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ABSTRACT: Microplastics (MPs) have recently become a world-
wide concern as newly emerging airborne pollutants, particularly
because they can associate with polycyclic aromatic hydrocarbons
(PAHs). Upon inhalation, MPs encounter bronchoalveolar lavage
fluid (BALF), resulting in the formation of protein coronas that
govern their biological identity and behavior. Herein, polystyrene
(PS) MPs were selected as model MPs, and PS@BALF, PS@BaP,
and PS@BaP@BALF MPs were simultaneously prepared to study
the combined effects of eco- and biocorona formation for the first
time. We investigated the compositions of protein coronas formed
on PS and PS@BaP MPs in BALF, revealing that BaP adsorption
significantly altered protein species and relative abundance. It was
found that the protein corona enhanced uptake of PS MPs by RAW264.7 macrophages through caveolin-mediated endocytosis, with
SP-A identified as a key mediator. Moreover, cytotoxicity assessments demonstrated that the protein corona mitigated membrane
damage and apoptosis induced by MPs, whereas BaP adsorption significantly intensified cellular toxicity, oxidative stress, and
apoptotic responses, illustrating the opposing effects of two coronas. Notably, the protein corona contributed to oxidative stress,
potentially due to increased cellular uptake. Finally, toxicoproteomics analysis elucidated potential mechanisms of MP-induced
toxicity. These findings underscore the importance of incorporating both pollutant adsorption and biomolecular corona formation.
KEYWORDS: Polystyrene microplastic, Bronchoalveolar lavage fluid, Benzo[a]pyrene, Corona, Combined cytotoxicity, Proteomics

1. INTRODUCTION
Plastics are ubiquitous in daily life, representing one of the
fastest-growing and most widely produced materials world-
wide.1−3 As of 2020, global plastic production had reached 500
million tons, and it is projected to double by 2050, exceeding 1
billion tons annually, with a cumulative output estimated at 33
billion tons.4 Currently, only about 9% of plastic waste is
recycled,2 while 74%−94% ends up in landfills, incinerators, or
the natural environment,4 leading to persistent environmental
contamination. In the environment, plastics undergo aging and
fragmentation, generating smaller particles known as micro-
plastics (MPs).5,6 MPs are commonly defined as plastic
particles smaller than 5 mm, with 0.1 μm considered the
lower boundary,7,8 and are categorized as either primary or
secondary based on their origin.9 MPs can migrate easily in the
environment and enter the human body via ingestion,
inhalation, or skin contact due to the small size.10 Previous
research have confirmed their presence in various human
organs, including the liver, kidney, and lung,11 and smaller MPs
can even penetrate biological barriers and be found in blood,12

placenta,13 and brain tissues,14 raising serious concerns about
their potential health effects. However, most research on the
health risks of MPs just focused on their impact on the
digestive system via ingestion,15−17 with limited attention to
the effects of inhaled MPs on the respiratory system. MPs that
enter the body via inhalation can reach the alveoli and may be
more difficult to eliminate compared to ingested MPs.18

Therefore, research on inhaled MPs should not be overlooked.
Existing studies have reported the presence of MPs in
bronchoalveolar lavage fluid (BALF),18 human sputum,19

lower respiratory tract samples20,21 and lung tissue,22 with an
average concentration of approximately 9 particles per 100 mL
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of BALF.23 Pulmonary exposure to MPs has been shown to
induce toxic effects, including oxidative stress in alveolar
epithelial cells,24 pulmonary fibrosis,25 and induced hemato-
logical system injury.26

MPs can interact with other substances through hydro-
phobic or electrostatic interactions, forming surface-bound
layers collectively referred to as corona.27 Coronas are
generally classified into eco-coronas and biocoronas depending
on the settling circumstances.28 The eco-coronas are generated
from abiotic environmental media (e.g., metal ions, inorganic
anions, and organic chemicals), whereas the biocoronas are
acquired from biological fluids (e.g., proteins, lipids, nucleic
acids) within living organisms.4 The formation of coronas can
significantly influence the biodistribution and ultimate fate of
MPs within the body.29,30 Due to their small size, high specific
surface area, amorphous structure, hydrophobicity, and
porosity, MPs readily adsorb hydrophobic environmental
contaminants,31,32 particularly persistent organic pollutants
(POPs),33 such as polycyclic aromatic hydrocarbons (PAHs).
Studies have shown that MPs can adsorb PAHs to form eco-
coronas.34,35 Benzo[a]pyrene (BaP), a representative PAH, is
often used as a marker compound in environmental
toxicology.36 Feng et al.37 reported that polystyrene (PS)
possessed the highest capacity of adsorbing BaP via forming
sandwiched π-stacking structures with benzene rings among
five nanoplastics (polyvinyl chloride, polyethylene, polypropy-
lene, polyethylene terephthalate, and PS). When adsorbed
onto the surface of MPs, BaP can alter their biological effects.
For instance, Gonzaĺez-Soto et al.38 reported that PS MPs
loaded with BaP exerted greater toxicity in Mytilus
galloprovincialis, as indicated by reduced hemocyte viability,
altered catalase activity, and epithelial damage in digestive
tubules, compared to pristine MPs. Similarly, von Hellfeld et
al.39 found that PS MPs adsorbing cadmium or BaP induced
histological changes in the digestive glands of Mytilus
galloprovincialis, whereas pristine MPs had negligible effects
after 3 days of exposure. Despite these findings, there is a
notable lack of research on the combined toxicological effects
of MPs and environmental contaminants on human health,
particularly through inhalation routes.40,41

Bronchoalveolar lavage fluid (BALF) serves as an ideal
model to simulate the pulmonary lining fluid interface
encountered by MPs in the lungs following inhalation.42

