
Citation: Schmidt, A.; Mühl, M.;

Brito, W.A.d.S.; Singer, D.; Bekeschus,

S. Antioxidant Defense in Primary

Murine Lung Cells following Short-

and Long-Term Exposure to Plastic

Particles. Antioxidants 2023, 12, 227.

https://doi.org/10.3390/

antiox12020227

Academic Editors: Ying Guo and

Antonella Casola

Received: 20 December 2022

Revised: 6 January 2023

Accepted: 17 January 2023

Published: 18 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Antioxidant Defense in Primary Murine Lung Cells following
Short- and Long-Term Exposure to Plastic Particles
Anke Schmidt 1 , Melissa Mühl 1 , Walison Augusto da Silva Brito 1,2, Debora Singer 1,3

and Sander Bekeschus 1,*

1 ZIK Plasmatis, Leibniz Institute for Plasma Science and Technology (INP), Felix-Hausdorff-Str. 2,
17489 Greifswald, Germany

2 Department of General Pathology, State University of Londrina, Rodovia Celso Garcia Cid,
Londrina 86020-000, Brazil

3 Department of Dermatology and Venerology, Rostock University Medical Center, Strempelstr. 13,
18057 Rostock, Germany

* Correspondence: sander.bekeschus@inp-greifswald.de

Abstract: Polystyrene nano- and micro-sized plastic particles (NMP) are one of the common plastic
materials produced that dramatically pollute the environment, water, and oceanic habitats worldwide.
NMP are continuously absorbed by the body through a number of routes, especially via intestinal
ingestion, dermal uptake, and inhalation into the lung. Several studies provided evidence of NMP
provoking oxidative stress and affecting cellular responses. Yet, the NMP effects on primary lung cells
have not been studied. To this end, we isolated and cultured murine lung cells and exposed them
short-term or long-term to polystyrene 0.2–6.0 µm-sized NMP. We studied cellular consequences
regarding oxidative stress, morphology, and secretion profiling. Visualization, distribution, and
expression analyses confirmed lung cells accumulating NMP and showed several significant corre-
lations with particle size. Moreover, we found substantial evidence of biological consequences of
small-scale NMP uptake in lung cells. Besides alterations of cytokine secretion profiles resulting in
inflammatory responses, indicators of oxidative stress were identified that were accompanied by Nrf2
and β-catenin signaling changes. Our results serve as an important basis to point out the potential
hazards of plastic contaminations and uptake in lung cells.

Keywords: environment; inflammation; oxidative stress; plastic particles; toxicity; uptake

1. Introduction

Plastic diversity and versatility make its application indispensable across all areas
of everyday life. This, of course, goes hand in hand with its ever-increasing role as a
pollutant in aquatic systems and air, recognizing plastic as a serious global environmental
concern [1,2]. Emerging airborne pollutants include, for instance, polystyrene, polyvinyl
chloride, polyethylene, polycarbonate, polypropylene, polyurethane, and polyethylene
terephthalate [3,4]. They imply a high risk to the human respiratory system [5]. Each year,
tons of micro- and nanoparticles (NMP) are released into the atmosphere worldwide when
NMP-containing water evaporates, or any plastic object is damaged and scraped. Through
the air and abrasion from car tires or clothing, such NMP can be inhaled by humans and
animals [6,7]. A previous study found 575 to 1008 NMP per square meter of air in every
sample collected twice a week for a month [8].

Due to their small size and strong biological penetration, NMP are easily ingested
by organisms, causing severe damage to biological functions on a single-cell level [9,10].
Additionally, NMP can release chemical additives into the body from surface-coated or-
ganic molecules (protein corona) [11,12]. In humans, plastic uptake, accumulation, and
distribution in cells and tissues and the subsequent biomedical relevance are still largely
unexplored [13]. Several mechanisms of penetration and adsorption are currently being
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suggested as possible ways of interaction and entry of NMP into cells and tissue [14] with
severe side effects and consequences [15,16]. A variety of NMP exposure routes could
adversely affect human health [6,17]. In addition to small particles, particles up to ten
micrometers can penetrate all tissues and cells and accumulate in organs causing modifica-
tions of physiological processes [18]. Several studies focused on the absorption of polymeric
particles via the gastrointestinal tract, with intestinal uptake of plastic-contaminated water
or food being the predominant route in humans [19–21]. Besides the oral and/or dermal
uptake, NMP inhalation from ambient air is another significant route [22–25]. It has been
found that exposure to polystyrene (PS) NMP causes oxidative stress in human lung cells
in vitro [26]. Therefore, the accumulation of plastic in the respiratory mucosa and lung
tissue is now the focus of environmental research.

In our study, the mechanisms and effects of the accumulation of fluorescence-labeled
polystyrene NMP were monitored in cells freshly isolated from mouse lungs. Polystyrene
was selected as it is a commonly produced and used plastic type and one of the primary
pollutants found in the environment, which can remain there for a long time [27]. Moreover,
the functional consequences of NMP uptake were analyzed with PS-NMP of five different
sizes following single or repeated exposure over one or four weeks, respectively. The
response to a repeated, long-term NMP uptake is probably more realistic to the kind
of accumulation observed in our environment. Critical biological processes, viability,
metabolism, toxicity, and pathways were investigated using fluorescence-based high-
content imaging techniques, flow cytometry, and gene and protein expression analysis.

2. Materials and Methods
2.1. Lung Cell Culture

The study was conducted in accordance with the regulations of the local ethics com-
mittee of the State of Mecklenburg-Vorpommern (Rostock, Germany; Az.: 7221.3-1-044/16)
and the guidelines for the care and use of laboratory animals. It was performed according
to the recommendations of Good Laboratory Practice and within the guidelines and reg-
ulations of animal care guidelines in SKH1-hr hairless immunocompetent mice (Charles
River Laboratories, Sulzfeld, Germany). Primary cells were isolated from the lungs by
enzyme-mediated digestion according to the recommendations of a dissociation kit. The
cell suspension was homogenized in gentleMACS C tubes using a gentleMACS dissociator
for obtaining live cells (Miltenyi Biotec, Bergisch-Gladbach, Germany). To separate indi-
vidual cells, the suspensions were passed through 40 µm MACS SmartStrainers (Miltenyi
Biotec). Lung cells were spun down. The resulting mix of lung cells, including pulmonary
alveolar epithelial type I and type II cells, were cultured over a total of four weeks in com-
plete Dulbecco’s Minimum Essential Medium (DMEM, PromoCell, Heidelberg, Germany)
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine
(Sigma-Aldrich, Taufkrichen, Germany) in a humidified incubator at 37 ◦C with 5% CO2.
In our experimental setups, early passages from 1 to 4 were used.

