ured a lowered PS effective density of 1.021 g/cm3 in 
MEM culture medium (1% FBS, density: 1.007 g/cm3). 
Their sedimentation modeling of 50 nm PS particles 
revealed a prediction of only 17% deposition after 
24 h incubation (Busch et al. 2021). In addition, using 
the same methodology, we modeled deposition of the 
larger 1-mm PS particles that we used and observed 
an even lower deposition efficiency of 8% after 24 h. 
Collectively, this convincingly shows that the depos
ited dose under submerged conditions in our study 
was most likely substantially lower than the dose 
deposited by nebulization. Dose measurements of ALI 
exposures with the integrated QCM allowed accurate 

deposited dose determination, which is a clear advan
tage over submerged exposures. The high deposition 
efficiency in our ALI exposures demonstrates a com
plete and homogeneous nebulization process. 
However, taking into account that the cellular surface 
area only equals 7% of the total deposition area sur
face of the Vitrocell module (200.57 cm2), 5.3% of the 
applied dose reached the cells. Therefore, when low 
amounts of test substance are available, submerged 
exposure or small droplet application might still be 
the only option. In addition, for particle suspensions 
with higher agglomeration tendency, a lower depos
ition must be anticipated for, since part of the applied 
particles will remain clogged in the mesh of the 
vibrating membrane of the nebulizer (Motta et al. 
2024).

Regarding cellular effects after PS exposure, we 
observed that neither PS nano- or microparticles 
caused cell death, increased oxidative stress levels or 
triggered activation of the antioxidant system. This is 
in line with another study, that did not observe cyto
toxicity or increased ROS generation by PS 1 mm (<
200 mg/mL, corresponding with approximately 60– 
125 mg/cm2) in submerged BEAS-2B cells, as meas
ured with the DCFH assay (Jeon et al. 2023). It has to 
be mentioned that the decrease of fluorescence emis
sion after treatment with the highest doses (50 mg/ 
cm2) of PS particles in our study might have resulted 
from quenching effects of the particles on the DCFH 
assay. Although widely used, the suitability of the 
DCFH probe to detect an intracellular oxidative stress 
response after (nano)particle toxicity has been ques
tioned due to potential interference of the particles 
with the assay (Kalyanaraman et al. 2012; Ruijter 
et al. 2024). Ruijter et al. specifically identified inter
ference when using the standard plate reader protocol, 
as they observed significantly higher fluorescence 
intensity when measuring DCF signal with flow 
cytometry. Further, when conducting another type of 
ROS detection method, a bioluminescent assay, others 
observed an increase of H2O2 in BEAS-2B cells after 
exposure to 10 mg/cm2 PS nanoparticles (200 nm) 
(Ernhofer et al. 2025). In contrast to our results and 
findings from the studies described above, another 
study observed increased cytotoxicity after exposing 
BEAS-2B cells to 10–30 mg/cm2 PS nanoparticles 
(40 nm) for 24 h (Yang et al. 2021). Discrepancies 
between in vitro studies using the same cell line and 
the same particle might result from variations in sus
pension preparation, exposure conditions or assay 
execution, indicating the importance of 
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standardization and proper particle characterization 
in exposure medium.

In this study, we observed size-dependent proin
flammatory effects of PS in the submerged system, in 
which expression of pro-inflammatory genes potently 
increased after PS 1-mm particle exposure and not 
after PS nanoparticles. This is in contrast to most pre
vious studies, that often observe the opposite effect of 
size (Brown et al. 2001; Shi et al. 2022; Gosselink 
et al. 2025). One of the general hypotheses is that 
smaller sized particles exhibit higher uptake efficiency 
and therefore increased toxicity. Liu et al. indeed 
demonstrated a higher uptake of PS 50 nm particles 
by BEAS-2B cells compared to PS 100 nm particles 
for short time periods (< 12 h). However, after 24 h 
exposure the intracellular number of PS 100 nm par
ticles was higher than PS 50 nm (Liu et al. 2022). In 
addition, the authors reported higher exocytosis for 
PS 50 nm compared to PS 100 nm. This highlights 
that, although we did not observe inflammatory gene 
upregulation after 24 h of exposure, there might be 
potential effects of PS nanoparticles at earlier time 
points. Another striking difference that we observed 
was that the inflammatory response differed in the 
submerged vs. the ALI system. While the submerged 
system displayed a more transcriptional inflammatory 
response, without increased IL-8 secretion, in the ALI 
system, the transcriptional response was much less 
pronounced while there was a significant increase in 
IL-8 secretion. The low deposition efficiency of the PS 
particles in the submerged system likely played a role 
in this difference. Taking this into account, the ALI 
system was exposed to a much higher dose, much 
faster than the submerged system which likely influ
ences not only the magnitude of the inflammatory 
response but also the temporal profile.

Although this study provides valuable insights in 
the comparison of two important exposure methods 
for MNPs, some limitations have to be mentioned. 
Although PS is commonly used in the production of 
food packaging and biomedical devices, it only 
accounts for about 5% of the total European plastic 
production and is therefore not representative of the 
wide variety of MNPs in the environment (Plastics 
Europe 2024). Accurate and relevant dosing remains a 
challenge. In vivo exposure levels can currently only 
be estimated for larger-sized plastics due to analytical 
constraints. Such estimates for 24 h exposure have 
been much lower (152–507 microplastics/kg body 
weight per day) compared to our lowest dose 
(Eberhard et al. 2024). However, cumulative (lifetime) 
exposure should also be taken into account. 

Moreover, in this study, we made use of a relatively 
simplistic cell culture model. The use of more com
plex in vitro models, including primary differentiated 
cultures and co-cultures, would make it easier to 
extrapolate results to real-live exposures. Given the 
nano size of the PS particles, it can be postulated that 
these would reach the alveolar region of the lungs, 
characterized by pneumocytes and macrophages. 
Testing the effect of PS nanoparticles in a co-culture 
of these two cell types would therefore be a relevant 
next step.

To conclude, this study highlights that there are 
substantial differences in aerosol exposures of MNPs 
vs submerged exposures. These include particle- 
medium interference (and thus particle behavior) and 
assessment of a precise effective dose. These differen
ces likely influence biological responses. Even though 
submerged exposures might still function as a useful 
approach for high-throughput early-stage screening 
for MNP toxicity, ALI exposures will always have 
more biological relevance. Although promising, the 
field of MNP aerosol exposures is still developing and 
future investigations should include further optimiza
tion and validation of the use of aerosols for in vitro 
MNP risk analysis strategies.
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