Once inhaled, MPs diffuse through the alveolar lining fluid
layer containing proteins, lipids, and other components,43

during which they can adsorb proteins from BALF to form
biocoronas. It is essential to explore the formation of protein
coronas on MPs in real biological fluids for understanding the
implications of human exposure to MPs. However, very few
studies have investigated the formation of BALF-derived
protein coronas on MPs, with most focusing on engineered
nanoparticles rather than MPs. Poulsen et al.44 examined the
composition and concentration of BALF proteins adsorbed
onto TiO2 nanoparticles and reported increased secretion of
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and
macrophage inflammatory protein-2 (MIP-2). Xia et al.45

indicated the differences in biocoronas formation on iron oxide
nanoparticles incubated in BALF from healthy and metabol-
ically syndrome-affected mice, demonstrating alterations in
cellular interactions and toxicity. Shaw et al.46 found that
protein coronas formed on carbon black nanoparticles in BALF
enhanced particle phagocytosis 5-fold compared to those
formed in plasma or fibrinogen. Only a few studies have

analyzed the composition of protein coronas formed on
particles after incubation with BALF, as well as their impact on
cellular phagocytosis.47,48 Furthermore, MPs coated with eco-
coronas more accurately represent environmental exposures.
Notably, BaP may influence the adsorption of BALF proteins
onto MPs, thereby altering downstream cellular responses. The
impact of protein coronas on combined toxicity, particularly in
relation to cell-level toxicological outcomes, remains a critical
knowledge gap that warrants further investigation.
PS is widely detected in both indoor and outdoor airborne

environments due to its prevalence in common consumer
products, such as packaging and textiles.49−51 As a significant
contributor to airborne MPs, PS can adsorb BaP coexisting in
the atmosphere, forming a representative combined contam-
inant that poses potential risks to the respiratory system.41

Additionally, PS has been commonly employed in MP toxicity
studies,31,33 making it an ideal model for investigating the
toxicity mechanisms of MP-pollutant complexes. Herein, we
designed a novel protocol to delve into the biological effects
and potential toxic mechanisms of PS MPs under in vitro
conditions. First, to investigate the initial biological inter-
actions upon inhalation, BaP was preadsorbed onto PS MPs to
form eco-coronas-modified MPs, while BALF was used to form
biocoronas that mimic the first biological barrier encountered
in the alveoli on PS and PS@BaP MPs. The surface properties
of different MPs were characterized, and the compositions of
the protein coronas adsorbed on PS and PS@BaP MPs were
analyzed using SDS-PAGE and LC−MS/MS. Furthermore,
toxicological measurements were conducted using RAW264.7
macrophages to compare cytotoxicity, oxidative stress, and
apoptosis across the four MP groups, and to assess the effect of
protein coronas on cell uptake. In addition, Pro DIA-based
quantitative proteomic analysis was performed to identify
differentially expressed proteins (DEPs) and enriched path-
ways in exposed cells, providing more clues to elucidate the
toxicity mechanism of MPs−coronas complex.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents
PS (0.2−0.5 μm, 2.5% w/v) and BaP were purchased from Aladdin
(Shanghai, China); 10% chloroform solution was purchased from
NJDULY (Shanghai, China); green fluorescent PS was purchased
from Baseline (Tianjin, China); physiological saline (0.9%), SDS-
PAGE loading buffer (5×), Coomassie Brilliant Blue staining solution,
Tris-HCl (1.5 mol/L, pH 8.8), Tris-HCl (1 mol/L, pH 6.8), dimethyl
sulfoxide (DMSO), TBSTw (10×), Reactive Oxygen Species (ROS)
Detection Kit, BCA protein concentration detection kit, Lactate
Dehydrogenase (LDH) Detection Kit, Total Superoxide Dismutase
(SOD) Activity Assay Kit (WST-8 method), BeyoECL Moon
Detection Kit, RIPA cell lysis buffer, and protease and phosphatase
inhibitor mix were purchased from Beyotime Biotechnology
(Shanghai, China); phosphate-buffered saline (PBS) and fetal bovine
serum (FBS) were purchased from Gibco (USA); Cell Counting Kit-8
(CCK-8 Kit) was purchased from UElandy (Jiangsu, China);
CheKine Reduced Glutathione (GSH) Colorimetric Assay Kit was
purchased from Abbkine (Wuhan, China); chlorpromazine (CPZ)
and 5-(N-ethyl-N-isopropyl)-aminopyridine (EIPA) were purchased
from MCE (Nanjing, China); methyl-β-cyclodextrin (MβCD) was
purchased from Sigma-Aldrich (Shanghai, China); Mouse IL-6 ELISA
Kit was purchased from ExCell Bio (Jiangsu, China); Annexin V-
FITC/PI Apoptosis Detection Kit and high-glucose Dulbecco’s
modified Eagle medium (DMEM) containing 1% penicillin and
streptomycin were purchased from KeyGEN BioTECH (Jiangsu,
China); MAP4K3 polyclonal antibody (rabbit polyclonal), alpha-
tubulin antibody (rabbit polyclonal) were purchased from Proteintech
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(USA); fibrinogen α-chain antibody (rabbit monoclonal) and
horseradish peroxidase-labeled goat antimouse IgG (H+L) were
purchased from Abcam (Shanghai, China). BALF was obtained by ten
healthy SPF SD rats aged 9−11 weeks and weighing 300−330 g. Rats
were anesthetized with 10% chloral hydrate, and the trachea was
exposed. The lungs were lavaged three times with 6 mL of
physiological saline and slowly aspirated back and forth each time.
Then the BALF samples were centrifuged at 1500 r/min for 10 min at
4 °C to pellet large agglomerates and cellular debris. All supernatant
samples were pooled into a homogeneous solution and stored at −80
°C to avoid protein degradation. The concentration of BALF was
determined using BCA Protein Assay Kit. The animal experiments
were approved by the Animal Research Committee of Nanjing
University Medical School (2024-AE01082).
2.2. Preparation of PS@BALF MPs
PS MPs (1 mg/mL, 1 mL) were incubated with 3 mL of BALF at 37
°C for 1 h. The concentration of MPs used for characterization was
selected based on previous studies.45,52,53 After that, the suspensions
were centrifuged at 16,000 × g at 4 °C for 30 min, followed by
washing three times with 1 mL of precooled physiological saline to
remove unadsorbed protein. The prepared PS@BALF MPs were
resuspended in ultrapure water or DMEM for subsequent experi-
ments.
2.3. Preparation of PS@BaP and PS@BaP@BALF MPs
BaP solutions with the concentrations of 0.01, 0.05, 0.2, 0.5, 1, and 2
μg/mL were prepared by gradient dilution with 100 μg/mL of BaP
solution. PS MPs (1 mg/mL, 1 mL) were incubated with 0.1 mL of
the above different concentrations of BaP at 25 °C for 24 h, then the
suspensions were centrifuged at 16,000 × g at 4 °C for 30 min,
followed by washing three times with 1 mL of ultrapure water to
remove unadsorbed BaP to obtain PS@BaP MPs for characterization.
1 mL of acetonitrile (ACN) was added to elute the PS@BaP MPs,
followed by vortex sonication for 1 h and incubation at room
temperature for 24 h. Then the suspensions were centrifuged at
16,000 × g at 4 °C for 30 min and the fluorescence signal of BaP was
detected by fluorescence spectrometry (FL) (F-7000, Hitachi, Japan).
PS@BaP@BALF MPs were obtained by the same methods as those
used for PS@BALF MPs. The MPs were resuspended in ultrapure
water or DMEM for subsequent experiments.
2.4. Characterization of the MPs
The size and morphology of the MPs were characterized by a
scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX) (S-4800, Hitachi, Japan), and the functional groups on
the surface and chemical compositions of the MPs were analyzed by
an attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectrometer (Nicolet iS10, ThermoFisher Scientific, USA). The
hydrodynamic diameters of the MPs in ultrapure water and DMEM
medium were measured using a dynamic light scattering (DLS) (90
Plus, Brookhaven, USA), and the zeta potential of the MPs in
ultrapure water and DMEM was determined by a zetasizer (Nano-Z,
Malvern, UK).
2.5. Characterization of Protein Corona Compositions
The proteins adsorbed on the surface of PS@BALF and PS@BaP@
BALF MPs were eluted according to previous literature.54 For SDS-
PAGE analysis, bands were observed to confirm the presence of
protein coronas. Then the compositions of the protein coronas were
analyzed using liquid chromatography−mass spectrometry/mass
spectrometry (LC−MS/MS) (TripleTOF 5600+AB Sciex, USA).
Details are described in Supplementary Text S1.1.
2.6. Cell Culture
Mouse macrophage RAW264.7 cells were cultured in high glucose
DMEM that contains 10% (v/v) FBS in a saturated humidified 5%
CO2 atmosphere at 37 °C for incubation.
2.7. Endocytosis Determination
Cells in logarithmic growth phase were seeded on 6-well plates at a
density of 5 × 104 cells/well, with 2 mL per well. After being