2.2. Polymer Particles and Lung Cell Exposure

The NMP used in this study were the fluoresbrite (FB) polystyrene microspheres 0.2
(YG, 0.2 µm, #07304), 1.0 (YG, 1 µm, #17154), 2.0 (red, 2 µm, #19508), and 6.0 (red, 6 µm,
#19111) (Polyscience, Niles, IL, USA), and polymer microspheres mix (red, 1–5 µm, #FMR-
1.3) in aqueous suspension (Cospheric, Goleta, CA, USA). The hydrodynamic diameter
was monitored with a dynamic light scattering system (DLS; Zetasizer Ultra, Malvern
Panalytics, Kassel, Germany). Stocks were sonicated with a bath sonicator and strongly
vortexed before use to avoid aggregation of NMP. Lung cells were incubated with NMP in
corresponding cell culture dishes dependent on downstream applications ranging from
6 cm dishes for RNA isolation and protein lysates to 96 well plates for metabolic or
viability measurements. Environmentally relevant concentrations of NMP are in the range
between 10 and 1000 µg/mL to facilitate studies on biological effects [28–30]. In our study,
10× concentrated NMP suspensions were added, reaching 1× the final concentration
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of 100 µg/mL in PBS. Membrane structures were stained with a blue fluorescent dye
(CellBriteBlue; Biotium, Fremont, CA, USA) and visualized along with NMP uptake into
the lung cells using a high-content imaging system (Operetta CLS; PerkinElmer, Hamburg,
Germany) (Figure 1a). NMP were quantified based on their fluorescence intensity, and the
findings were normalized by calculating the ratio of the number of objects per cell area.
Image acquisition, data quantification, and validation were performed with the Harmony
software (PerkinElmer) analysis package as previously described [30].
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Figure 1. Methods and algorithm-based uptake analysis of fluorescently labeled NMP in lung
epithelial cells. (a) In plastic-exposed cells, several types of analyses were performed, including NMP
uptake determination, secretion profiling, gene and protein expression analysis, high-content imaging,
and flow cytometry; (b) study scheme (right) and size verification via DLS of several polystyrene
NMP with fluorescent labeling ranging from 0.2 µm to 6 µm; (c) algorithm-based image analysis and
calculation of NMP uptake; (d) viable lung epithelial cells (mix of primary alveoli and bronchi) cultured
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in presence of several fluorescent NMP types and maximum intensity projection of representative
images (XYZ view) with cell membranes selected in blue and fluorescent particles inside as well as
outside of the cell. Scale bars are 5 µm (Z-plane), 50 µm (X and Y planes), and 100–200 µm (brightfield)
as indicated. Statistical analysis was done by unpaired, two-tailed Student’s t-test (n > 3) with * p < 0.05.

2.3. Analysis of Intracellular ROS, Thiol Content, Cellular Metabolism, Viability, and Apoptosis

DCF staining was applied to measure intracellular oxidative stress levels. For this,
5 × 103 cells were NMP-treated, incubated for 24 h in a 96-well plate, and washed with PBS.
Hydrogen peroxide (H2O2; final concentration: 100 µM) was used as a positive control.
After staining with H2-DCF-DA (final concentration: 25 µM; Thermo Fisher Scientific,
Dreieich, Germany) at 37 ◦C for 1 h, fluorescence intensity was assessed, which is associated
with the amount of ROS formed. Cells were imaged by fluorescence microscopy (Axio
Observer Z.1; Zeiss, Jena, Germany). By flow cytometry, the thiol content was analyzed
with a thiol-sensitive reagent (final concentration: 5 µM; Thermo Fisher Scientific), and the
granularity of NMP-treated lung cells was determined using the side scatter (SSC) metric
and compared to that of untreated cells. NMP-treated lung cells were incubated with
resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide, final concentration: 100 µM; Alfa
Aesar, Kandel, Germany). Resazurin is reduced to fluorescent resorufin by metabolically
active cells, and the fluorescence was determined after 2 h using a microplate reader (F200;
Tecan, Männedorf, Switzerland) at λex 535 nm and λem 590 nm. Afterward, the viability
of lung cells was determined via live–dead analysis. Briefly, cells were stained after NMP
exposure with FITC-Annexin V (final concentration: 5 µM; BioLegend, Amsterdam, The
Netherlands) along with 4′,6-diamidine-2-phenylindole (DAPI, final concentration: 1 µM;
BioLegend) at 37 ◦C for 30 min. After washing with cold FACS washing buffer, samples
were measured using flow cytometry (CytoFLEX LX; Beckman-Coulter, Krefeld, Germany).
Data analysis was performed using Kaluza analysis software 2.1.3 (Beckman-Coulter).

2.4. Quantification of Gene and Protein Expression

After the lysis of cell NMP-treated samples in RNA lysis buffer, total RNA was isolated
according to the manufacturer’s instructions (Bio & Sell, Feucht, Germany), and mRNA
expression levels were quantified by quantitative real-time PCR (qPCR). Briefly, 1 µg of
RNA was transcribed into cDNA, and qPCR was conducted in triplicates using SYBR Green
I Master (Roche Diagnostics, Basel, Switzerland). Murine gene-specific primers (Table A1)
were used (BioTez, Berlin, Germany). Two housekeeping genes, GAPDH and RPL13A, were
used as an internal normalization control. Gene expression was analyzed using the ∆∆CT
method. For protein analysis, NMP-treated cells were lysed in RIPA buffer containing
protease and phosphatase inhibitors (cOmplete Mini, phosSTOP, PMSF; Sigma-Aldrich).
The protein expression levels of Nrf2, HO-1, Nqo1, Keap1, Cat, Sod1, β-catenin, and β-actin
were determined using corresponding antibodies (Cell Signaling, Heidelberg, Germany)
and the WES system together with its Simple Western Software (Protein simple, Santa Clara,
CA, USA) according to the manufacturer’s instructions. Gapdh served as housekeeping
control. Band intensities were quantified as fold change compared to the untreated control.