incubated at 37 °C for 24 h, cells were pretreated with CPZ (3 μg/
mL), MβCD (5 mg/mL), and EIPA (50 μmol/L) for 30 min,
respectively. Then the cells were incubated with green fluorescent PS,
PS@BALF, PS@SPA MPs (150 μg/mL) for 4 h. The concentrations
of MPs and endocytosis inhibitors were selected based on previous
studies,41 and also on cytotoxicity results. The wells without
endocytosis inhibitors were used as the control group. After that,
the cells were washed three times with precooled PBS and centrifuged
at 1,000 × g at 4 °C for 5 min. The fluorescence signals of internalized
MPs were detected using a flow cytometer (Cytomics FC 500,
Beckman Coulter, USA).

2.8. Cell Viability
Cell viability of RAW264.7 cells after exposure to PS, PS@BALF,
PS@BaP, and PS@BaP@BALF MPs for 24/48 h was determined by
CCK-8. Details are described in Supplementary Text S1.2. The
concentrations of different MPs used for all cell stimulation
experiments were selected based on previous studies.41,48,53,55

2.9. LDH Release Measurement
LDH content in the culture medium of RAW264.7 cells after exposure
to PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs for 24/48 h
was determined using the LDH assay kit. Details are described in
Supplementary Text S1.3.

2.10. Cell Apoptosis
The cell apoptosis rate of RAW264.7 cells after exposure to PS, PS@
BALF, PS@BaP, and PS@BaP@BALF MPs for 24/48 h was analyzed
using the apoptosis detection kit. Details are described in
Supplementary Text S1.4.

2.11. Intracellular ROS Measurement
Intracellular ROS levels of RAW264.7 cells after exposure to PS, PS@
BALF, PS@BaP, and PS@BaP@BALF MPs for 24 h were measured.
Details are described in Supplementary Text S1.5.

2.12. Measurements of SOD Activity and GSH Content
SOD activity and GSH content of RAW264.7 cells after exposure to
PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs for 24 h were
assessed. Details are described in Supplementary Texts S1.6−1.8.
2.13. Proteomics
To analyze the protein expression levels, lysates of RAW264.7 cells
after exposure to PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs
(150 μg/mL) for 24 h were prepared and the proteins were extracted,
trypsin digested, and peptide desalted. Finally, the processed samples
were analyzed by EASY-nLC 1200 liquid chromatography (Thermo-
Fisher, USA) and timsTOF Pro (Bruker, Germany). Details are
described in Supplementary Text S1.9.