2.5. Imaging to Study the Bioaccumulation of NMP

Lung cells were seeded on glass coverslips and exposed to NMP after one day.
NMP uptake was studied with a live-cell high-content imaging system (Operetta CLS;
PerkinElmer), and algorithm-driven image quantification was performed using dedicated
imaging software (Harmony 4.9). For immunofluorescence microscopy of samples, cells
were fixed in 4% paraformaldehyde (PFA; Sigma-Aldrich) for 20 min and permeabilized
with Triton X-100 (0.01% in PBS; Sigma-Aldrich). Fixed cells were incubated with primary
antibodies: Nrf2, β-catenin, HO-1 (all Cell Signaling), and FITC- or FR- (flash red) labeled
phalloidin for actin cytoskeleton staining (both BioLegend), followed by staining with
secondary antibodies conjugated to Alexa Fluor 488 for red NMP or Alex Fluor 594 for
green NMP, respectively (both Life Technologies, Ober-Olm, Germany). DAPI was used for
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nuclear counterstaining, and samples were mounted onto glass slides (VectaShield; Biozol,
Hamburg, Germany) prior to fluorescence microscopy using an Axio Observer Z.1 (Zeiss).

2.6. Multiplex Chemokine and Cytokine Profiles

Using multiplex cytokine detection technology (LegendPLEX; BioLegend), cytokine
profiles were measured in supernatants of lung cells exposed to NMP according to the
manufacturer’s instructions. The bead-based sandwich immunoassay was measured using
flow cytometry (CytoFLEX S; Beckman-Coulter) targeting tumor necrosis factor-alpha
(TNFα), interferon (IFN) α and γ, monocyte chemotactic protein (MCP) 1 (or CCL2) and
chemokine (C-X-C motif) ligand (CXCL) 9, and nine interleukins (IL1β, IL6, IL10, IL12p70,
IL17A, IL18, IL23, and IL33). Appropriate data analysis software (Vigene Tech, Carlisle,
MA, USA) was utilized for target quantification.

2.7. Statistical Analysis

Data are presented as mean + SE of at least three independent experiments. Graphing
was completed using Prism software 9.5.0 (GraphPad Software, San Diego, CA, USA).
Statistical analysis was performed by one-way analyses of variants (ANOVA) for multiple
group comparison and Student’s t-test for comparison between two groups with p-values
indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001, as in figure legends. All analyses were
Pearson-correlated against NMP sizes using prism software.

3. Results
3.1. Lung Epithelial Cells’ NMP Uptake Affected Metabolism, ROS Formation, and Viability

Lung epithelial cells are part of the first line of defense in the lung and are involved
in initiating and modulating immune responses in case of foreign particles or substances
infiltrating the lung. Therefore, we isolated a mix of subpopulations of lung cells, including
pulmonary alveolar and bronchial epithelial cells, and exposed them to NMP once (for
one week) or repeatedly for four weeks. Uptake, distribution, toxicity, metabolic activity,
secretory pattern, and changes in downstream signaling were observed and analyzed us-
ing a broad spectrum of methods (Figure 1a). Green or red fluorescently labeled spheric
polystyrene NMP were utilized in a sizes range between 0.2 µm, 1.0 µm, 2.0 µm, and 6.0 µm.
Furthermore, we added a mixture of around 1–5 µm sized particles. All types of particles
were validated using dynamic light scattering (Figure 1b). For identifying the statistical
relations and associations between NMP sizes and observed biological effects, the Pearson
correlation coefficients for all expression levels and other analyses (e.g., metabolic activity,
ROS, and thiol content) were determined for single and repeated NMP treatments (Table 1).
The cellular NMP uptake indicated a higher relative accumulation of smaller over larger
(6.0 µm-sized) particles (Figure 1c). To visualize the NMP uptake into lung cells, cytoplasmic
and intracellular membrane structures were stained, showing cellular localization of NMP
in the cytoplasm around the cellular nucleus as shown in representative fluorescence and
brightfield images (Figure 1d). NMP uptake was comparable between particle types and
effective independent from lung cell population type and culture time as seen in representa-
tive images after several passages (Figure A1a). In addition, we quantified light scattering
in NMP-treated cells using flow cytometry. Particle uptake was associated with increased
intracellular vesicles, leading to higher light reflection. Particularly, the 2.0 µm-sized particle
significantly increased side scatter signals (Figure 2a), validating the uptake quantification
using fluorescence microscopy. Next, we measured alterations in cellular metabolism. We
observed a slight increase in metabolic activity following NMP exposure, which was sig-
nificant for the small particle between 0.2 and 1.0 µm. For repeated exposure, a significant
decline was determined (Figure 2b). Representative images using the ROS indicator DCF
showed a significantly higher intracellular ROS generation after exposure to plastic particles
in contrast to untreated and H2O2-treated lung cells (Figure A1b). In contrast to the sub-
stantial ROS generation after NMP treatment, the thiol content was significantly decreased
(Figure 2c). The increased ROS could be responsible for increased thiol consumption. We
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next investigated the effect of these findings on cell viability on a single-cell level using flow
cytometry. Only moderate alterations of cell viability were found in cells 24 h after NMP
exposure independent of particle size (Figure 2c), suggesting the increased ROS production
and reduced thiol content (Figure 2d) to be of no cytotoxic consequences. However, NMP
exposure altered the expression of the tumor suppressor protein p53, Bcl-2-associated X
protein (BAX, a cofactor of p53), and the cell-cycle-related gene p21. p53 and BAX expression
tended to increase after single and repeated NMP exposure for all particle sizes. In contrast,
the observed lack of alterations of p21 after single incubation has reversed with increas-
ing duration of NMP exposure except for 2.0 µm particles. Hypoxia-inducible factor 1α
(HIF1A) expression was increased after single treatment for nano-sized particles but nearly
unchanged for micro-sized particles and after repeated NMP exposure (Figure 2e), indicating
an adaption of lung cells to NMP-induced effects.
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treated lung cells. (a) Quantification of side-scatter (SCC) signals from individual cells by flow cytometry
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analysis; (b) study scheme and metabolic activity of lung cells exposed to NMP after single or repeated
treatment; (c) representative images of H2-DCF-DA staining in untreated (ctrl) and NMP-treated lung
cells (mix) and quantification of ROS by high-content image as well as thiol content analysis using
flow cytometry; (d) representative FACS density-plot of untreated lung cells; determination of viable
and early and late apoptotic and necrotic cells after FITC-Annexin V and DAPI staining using flow
cytometry; (e) heatmaps of quantification of apoptosis-related p53 and BAX mRNA, cell-cycle-related
p21 mRNA, and HIF1A mRNA after single (left) and repeated (right) treatment using qPCR. Data
were normalized to GAPDH/RLP13A and untreated controls (ctrl) and presented as mean + SE.
Statistical analysis was done by unpaired, two-tailed Student’s t-test (n > 3) with * p < 0.05, ** p < 0.01,
and *** p < 0.001. Scale bar is 50 µm (c).

Table 1. Pearson (r) correlation coefficients for several types of analyses for single and repeated NMP
effects with the goal of identifying statistical relations between plastic particle sizes and biological
effects observed, sorted for descending r-values, showing gene expression after single exposure (top
left), gene expression after repeated exposure (top right), protein expression after single (bottom
left) repeated (middle bottom right) exposure, and cellular processes (bottom right) such as uptake,
metabolic activity, ROS, and thiol content.

Single (Gene Expression) Repeated (Gene Expression)
Target PCC (r) Significance Target PCC (r) Significance

FN1 −0.96 * KEPA1 −0.80 ns
TXN2 −0.86 ns NRF2 −0.73 ns

P53 −0.82 ns VCL −0.65 ns
SOD1 −0.78 ns FN1 −0.54 ns
CAT −0.77 ns ITGA6 −0.54 ns

HMOX1 −0.76 ns LEF1 −0.54 ns
VCL −0.69 ns CAT −0.51 ns

HSP70 −0.64 ns GSR −0.48 ns
NQO1 −0.63 ns HIF1A −0.47 ns
GSK3B −0.60 ns ITGA5 −0.46 ns

GSR −0.59 ns SXRN −0.43 ns
SRXN −0.54 ns CTNNB1 −0.40 ns
VEGF −0.54 ns NQO1 −0.33 ns
CDH1 −0.53 ns PPARD −0.32 ns
KEAP1 −0.53 ns HSP90A −0.28 ns
HIF1A −0.50 ns ITGA2 −0.19 ns
ITGA6 −0.46 ns GPx2 −0.18 ns
ITGAV −0.41 ns HMOX1 −0.05 ns

IL6 −0.41 ns C-JUN −0.04 ns
CTNNB1 −0.39 ns SOD2 0.03 ns
WNT7A −0.29 ns WNT1 0.04 ns
C-JUN −0.28 ns P53 0.18 ns
NRF2 −0.28 ns CDH1 0.21 ns

GSTA1 −0.21 ns VIM 0.24 ns
P21 −0.16 ns NOS2 (INOS) 0.25 ns

SOD2 −0.14 ns CLD1 0.42 ns
PPARD −0.08 ns BAX 0.44 ns
HSP90A −0.03 ns WNT7A 0.45 ns

BAX 0.06 ns GSK3B 0.57 ns
ITGA2 0.09 ns P21 0.57 ns
VIM 0.10 ns ITGA1 0.59 ns
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Table 1. Cont.

Single (Gene Expression) Repeated (Gene Expression)
Target PCC (r) Significance Target PCC (r) Significance
TNFα 0.19 ns GSTA1 0.59 ns
NOS2

(INOS) 0.33 ns SOD1 0.68 ns

ITGA1 0.47 ns TXN2 0.79 ns
WNT1 0.49 ns HSP70A 0.99 **
GPX2 0.62 ns

IL1β 0.84 ns r > 0.9 or
r < −0.9 strong

LEF1 0.89 ns r > 0.7 or
r < −0.7 moderate

CLD1 0.95 ** 0.7 > r < −0.7 weak
Single (Protein Expression) Repeated (Protein Expression)

Target PCC (r) p-Value Significance Target PCC (r) p-Value Significance
Nrf2 −0.98 0.02 * Cat −0.93 0.05 *
HO-1 −0.67 0.33 ns β-catenin −0.80 0.2 ns
Cldn1 −0.54 0.46 ns Sod1 −0.66 0.34 ns
Keap1 −0.51 0.49 ns Nrf2 −0.32 0.67 ns
Sod1 −0.22 0.78 ns β-actin 0.11 0.89 ns

integrin −0.21 0.79 ns
Cat −0.20 0.80 ns

β-catenin −0.12 0.23 ns
Nqo1 −0.07 0.93 ns
Vcl 0.32 0.68 ns

Gpx1 0.35 0.65 ns
Wnt 0.59 0.41 ns

β-actin 0.71 0.29 ns
Cellular Process

Target PCC (r) p-Value Significance
NMP uptake −0.53 0.8 ns

Metabolic activity (s) −0.34 0.66 ns
Metabolic activity (r) −0.24 0.76 ns

ROS −0.17 0.83 ns
Thiol content −0.39 0.61 ns

3.2. NMP-Affected Stress Signaling in Primary Lung Epithelial Cells

The literature shows that the cellular uptake of nanoparticles generates oxidative
stress in several types of cell lines. Until now, several studies have identified changes in the
nuclear factor-E2-related transcription factor 2 (Nrf2)-Keap1 signaling (Figure 3a) in models
of respiratory diseases [26]. To identify the role of this pathway in our study, Nrf2 protein
distribution and quantification, along with gene transcript levels and its downstream
signaling, were analyzed following NMP treatment using immunofluorescence microscopy,
qPCR, and WES (capillary-based protein gel electrophoreses). We observed a strong
nuclear translocation of Nrf2 following exposure to 1.0 µm NMP (arrow in Figure 3b).
This result was found independent of NMP size (data not shown), supporting the fact of
an Nrf2 signaling activation following NMP exposure. Nrf2 plays an important role in
regulating ARE-mediated expression of phase II detoxifying antioxidant genes. Therefore,
we quantified the expression levels of Nrf2, heme oxygenase 1 (HMOX1), and NAD(P)H
quinone oxidoreductase 1 (NQO1), two antioxidant proteins, as well as Keap1, a redox-
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regulated substrate adapter protein, which were modestly regulated in an NMP size-
dependent fashion after single and repeated treatment (Figure 3c). At the same time,
the glutathione S-transferase A1 (GSTA1) expression level was significantly increased,
suggesting the protection of cells from ROS and peroxidation products in response to NMP
treatment. Due to the antioxidant activity of several downstream targets of Nrf2 to protect
cells from ROS-induced oxidative stress, we quantified the expression levels of catalase
(CAT) and superoxide dismutase 1 and 2 (SOD1/2), which tended to be upregulated
in an NMP size-dependent fashion. By contrast, glutathione peroxidase 2 (GPx2) was
significantly down-regulated after single and repeated NMP exposure. In turn, glutathione
reductase (GSR) was down-regulated upon single (1 week) NMP treatment but profoundly
upregulated when cells were exposed over 4 weeks to NMP particles. Moreover, qPCR
analysis of several targets such as thioredoxin 2 (TXN2), sulfiredoxin (SRXN), heat shock
proteins (HSP) 70A and 90, and nitric oxide synthase 2 (inducible, iNOS) was divergently
regulated upon NMP exposure, indicating a regulation of these targets through a redox-
sensitive mechanism. The protein expression levels of Nrf2 were altered similarly to Nrf2
transcript levels. Other downstream targets were more modestly changed, except for Cat,
Sod1, and GPx1, which were mostly upregulated after single or repeated NMP exposure
(Figure 3d). Nuclear translocation of HO-1 protein following NMP treatment was shown in
representative images using fluorescence microscopy (arrows in Figure 3e).