2.14. Detection of IL-6 Protein Level
The concentration of IL-6 in the culture medium of RAW264.7 cells
after exposure to PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs
for 24 h was determined by enzyme-linked immunosorbent assay
(ELISA) using the Mouse IL-6 ELISA Kit (Excell, China). Details are
described in Supplementary Text S1.10.

2.15. Western Blot Analysis
After exposure to PS, PS@BALF, PS@BaP, and PS@BaP@BALF
MPs for 24 h, RAW264.7 cells were lysed in RIPA cell lysis buffer.
The lysates were run on gels and immunoblotted with relevant
antibodies using standard methods.54 Details are described in
Supplementary Text S1.11.

2.16. Statistics and Bioinformatics
All the measurements were repeated at least three times. The results
were expressed as means ± standard deviations (SD). One-way
analysis of variance (ANOVA) was employed to analyze statistical
significances of differences in multiple groups, where *: p < 0.05, **: p
< 0.01, ***: p < 0.001, ****: p < 0.0001. The LC−MS/MS data
processing in label-free and Pro DIA proteomics were described in
Supplementary Text S1.12.
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3. RESULTS AND DISCUSSIONS

3.1. Coronas Altered the Physicochemical Characteristics
of PS MPs

The small size, high surface area of MPs, in combination with
the hydrophobicity, make them highly reactive toward
atmospheric PAHs such as BaP, conferring new biological
properties on MPs. As is considered to be one of the most
widely used plastics, PS MPs were selected as the
representative model in this study.56 To simulate the progress,

both pristine and BaP-adsorbed PS MPs were incubated with
BALF upon inhalation, with the formation of protein coronas
(Figure 1A). As illustrated in the SEM images (Figure 1B), the
morphologies and structures of the MPs were observed. The
average sizes of different MPs were statistically analyzed
(Figure S1). PS MPs exhibited a spherical shape with uniform
size, with an average particle size of 348.5 nm. A membrane-
like structure was observed on PS@BaP MPs, which
maintained a monodisperse state with an average particle
size of 365.9 nm. The entire surfaces of PS and PS@BaP MPs

Figure 1. Scheme of the preparation procedures of PS@BALF, PS@BaP, and PS@BaP@BALF MPs (A). SEM images (B), ATR-FTIR spectra (C),
hydrodynamic dimensions (E), and zeta potentials (F) of PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs. Adsorption of BaP on PS MPs (D).
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were coated with protein coronas practically after incubation
with BALF, and the average particle sizes of PS@BALF and

PS@BaP@BALF MPs were 382.2 and 383.9 nm, respectively.
Additionally, elemental mapping by EDX revealed the presence

Figure 2. Classification of identified proteins on PS and PS@BaP MPs according to their biological functions (A, B). The proteins with a protein
content (mol %) greater than 0.6% in BALF coronas on PS MPs (C). The proteins with a protein content (mol %) greater than 0.2% in BALF
coronas on PS@BaP MPs (D). Molecular weight (E), isoelectric point (F), GRAVY value (G) and % aromatic amino acids (H) of proteins in
BALF coronas on PS and PS@BaP (PB) MPs.
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of protein-specific elements (O, S, P) on the surface of PS@
BALF MPs (Figure S2). Previous studies support the results as
they reported the formation of protein coronas on PS particles,
and the observation of the coronas feature.41,48

The functional groups on the MPs also changed obviously
upon adsorbing BALF as showed in Figure 1C. The FTIR
spectra of PS@BaP MPs was similar to pristine PS MPs, due to
the similar functional groups and elemental compositions,
showing the characteristic peaks of C−H stretching vibration
of the aromatic ring at 3063 and 3026 cm−1, C−H2 stretching
vibration of the main chain at 2922 and 2852 cm−1, C�C
stretching vibration of the aromatic ring at 1601, 1492, and
1452 cm−1 and C−H bending vibration of the aromatic ring at

754 and 697 cm−1. In contrast, three distant peaks at 3316,
1654, 1542 cm−1 were observed after BALF adsorption, which
corresponded to N−H stretching vibration, C�O stretching
vibration, C−N stretching vibration and N−H bending in
−CO−NH−, respectively.41
As shown in Figure 1D, fluorescence spectroscopy was

employed to quantify BaP adsorption on PS MPs at six
theoretical adsorption concentrations (BaP/PS = 1, 5, 10, 50,
100, and 200 μg/g). Based on the previous study, the
adsorption capacity of PAHs on MPs ranged from 46 to 236
μg/g.57 The standard curve was shown in Figure S3. We found
that the actual adsorption concentration plateaued at 20 μg/g

Figure 3. RAW264.7 cells were exposed to PS, PS@BALF, and PS@SP-A for 24 h. The uptake of MPs by RAW264.7 cells was determined by flow
cytometry (A). Effects of CPZ (B), MβCD (C), EIPA (D) on uptake of PS, PS@BALF, and PS@SP-A MPs (150 μg/mL) in RAW264.7 cells after
incubation for 4 h. The fluorescent intensity changes were normalized to the mean fluorescent intensity of controls (E).
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when the theoretical adsorption concentration reached 50 μg/
g, with an adsorption rate of 42.6% (Table S1).
The hydrodynamic diameters and zeta potentials of the MPs