3.3. Structural and Functional Signaling Changes in NMP-Treated Lung Cells

One role of the dynamic actin cytoskeleton is the spatial and temporal regulation of the
β-catenin complex between adherent cell clusters. Consequently, we investigated structural
target expression and changes following NMP exposure using qPCR, immunofluorescence
microscopy, and protein analysis. While the β-actin expression level of ACTB mRNA (data
not shown), as well as the staining of the cytoskeleton, was unchanged after single NMP
exposure (Figure 4a), we found apparent effects following repeated NMP exposure. The
cytoskeletal actin filaments were transiently disrupted along with a loss of stress fibers in
cells that had accumulated plastic particles (arrows, Figure 4b). Using protein expression
analyses (WES), however, we found no differences in absolute expression levels of β-actin
(Figure 4c). Next, we quantified the expression level of the intermediate filament protein
vimentin (VIM), and the multidomain protein fibronectin (FN) 1. mRNA expression levels
of VIM were slightly down-regulated for 0.2 µm, 1.0 µm, and 6.0 µm NMP. Following single
and repetitive treatment, all other sizes yielded comparable results to control conditions,
except for 0.2 µm. In addition, we observed a prolonged down-regulation of the pericellular
fibrinogen matrix as shown by FN1 mRNA quantification (Figure 4d). The NMP effects
on adhesive integrin complex and associated proteins, including integrins and vinculin,
were quantified using qPCR showing differentially expression levels between experimental
groups compared to untreated control (Figure A2a).
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Figure 3. Activation of oxidative stress signaling in murine lung epithelial cells after NMP expo-
sure. (a) Scheme of Nrf2 pathway activation and target gene expression; (b) representative images of
cellular Nrf2 localization in untreated cells (ctrl; star, cytoplasm), and cells exposed to 1.0 µm-sized
NMP (arrow, nuclear staining); (c) expression values of Nrf2, HMOX1, Keap1 NQO1, and GSTA1 mRNA
after single (left) and repeated (right) treatment using qPCR (upper panel), expression values of CAT,
SOD1, SOD2, GPx2, GSR (middle panel), and TXN2, SRXN, HSP70, HSP90A, iNOS (bottom panel) were
measured using qPCR after single and repeated NMP exposure; (d) heatmap of Nrf2 signaling and
downstream targets by protein expression quantification; (e) representative images of cellular HO-1
localization in untreated cells (ctrl; star, cytoplasm) and cells exposed to 1.0 µm-sized NMP (arrow, nu-
clear staining) with nuclei counterstained with DAPI (blue). Data were normalized to GAPDH/RLP13A
and untreated controls (ctrl) and presented as mean + SE. Statistical analysis was done by unpaired,
two-tailed Student’s t-test with * p < 0.05, ** p < 0.01, and *** p < 0.001. Scale bars are 50 µm (b,e).

The dual-function protein β-catenin is a structural cell adhesion protein that binds
intracellularly to cadherins and plays a signaling role as a downstream mediator of the Wnt
signaling pathway (scheme Figure 5a). Through qPCR and WES analyses, we showed a sub-
stantial increase in β-catenin (CTNNB1) gene and protein level after single NMP treatment,
in contrast to repeated exposure. This was accompanied by a slight decrease in E-cadherin
(CDH1) expression after single treatment in contrast to repeated exposure, along with a
strong increase of WNT1 and WNT7a expression. Phosphorylated glycogen synthase kinase
(GSK) 3β promotes the phosphorylation of β-catenin at key Ser/Thr residues by modulating
its degradation and nuclear translocation [31]. The analyses revealed that the mRNA level
of GSK3β was comparable between NMP-treated cells and controls, with a slight increase
for 0.2 µm-sized NMP exposure. Consistent with previous data, a significant decrease
in GSK3β mRNA was identified in repetitive NMP-treated lung cells. After nuclear β-
catenin accumulation, it acts as a coactivator for transcription factors of the T-cell/lymphoid
enhancer-biding factor (TCF/LEF) family. LEF1 and c-JUN, as further activators downstream
of β-catenin stabilization, showed similar results in single- and repeated-treated lung cells
with slightly increased mRNA levels in the NMP-treated lung cells (Figure A2b). The mRNA
levels of the tight junction protein claudin 1 (CLDN1) and vascular endothelial factor (VEGF)
were significantly elevated in NMP-treated lung cells, particularly after single treatment
and independent of particle size. For other molecules, such as the lipid-sensitive nuclear
peroxisome proliferator-activated receptor δ (PPARD), mRNA expression increased after
single treatment and decreased after prolonged NMP exposure, except for 0.2 µm NMP (Fig-
ure 5a). In addition, we observed an exposure-time-dependent increase in accumulation and
nuclear staining of these targets using immunofluorescence, demonstrating an activation
of the β-catenin pathway. The subcellular location of β-catenin showed stronger cytoplas-
mic expression following exposure to 0.2–1.0 µm NMP-treated cells (Figure 5b). Stronger
membranous staining at cell–cell contacts was mainly observed in lung cells where NMP
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were not incorporated (ctrl) in contrast to a cytoplasmic and nuclear expression following
long-term exposure to NMP-treated lung cells (arrows, Figure 5c).
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β-actin measured by WES; (d) gene expression levels of VIM, and FN1 quantified by qPCR. Data were
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analysis was done by unpaired, two-tailed Student’s t-test with * p < 0.05, ** p < 0.01, and *** p < 0.001.
Scale bars are 50 µm.
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Figure 5. Effects on β-catenin pathway following NMP exposure in lung cells. (a) Study scheme
and schematic representation of β-catenin signaling along with gene expression levels of WNT1/7A,
CDH1, CTNNB1, CLD1, VEGF, and PPARD as measured by qPCR, and heatmap of β-catenin protein
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level quantified by WES; (b) representative images of distribution characteristics of β-catenin (green)
in untreated lung cells (ctrl) with predominant cell border and cytoplasmic staining as compared
to predominant cytoplasmic staining after single NMP exposures to 0.2 µm and 1.0 µm particles;
(c) representative images of distribution characteristics of β-catenin (red) in untreated (ctrl) and NMP
exposed lung cells (red or green particle fluorescence) with nuclei counterstained using DAPI (blue)
and β-catenin being marked with arrows. Data were normalized to GAPDH/RLP13A and untreated
controls (ctrl) and presented as mean + SE. Statistical analysis was done by unpaired, two-tailed
Student’s t-test with * p < 0.05, ** p < 0.01, and *** p < 0.001. Scale bars are 50 µm (ctrl in b,c) and
20 µm (0.2/1.0 in b).