were further measured. As shown in Figure 1E, the
hydrodynamic diameters of PS, PS@BALF, PS@BaP and
PS@BaP@BALF MPs in ultrapure water/DMEM medium
were 386.7/470.7, 404.5/538.3, 404.6/535.8 and 574.5/585.6
nm, respectively. The larger size of PS@BaP MPs may be due
to increased surface roughness. Meanwhile, the formation of
protein coronas enhanced the hydrophilicity and increased the
thickness of the hydrated layer. The observed differences in
DMEM medium may be attributed to the presence of amino
acids, salts, and other components. Similarly, Zhou et al.58

reported that the hydrodynamic diameters of PM2.5 particles in
ultrapure water were smaller than in simulated lung fluid, likely
due to the effect of ions in the buffer. The zeta potentials of PS,
PS@BALF, PS@BaP and PS@BaP@BALF MPs in ultrapure
water/DMEM medium were −38.0/−25.5, −14.6/−10.4,
−41.6/−25.1 and −41.2/−11.1 mV, respectively (Figure
1F). It suggested that adsorption of BaP led to a slight
increase in electrostatic stability, while protein coronas reduced
the electrostatic stabilization of MPs. These results were
consistent with previous findings explaining that particle
stability is altered by adsorbed proteins, changing the
hydrophilicity and interfacial charge.54

3.2. BaP Influenced the Protein Coronas on PS MPs
Formed in BALF

Previous studies have reported the coronas formation on bare
PS MPs, but there is limited research on how the adsorption of
other environmental contaminants, such as BaP, affects protein
corona formation, particularly in BALF. As the coronas may
modulate the biokinetics of MPs, we examined the
composition of the protein coronas on MPs after BALF
incubation. SDS-PAGE and total protein staining were
conducted to visualize the coronas on MPs (Figure S4). As
the concentration of PS MPs increased, more protein bands
appeared, however, no significant differences in protein
abundance or diversity were observed between PS and PS@
BaP MPs. Immediately, we performed LC−MS/MS to
specifically analyze the compositions of coronas on PS and
PS@BaP MPs (Tables S3 and S4). Albumin, lysozyme, and
hemoglobin were identified as the major proteins in BALF,
suggesting inevitable blood cell contamination during BAL
(Figure S5). As shown in the Venn diagram (Figure S6), a total
of 149 and 273 proteins were identified in the coronas on PS
and PS@BaP MPs, respectively, with 73 and 197 distinct
proteins on the two MPs, respectively. This indicated that BaP
adsorption led to a wider variety of protein adsorption, thus
resulting in the increased hydrophobicity and protein
adsorption capability of MPs.
Moreover, the identified proteins were then categorized

based on their biological functions (Figure 2A,B), including
immune-related proteins (e.g., complement C3, C4), surfactant
proteins (e.g., SP-A, SP-B), structural proteins (e.g., fibrinogen
α, γ) and regulatory proteins (e.g., apolipoprotein A, E).
Regulatory proteins were the most abundant category on PS
MPs (64%), increasing by 13% after BaP adsorption.
Apolipoproteins, one of the regulatory proteins, are involved
in lipid transport and can regulate cellular uptake by binding to
specific cell surface receptors, as reported for ApoA.59

The further highlighted differences in major protein species
were shown in detail by heatmaps (Figure 2C,D). In both

groups, proteins such as hemoglobin, SP-A, ApoA-I, and
albumin were highly enriched. These selectively adsorbed
proteins have important physiological functions that may alter
cellular responses. SP-A, in particular, was the dominant
protein in both coronas. SP-A could be bound onto the surface
of particles upon BALF exposure.60 As an important innate
immune molecule in lung surfactants, SP-A can facilitate
phagocytosis of inhaled particles.61,62

In addition, the biochemical properties of the proteins in
BALF coronas on PS and PS@BaP MPs, including molecular
weight, isoelectric point, GRAVY value, and aromatic amino
acid content, were investigated by abundance weighting
(Figure 2E−H).59 The aromatic amino acids of proteins
bound to PS and PS@BaP MPs were essentially unchanged.
However, PS@BaP MPs adsorbed smaller molecular weight
proteins, binding proteins with relatively higher isoelectric
points and more positive GRAVY values. Thus, the results
suggested that PS MPs tend to adsorb more positively charged
hydrophilic proteins after BaP adsorption, possibly due to
increased surface hydrophobicity. Therefore, the potential
biological effects of these selectively adsorbed proteins on BaP-
adsorbed PS MPs may be overlooked in studies performing
pristine MPs. In general, our findings provide valuable clues for
further studies on the effect of surface modification of MPs on
protein coronas formation.
3.3. BALF Coronas Affected the Cellular Uptake of PS MPs

The formation of protein coronas after BALF incubation
remarkably altered the cellular adhesion of PS MPs and
resulted in differences in cellular uptake, so it is necessary to
suspect that protein coronas may affect the endocytosis
mechanism of cells. The relative fluorescence intensity changes
of the flow cytometry FITC channel were used to evaluate the
endocytic efficiency of PS MPs after 24 h cell treatment.63 As
shown in Figure 3A, compared with PS MPs, the fluorescence
intensity of RAW264.7 cells treated with PS@BALF MPs was
increased from 25.52% to 33.86%, which may be attributed to
the exposure of new epitopes on the surface of PS MPs when
they contact the cell membrane, thereby enhancing particle−
cell membrane affinity. Additionally, the composition of the
protein coronas also plays a key role in the enhanced cellular
uptake.64 We selected SP-A, a highly abundant protein in
BALF coronas, to assess its specific contribution to uptake.
PS@SP-A MPs were prepared by incubating purified SP-A
protein with PS MPs, revealing a significant increase in uptake
(from 25.52% to 50.69% in Figure 3A), indicating that SP-A
plays a key role in protein corona-mediated cellular internal-
ization. Similarly, Raesch et al.65 reported that SP-A adsorption
on particle surfaces promoted macrophage phagocytosis of
particles. The larger hydrodynamic diameter of PS@SP-A
compared to PS and PS@BALF (Figure S7) may reflect a
denser or more structured corona formed by SP-A, potentially
enhancing cellular uptake.
To further explain the effect of protein coronas on the