3.4. Cytokine Secretion Profile Changes

The last aim of the study was to identify the chemokine, cytokine, and growth factor se-
cretion pattern after NMP exposure in primary lung cells. First, we quantified the induction
of pro-inflammatory cytokine expression using qPCR in primary lung cell subpopulations.
NMP treatment induced a significant upregulation of interleukin 1β (IL1β), IL6, and VEGF
after single NMP exposure in all experimental groups. The expression of the tumor necrosis
factor TNFα, another mediator of an inflammatory response, has shown a slight decrease
except for the NMP mix (Figure 6a). We identified the presence of cytokines which seem to
be partly regulated at the translational level by qPCR. mRNA often is also regulated on a
post-transcriptional level. To complement these data, we further analyzed the secretion of
inflammation-related chemokines and cytokines using multiplex bead-based flow cytome-
try. In particular, IL6 and TNFα secretion into cell culture supernatants was significantly
increased in NMP-treated lung cells (Figure 6b). At the same time, the strong regulation
found for IL1β and VEGF after single NMP treatment seen with the qPCR results was not
confirmed in cellular secretion analysis. In general, the repeated NMP exposure had a more
pronounced effect on the secretion profile than the single treatment, as shown in single
diagrams for all cytokines investigated here (Figure 6c).
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Figure 6. Secretion profiles in NMP-treated lung cells. (a) Expression levels of IL1β, IL6, TNFα, and
VEGF measured using qPCR and shown in a heatmap after single NMP exposure; (b,c) multiplex
protein release quantification after single and repeated NMP exposure in lung cell supernatants as
shown in diagrams. Data were normalized to untreated controls (ctrl) and presented as mean + SE.
Statistical analysis was done by unpaired, two-tailed Student’s t-test (n > 6) with * p < 0.05, ** p < 0.01,
and *** p < 0.001.

4. Discussion

Preliminary data has demonstrated the presence of polymeric nano- and microplastic
particles (NMP) in humans [17], particularly in the gastrointestinal tract [32], liver [33],
placenta [34], and lung tissue [35]. Airborne pollutants are an important source of human
exposure and are often inhaled through the lungs. The maternal pulmonary exposure to
polystyrene (PS) nanoparticles was demonstrated, resulting in the translocation of plastic
particles to placental and fetal tissues in rats [36]. Due to an increased awareness of mi-
crofibers and artificial microplastic in the air and possible consequences for human health,
which have already been seen in the case of ultrafine particles [37], studies have aimed to
identify and address toxic implications. Thus, the major aim of our study was to investigate
several biological consequences following single and repeated NMP exposure in airway
cells. Most previous studies investigating NMP effects on airway cells used cell lines such as
alveolar A549 [5,38], bronchial BEAS [39–41], or lung cancer Calu-3 [42] cells, which are defi-
cient in functional characteristics of normal lung cells [8]. Therefore, we used primary lung
epithelial cells, freshly isolated from mice, to study biological responses in lung cells [43].

The composition, size, and shape of NMP significantly influence their retention in
the lungs and targeting properties. Plastic particles with fragmented or fiber shapes are
more abundant in environmental exposure scenarios than spherical particles of controlled
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size [44]. However, spherical particles are an advantageous proof-of-concept model for
detecting hazardous NMP effects in biological targets. Most nanoparticles for biomedical
applications, such as cancer treatment, exhibit a diameter of ~100 nm [35]. Additionally,
NMP size impacts the rate and extent of uptake from the lungs, which was found for
particle sizes ranging from 50 to 900 nm [45]. Microparticles with a mean volume diameter
of about 3 µm and mass median aerodynamic diameter of around 6 µm were found to be the
best suitable for pulmonary delivery as a therapeutic agent in diseases [46]. It is generally
believed that aerosol particles between 5 and 10 µm are preferentially deposited into the
oropharynx and large conducting airways. In contrast, particles between 1 and 5 µm are
deposited in the small airways and alveoli [47]. To assess the cellular internalization and
uptake of NMP, we used commercially available spheric polystyrene NMP of different sizes
ranging from nano- (200 nm) to micro-sized particles (1–6 µm). Successful incorporation
of NMP, all containing a fluorescent dye, into lung cells was shown by high-content
imaging analyses. In vitro, a continuous penetration and intracellularly accumulation of
small insoluble nano- and micro-sized theranostic particles were shown to treat several
diseases [48], and in pulmonary tissue overcoming the epithelial barrier [7,49]. The presence
of polymeric particles was reported, especially for PS particles, ranging from 4 to 30 µm in
human liver tissue samples of individuals with liver cirrhosis. Surprisingly, some NMP
particles identified had altered surfaces suggesting that particles had been deposited in the
organ for a long time and exposed to possible biochemical processes [33].

Due to the lack of analytical techniques, little information regarding airborne NMP
is available. Previously, an indoor air concentration of 3–15 particles/m3 [7] and 0.4–60
particles/m3 [46] was found. The use of a realistic concentration is crucial [50] and was
indicated in the range of 0.5–0.86 µg/cm2 for inhalation treatment experiments of pul-
monary cancer [47]. Studies have been performed with different NMP levels on cerebral
and epithelial human cells (around 10 µg/mL) [51]; on human epithelial, microvascular
endothelial (HMEC), and hepatoma cells, and macrophages (6–100 µg/mL) [41]; in hepa-
tocarcinoma liver [52], and intestinal cells (1–200 µg/mL) [53]; in zebrafish embryos [54];
and in human lung epithelial cells such as A549 (100 µg/mL) [5,55]. Nevertheless, PS
particles did not cause toxicity and decreased cellular viability at 20 and 50 µg/mL but at
200 µg/mL in THP1 monocytes [56] or at 120 mg/mL in endothelial cells [57]. To facilitate
studies on biological effects using different particle sizes, we applied NMP concentrations
at 100 mg/mL.

According to previous studies, exposures lasting for at least four weeks can be consid-
ered long-term (chronic) exposure [58–60], which is particularly more realistic, as present
with our environment. Concomitant with previous findings [61], a significant decrease
in metabolic activity was found only after repetitive NMP exposure but not after single
exposure. On the cellular level, apoptosis and mitochondrial dysfunction are consequences
of NMP exposure as found in vitro in cell cultures and in vivo in animals [62]. Previous
data suggested that prolonged exposure to nano-sized particles leads to cytotoxicity at
low doses, and a particle-induced induction of cell death may be involved in the ob-
served pro-inflammatory action of NMP. Cell viability results showed that none of the
experimental NMP groups studied here did lead to a strong reduction of cell viability
or cytolysis. A decrease in cell number and an increase in interleukins were significant
in monocytes, as shown with PS and silica nanoparticles in short-term and long-term
exposures at 50 µg/mL [56], which was also evident in our cell model. Our data are
consistent with previous studies, where an increase in the secretion of tumor necrosis factor
(TNF) α following treatment with < 1 µm-sized PS at a concentration of 500µg/mL was
observed, together with a change in the interleukin (IL) 6 secretion following < 10 µm-sized
PS particle exposure [63,64]. Detection of the spectrum of pro- and anti-inflammatory
cytokines has become important in the study of several diseases in humans. An elevated
inflammation level by the prolonged release of certain pro-inflammatory cytokines (e.g.,
IL1β, IL6, and TNFα) leads to severe problems [65]. It can create favorable environments
for non-healing wounds [66] or tumor progression [67]. Moreover, it was demonstrated
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that nano-sized particles are taken up preferentially by lung cells stimulated cytokine and
chemokine production [68]. Additionally, the pro-inflammatory response may occur due to
permanent exposure to and accumulation of NMP.

The penetration of the cell membrane in response to cellular NMP uptake is strongly
linked to biological responses on the single-cell level, such as cytotoxicity, apoptosis,
cellular damage, and activation of signal transduction [69]. Several pathophysiological
mechanisms have been described to clarify the toxicity of airborne NMP. Previous data
confirmed that oxidative stress is one of the mechanisms of toxic effects at the cellular
level [51]. An increase in ROS production following exposure to PS nanoparticles resulted
in DNA damage and the increased formation of micronuclei and nuclear buds in a human
fibroblast cell line [70]. Additionally, an elevated ROS level was detected after NMP
exposure in human epithelial cells [71] and in mice exposed to NMP mixtures, while pre-
treatment with antioxidants reversed the effects [72]. In contrast, minor changes in different
genotoxicity-related biomarkers were observed in the human intestinal Caco-2 cells after
long-term exposure to PS-NMP, indicating a lack of DNA damage or oxidative stress [53].
Consequently, we measured the ROS levels and verified an increase in intracellular ROS
generation after NMP uptake in lung cells. In pathological conditions, the harmful effects of
ROS can overwhelm the antioxidant system. Our findings of activation of the key regulatory
transcription factor Nrf2 pathway showed a positive correlation with intracellular ROS
level and oxidative stress response. We found elevated levels of the thiol metabolism-
associated detoxifying enzyme glutathione S-transferase, hinting at an increase in the
cellular detoxification caused by the intrinsic formation of ROS and products of oxidative
stress by conjugating with glutathione. A potent antioxidant, neutralizing ROS, are protein
thiols that are characterized by a sulfhydryl (SH-) group [73]. Reduced glutathione (GSH)
is a major member that maintains the redox balance [74,75]. In contrast to increased thiol
levels in human cell lines in response to NMP exposure [30], we observed decreased levels
of thiols in lung cells suggesting less strong effects on viability as shown in Figure 2b,d.
The cell viability was only decreased after repeated NMP exposure, promoting intracellular
ROS production at low cytotoxicity. To examine the defense mechanism, downstream
targets of Nrf2 signaling such as heme oxygenase 1, superoxide dismutase (SOD) 1 and
2, and catalase were increased, suggesting that NMP-generated oxidative stress could
be considered as a trigger of oxidative stress-dependent signaling pathways mediated
by Nrf2 [76]. An upregulation of SOD1 has been documented in microplastic-treated
copepod P. nana [76]. A recent long-term study of NMP exposure found significant changes
in the expression levels of HMOX1 and SOD2 transcripts in human intestinal cells [53].
Generally, the Nrf2 pathway activates cellular rescue pathways against oxidative injury,
inflammation, immunity, apoptosis, and carcinogenesis [77]. Intriguingly, the nuclear
translocation of HO-1 found in our study was also linked to tumorigenesis and tumor
progression in lung, prostate, head, and neck squamous cell carcinomas and chronic
myeloid leukemia [78]. Additionally, another study indicates the potential role of oxidative
stress in the mechanism of nanoplastics-induced lung injuries with several key genes,
such as transcription factors [79]. The reports and our findings suggested that repeated
exposure to non-cytotoxic NMP concentrations increases the stress-related responses of
the exposed cells. Therefore it could induce stress-related effects such as pulmonary
fibrosis or carcinogenesis [49]. It was further found that PS-NMP leads to cardiovascular
toxicity in rats by inducing cardiac fibrosis via activating the Wnt/β-catenin pathway
and myocardium apoptosis triggered by oxidative stress [80]. The dual-function protein
β-catenin is an important effector in the canonical wingless (Wnt)/β-catenin signaling
where Wnt ligands bind to a frizzled Wnt receptor [81]. In a meta-analysis of 22 studies
with ca. 2300 case reports, cytosolic β-catenin stabilization with nuclear translocation and
accumulation was strongly associated with poor prognosis in hepatocellular carcinoma [82],
colorectal cancer [83], and non-small cell lung cancer [84]. In this regard, we also found
significant alterations in β-catenin localization, actin distribution, and fibrinogen expression
indicative of modulated cytoskeleton and cellular structures.
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5. Conclusions

In conclusion, due to our findings, NMP accumulation in murine lung cells supports
intracellular ROS formation along with modest alterations in cytotoxicity and apoptosis. In
contrast, NMP exposure changed the transcriptional signature of the Nrf2-driven oxidative
stress response and β-catenin signaling along with modulation of inflammatory mediators
(e.g., cytokines) and cytoskeletal factors (e.g., β-actin), particularly following repeated
NMP deposition. To obtain more data on toxic NMP effects, further in vivo studies using
environmental plastic mixtures must be conducted.
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Appendix A

Table A1. Murine gene-specific primers used in quantitative real-time PCR.