potential internalization pathways of PS MPs, RAW264.7 cells
were pretreated with typical endocytic inhibitors, including
CPZ, MβCD, and EIPA, to inhibit clathrin-mediated
endocytosis, caveolin-mediated endocytosis, and macropino-
cytosis, respectively. The concentrations of three inhibitors we
adopted were validated, showing no appreciable effect on cell
viability (Figure S8). As shown in Figure 3C,E, pretreatment
with MβCD resulted in a marked decrease in uptake of PS@
BALF and PS@SP-A MPs by 30.5% and 37.8%, respectively,
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indicating that both were primarily internalized via caveolin-
mediated endocytosis. It has been demonstrated that the
inhibitory effect of MβCD may diminish due to its mechanism
of action via cholesterol depletion when apolipoprotein levels
are low, which is tied to apolipoprotein-mediated transport.
Notably, pretreatment with CPZ and EIPA (Figure 3B,D) led
to a slight increase in cell uptake, possibly due to the inhibition
of the primary endocytosis pathway, which subsequently
activated compensatory pathways.
In summary, PS@BALF and PS@SP-A MPs were mainly

internalized through caveolin-dependent endocytosis, indicat-
ing that protein coronas could alter the endocytosis
mechanism and enhance cellular internalization of PS MPs,
with SP-A playing a dominant role. This SP-A-mediated

enhancement can be attributed to its structural and functional
properties. Possessing both collagen-like and carbohydrate
recognition domains, SP-A acts as a bridging molecule, binding
to particulate surfaces and specific receptors on macrophages
such as SP-A receptor 210.66,67 This receptor−ligand
interaction is known to initiate intracellular signaling that
promotes membrane remodeling and cytoskeletal rearrange-
ment, facilitating the formation and internalization of caveolin.
Thus, SP-A not only increased particle recognition but also
actively directed them into the caveolin-mediated endocytic
pathway, aligning with its physiological role in targeted
clearance of inhaled particles from the alveoli.

Figure 4. Cell viability of RAW264.7 cells after exposure to PS, PS@BALF, PS@BaP, and PS@BaP@BALF MPs for 48 h (A); LDH content in the
culture medium after exposure to MPs for 24 and 48 h (B). Apoptosis rates of RAW264.7 cells after exposure to MPs for 24 and 48 h (C, D).
Intracellular ROS levels (E), SOD activity (F), and GSH content (G) in RAW264.7 cells after exposure to MPs for 24 h.
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3.4. Integrated Toxicity Evaluation of Coronas on MPs in
RAW264.7 Cells

The cytotoxicities of PS, PS@BALF, PS@BaP, and PS@BaP@
BALF MPs to RAW264.7 cells were assessed using CCK-8
assay. As shown in Figure S9, after 24 h stimulation, PS MPs
resulted in a slight 5% decline in cell viability within the
concentration range of 0−50 μg/mL. When the concentration
was increased to 100−150 μg/mL, cell viability decreased by
approximately 15%, indicative of concentration dependence.
However, the cytotoxicities of PS@BALF, PS@BaP, and PS@
BaP@BALF MPs were unstable, with no obvious patterns
observed. This may reflect the cells’ adaptive response to
external stimuli and the regulation of the cell cycle in
RAW264.7 cells under serum-free conditions. When the
exposure time was extended to 48 h, the cytotoxicity of
different MPs showed a clearer concentration-dependent
pattern (Figure 4A). PS MPs exhibited minimal toxicity
below 50 μg/mL but caused approximately 20% reduction in
cell viability at 75−150 μg/mL. After 48 h of stimulation with
PS@BALF MPs, there was only a slight decrease in cell
viability, which was significantly higher than that observed for
PS MPs following BALF adsorption, suggesting that the BALF
coronas reduced the cytotoxicity of PS MPs on RAW264.7
cells. In contrast, PS@BaP MPs led to a marked reduction in
viability, with a 32% decrease observed at 150 μg/mL,
indicating that BaP adsorption enhanced the toxicity of PS
MPs. Interestingly, PS@BaP@BALF MPs exhibited reduced
cytotoxicity compared to PS@BaP MPs, again highlighting the
protective effect of the BALF coronas. This finding agreed with
studies that protein coronas can significantly reduce particle-
induced cytotoxicity.41,53 Moreover, compared with the cell
viability induced by BaP alone (Figure S10), PS@BaP MPs
elicited greater toxicity than the sum of that caused by PS and
BaP individually, suggesting an enhanced toxic response. It is
important to note that this enhanced toxicity may be attributed
to the role of PS MPs as carriers, which potentially alter the
uptake route, intracellular localization, and release kinetics of
BaP, thereby increasing its bioavailable fraction within cells.
Future studies quantifying intracellular BaP concentrations are
warranted to investigate toxic interactions between MPs and
pollutants.
LDH release is considered an important indicator of cell

membrane integrity and is widely used in cytotoxicity assays.68

As shown in Figure 4B, LDH release increased over time. After
24 h of stimulation, there were no significant differences
among the groups. However, after 48 h of stimulation,
differences in LDH release (PS@BaP > PS@BaP@BALF >
PS > PS@BALF MPs) were observed, consistent with the
trend in viability. This indicated that the BALF protein coronas
mitigated membrane damage, whereas BaP exacerbated it.
Apoptosis is generally considered an important factor in the

cytotoxicity induced by MPs.69 Apoptosis was analyzed via
Annexin V/PI double staining and flow cytometry. As shown
in Figure 4C,D, when exposed for 24 h, neither type of MPs
induced significant apoptosis, with rates remaining below 3%.
After 48 h of exposure, PS MPs induced a 7.7% apoptosis rate,
while PS@BALF MPs induced a rate of 5.1%, representing a
34.4% reduction. Similarly, PS@BaP@BALF MPs (4.3%)
induced a 47.4% reduction in apoptosis compared to PS@
BaP MPs (7.72%). These results were consistent with cell
viability and LDH results. However, as the apoptosis rates
remained below 10%, apoptosis may not be the primary cause
of cytotoxicity in this study.

MPs-induced oxidative stress in cells is considered an
important mechanism of MP toxicity, with ROS serving as a
biomarker of oxidative stress. The DCFH-DA probe was
utilized to detect intracellular ROS levels, with the results
expressed as a fold change relative to the control group, as
illustrated in Figure 4E. PS MPs did not significantly elevate
ROS levels after 24 h, although flow cytometry scatter plots
showed increased SSC values, confirming cellular uptake. In
contrast, PS@BALF and PS@BaP MPs significantly increased
intracellular ROS, reaching 1.39- and 1.78-fold of the control,
respectively. We observed that protein coronas led to elevated
ROS production, which may be due to enhanced cellular
uptake. The previous report has shown that RAW264.7, as
macrophages phagocytosing exogenous particles, produced a
large amount of ROS, ultimately leading to cellular damage.70

Interestingly, PS@BaP@BALF MPs induced 24.2% lower ROS
levels than PS@BaP MPs, comparable to the ROS levels
induced by PS@BALF MPs. Ji et al.41 found that BaP can
detach from PS in lysosomes, enter the cytoplasm, and trigger
ROS overproduction. In contrast, the protein coronas delayed
BaP lysosomal recognition and release, thereby reducing ROS
generation. It is noteworthy that the presence of BaP
engendered a contradictory effect on BALF coronas, with
respect to ROS generation.
SOD and GSH are important antioxidant enzymes and

antioxidant substances in the body.71 To further investigate
oxidative stress responses, the activity of SOD and the content
of GSH in RAW264.7 cells were measured, as shown in Figure
4F,G. It was demonstrated that PS MPs induced higher SOD
activity, which was further elevated by BALF and BaP
adsorption by 28.9% and 32.1%, respectively. Compared with
PS@BaP MPs, SOD activity in RAW264.7 cells exposed to
PS@BaP@BALF MPs decreased by 18.7%, consistent with
intracellular ROS levels, indicating that SOD activity was
activated in RAW264.7 cells after stimulation, thereby resisting
and eliminating ROS. Additionally, more GSH content could
enhance antioxidant capacity and eliminate excess ROS. As
shown in Figure 4G, GSH content was consistent with ROS
and SOD results. In summary, the adsorption of BALF and
BaP on PS MPs led to massive oxidative stress, but the BALF
coronas mitigated this effect when coexisting with BaP.
3.5. Potential Pathways Affected by Different MPs

To elucidate the potential mechanisms underlying the
differential cytotoxicity induced by different MPs, we
performed toxicological proteomics of RAW264.7 cells
exposed to PS, PS@BALF, PS@BaP, and PS@BaP@BALF
MPs. A total of 7,008 proteins were identified based on Pro
DIA quantitative proteomics. Of these proteins, 86, 226, 287,
and 402 DEPs were selected in the PS, PS@BALF, PS@BaP,
and PS@BaP@BALF groups, respectively (the details of the
DEPs are listed in Tables S5−S8). GO annotations of these
DEPs were analyzed (Tables S9−S20), and the respective top
30 significantly enriched GO terms for molecular functions,
biological processes, and cellular components were shown in
Figures S11−S14. In general, there were a great number of
proteins related to immune recognition, protein synthesis,
oxidative stress, and cellular metabolism affected by PS, PS@
BALF, PS@BaP, and PS@BaP@BALF MPs. The PS MPs
group showed enrichment of classic inflammatory pathways
such as “canonical NF-kappaB signal transduction” and
“positive regulation of tumor necrosis factor production”,
indicating activation of inflammatory responses, consistent

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.5c00747
Environ. Health 2026, 4, 1567−1580

1575

https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00747/suppl_file/eh5c00747_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00747/suppl_file/eh5c00747_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00747/suppl_file/eh5c00747_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00747/suppl_file/eh5c00747_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00747/suppl_file/eh5c00747_si_001.pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.5c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with previous findings.72 The PS@BALF MPs group exhibited
concurrent enrichment of the GO terms “negative regulation of
neutrophil activation” and “positive regulation of tumor
necrosis factor production”, suggesting that the protein corona
may enhance interactions between MPs and immune
recognition elements. Previous studies have reported that
macrophages degrade internalized particles through the
autophagy−lysosome pathway while regulating inflammatory
responses,73 which is consistent with the enrichment of
lysosome-, autophagy-, and vesicle transport-related GO
terms observed in the results. In addition, the enrichment of
“lipoprotein catabolic process” and “blood microparticle”
pathways suggested the role of the BALF protein corona in
promoting MPs clearance. In the PS@BaP MPs group, the
upregulation of “superoxide dismutase activity” and “gluta-
thione binding” indicated a massive oxidative stress response
and enhanced antioxidant defenses. The PS@BaP@BALF MPs
group showed enrichment of complex pathways such as
“lysosomal protein catabolic process”, “lipoprotein catabolic
process”, and “negative regulation of autophagic cell death”,
suggesting that its toxicity may result from the combined
effects of BaP and BALF within the intracellular environment.