Gene Name Alias with Gene ID Primer Sequences (3′-5′)

nuclear factor erythroid 2-related factor 2 NRF2_NM_010902 GAG TCG CTT GCC CTG GAT ATC
TCA TGG CTG CCT CCA GAG AA

heme oxygenase 1 HMOX1_NM_010442 TGA AGC AGG CAT CTG AGG G
CGA AGG TGG AAG AGT GGG AG

NAD(P)H dehydrogenase [quinone] 1 NQO1_NM_008706 GGC ATC CAG TCC TCC ATC AA
GTT AGT CCC TCG GCC ATT GTT

kelch-like ECH-associated protein 1 KEAP1_NM_016679 CGG GGA CGC AGT GAT GTA TG
TGT GTA GCT GAA GGT TCG GTT A

catalase CAT_NM_009804 CAG AGA GCG GAT TCC TGA GAG A
CTT TGC CTT GGA GTA TCT GGT GAT

superoxide dismutase [Cu-Zn] SOD1_NM_011434 GAA ACA AGA TGA CTT GGG CAA AG
TTA CTG CGC AAT CCC AAT CA

glutathione peroxidase 1 GPX2_NM_030677 GTG GCG TCA CTC TGA GGA ACA
CAG TTC TCC TGA TGT CCG AAC TG

glutathione-disulfide reductase GSR_NM_010344 TCG GAA TTC ATG CAC GAT CA
GGC TCA CAT AGG CAT CCC TTT

tumor necrosis factor-alpha TNFA_NM_013693 TCT CAT GCA CCA CCA TCA AGG ACT
ACC ACT CTC CCT TTG CAG AAC TCA

interleukin 1β IL1β
GCA ACT GTT CCT GAA CTC AAC T

ATC TTT TGG GGT CCG TCA ACT

interleukin 6 IL6_NM_031168 ATC CAG TTG CCT TCT TGG GAC TGA
TAA GCC TCC GAC TTG TGA AGT GGT
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Table A1. Cont.

Gene Name Alias with Gene ID Primer Sequences (3′-5′)

β actin ACTB_NM_007393 TTG CTG ACA GGA TGC AGA AG
ACA TCT GCT GGA AGG TGG AC

heat shock protein 70 HSP70_NM_010479 GGC TGA CAA GAA GAA GGT GC
CTG GTA CAG CCC ACT GAT GA

heat shock protein 90α HSP90A_NM_010480 GAC GCT CTG GAT AAA ATC CGT T
TGG GAA TGA GAT TGA TGT GCA G

vinculin VCL_NM_009502 GCT TCAGTC AGACCC ATA CTC G
AGG TAA GCA GTA GGT CAG ATG T

focal adhesion kinase FAK/PTK2_NM_007982 GAG TAC GTC CCT ATG GTG AAG G
CTC GAT CTC TCG ATG AGT GCT

integrin A1 ITGA1_ NM_001033228 GAC AGC CCT TGG AAT AGA CAC
GTT GTC ATG CGA TTC TCC ATC A

integrin A2 ITGA2_NM_008396 TGT CTG GCG TAT AAT GTT GGC
TGC TGT ACT GAA TAC CCA AAC TG

integrin A5 ITGA5_NM_008402 TGC AGT GGT TCG GAG CAA C
TTT TCT GTG CGC CAG CTA TAC

integrin A6 ITGA6_NM_008397 GGG ATC GTC CGT GTA GAA CAA
TCT CTC CAC CAA CTT CAT AGG G

fibronectin 1 FN1_NM_010233 GCT CAG CAA ATC GTG CAG C
CTA GGT AGG TCC GTT CCC ACT

vimentin VIM_NM_011701 CGT CCA CAC GCA CCT ACA G
GGG GGA TGA GGA ATA GAG GCT

wingless-type MMTV integration site 1 WNT1_NM_021279 CGACTGATCCGACAGAACCC
CCATTTGCACTCTCGCACA

wingless-type MMTV integration site 7a WNT7A_NM_009527 TCAGTTTCAGTTCCGAAATGGC
CCCGACTCCCCACTTTGAG

β-catenin 1 CTNNB1_NM_007614 CCC AGT CCT TCA CGC AAG AG
CAT CTA GCG TCT CAG GGA ACA

E-cadherin CDH1_NM_009864 CAC CTG GAG AGA GGC CAT GT
TGG GAA ACA TGA GCA GCT CT

lymphoid enhancer-binding factor 1 LEF1_NM_010703 GCC ACC GAT GAG ATG ATC CC
TTG ATG TCG GCT AAG TCG CC

Jnk for c-jun N-terminal kinase α C-JUN_AJ315350 GTCCTCCATAAATGCCTGTTCC
GATGCAACCCACTGACCAGAT

peroxisome proliferator activator receptor delta PPARD_NM_011145 TCCATCGTCAACAAAGACGGG
ACTTGGGCTCAATGATGTCAC

claudin 1 CLD1_NM_016674 GGG GAC AAC ATC GTG ACC G
AGG AGT CGA AGA CTT TGC ACT

vascular endothelial growth factor VEGF_NM_001025250 AAC GAT GAA GCC CTG GAG TG
GAC AAA CAA ATG CTT TCT CCG

glycogen synthase kinase 3 α GSK3B_NM_019827 AAG CTC TGC GAT TTT GGC AGT
GAG TTC TGG AGC ACG GTA GTA

glyceraldehyde 3-phosphate dehydrogenase GAPDH_NM_001289726 CAT GGC CTC CAA GGA GTA AG
TGT GAG GGA GAT GCT CAG TG

ribosomal protein 13A RPL13A_NM_009438 AGC CTA CCA GAA AGT TTG CTT AC
GCT TCT TCT TCC GAT AGT GCA TC
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Figure A1. (a) Study scheme (top) and maximum intensity projection of representative images
(XYZ view) of murine lung cells with cell membranes selected in blue (CellBrite) and fluorescent
particles inside as well as outside of the cell in green and red (green for 0.2 and 1 µm, and red for
2.0, 6.0 µm, and mix); (b) representative images of H2-DCF-DA staining (green) in untreated (ctrl)
and NMP-treated lung cells with NMP ranging from 0.2 to 6 µm and a mixture between 1 and 5 µm.
Scale bars are 5 µm (Z-plane, a) and 50 µm (X and Y planes, a,b).
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