Meanwhile, the KEGG pathways enriched by DEPs in
RAW264.7 cells affected by PS, PS@BALF, PS@BaP, and
PS@BaP@BALF MPs were analyzed (Figure 5). There is a
common pathway of “Lysosome” shared by four groups,
indicating that all MPs induced lysosomal responses in
RAW264.7 cells. In addition to this common pathway, in
RAW264.7 cells exposed to PS MPs, “PD-L1 expression and
PD-1 checkpoint pathway in cancer” and “chemokine signaling
pathway” pathways were affected, indicating the activation of
immune stress and upregulation of inflammatory signaling. As
for PS@BALF stimulation, the “oxidative phosphorylation”
pathway was enriched by DEPs, which explained why the
elevated levels of ROS, SOD, and GSH in RAW264.7 cells
were observed. In contrast, DEPs in the PS@BaP group were
predominantly enriched in the “chemical carcinogenesis DNA
adducts” and “chemical carcinogenesis reactive oxygen species”
pathways. It suggested that BaP adsorbed on PS MPs may be
metabolized by cytochrome P450 enzymes into reactive
intermediates, leading to the activation of NADPH oxidase,
excessive ROS generation, and subsequent oxidative DNA
damage. The PS@BaP@BALF group showed enrichment in
“glycosaminoglycan degradation”, “cholesterol metabolism”,

Figure 5. KEGG pathway enriched by DEPs in RAW264.7 cells affected by PS (A), PS@BALF (B), PS@BaP (C) and PS@BaP@BALF (D). The
number on the bar is the number of differentially expressed proteins annotated to the pathway, and different colors of the bar represent different
KEGG Level information. Schematic diagram of the key signaling pathways affected by PS, PS@BALF (PF), PS@BaP (PB), PS@BaP@BALF
(PBF) in RAW264.7 (E).

Figure 6. Expressions of MAP3K4 and FGA in RAW264.7 cells after exposed to PS, PS@BALF, PS@BaP, PS@BaP@BALF for 24 h (A, B). IL-6
levels in culture medium of RAW264.7 cells after exposure to MPs for 24 h (C).
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and “phagosome” pathways, suggesting altered cellular
processing and clearance mechanisms that likely contribute
to its mitigated toxicity. Notably, the “phagosome” signaling
pathway was enriched by DEPs in RAW264.7 cells affected by
PS@BALF and PS@BaP@BALF MPs (Figure 5E). Here,
several upregulated proteins, including Toll-like receptor 2
(TLR2), integrin α5β1 (ITGA5/ITGB1), and the V-type
proton ATPase (vATPase) complex, were identified in the
KEGG map of this pathway (Figures S15 and S16). TLR2 is a
classic pattern recognition receptor that facilitates pathogen
recognition and modulates phagosome maturation via its
interaction with downstream signaling components.74 The
ITGA5/ITGB1 can mediate cell−particle adhesion and
cytoskeletal rearrangement during phagocytosis, enhancing
particle uptake by macrophages.75 The vATPase complex plays
a critical role in the acidification of endosomes and lysosomes,
which is essential for receptor-mediated endocytosis and
subsequent enzymatic degradation.76 The upregulation of
these proteins suggested that the protein corona of BALF may
enhance the cellular uptake and intracellular processing of MPs
by promoting interaction with membrane receptors, thereby
contributing to reduced cytotoxicity. These findings are in
agreement with the cytotoxicity results above showing reduced
toxicity in BALF-coated MPs, further supporting the protective
role of the protein corona.
To validate these proteomic and pathway findings, we next

proceeded with ELISA and Western blot experiments. As a key
early response cytokine, IL-6 plays a pivotal role in
inflammatory signaling and immune activation.77,78 As shown
in Figure 6A, after 24 h of exposure to PS MPs, IL-6 levels
increased by 20.8% compared to the control group, indicating
immune stress induction. The PS@BALF group exhibited a
13.9% decrease relative to PS alone, suggesting that the protein
corona mitigated inflammatory activation. By contrast, PS@
BaP exposure led to a significant 43.7% increase in IL-6 levels,
emphasizing the strong proinflammatory potential of BaP. In
the PS@BaP@BALF group, however, this increase was slightly
attenuated by 4.9%, which further confirms that the protein
corona can alleviate inflammatory responses. This observation
was consistent with the results of KEGG pathway enrichment
analysis and cytotoxicity. Furthermore, two representative
DEPs were selected to validate the proteomics results,
including Mitogen-activated protein kinase kinase kinase
kinase 3 (MAP4K3) and Fibrinogen alpha chain (FGA).
Both proteins exhibited significant differential expression
across four treatment groups (Figure S17). As shown in
Figure 6B,C, after exposure to PS@BaP and PS@BaP@BALF
MPs, the expression levels of MAP4K3 were significantly
down-regulated. MAP4K3 is involved in stress response and
may regulate the MAPK and NF-κB signaling pathways. The
results suggested that BaP may disrupt the normal regulation
of the MAPK/NF-κB pathway, thereby exacerbating inflam-
matory and toxic responses. And the expression levels of FGA
were significantly up-regulated in RAW264.7 cells when
exposed to PS @BALF and PS@BaP@BALF MPs. FGA
plays a role in inflammation resolution, so its upregulation
suggested that it may mitigate MPs-induced cytotoxicity or
inflammatory responses by activating tissue repair or
inflammation resolution mechanisms. Western blot results
were in agreement with proteomics results.
Overall, proteomics results indicated that different MPs

affected toxic responses in RAW264.7 cells through multiple
signaling pathways, including activation of inflammation,

oxidative stress, DNA damage, and phagocytic clearance.
These differential mechanisms revealed the underlying
mechanisms of the cytotoxic effects of MPs at the protein
level, providing new insights.

4. CONCLUSIONS
In this work, we systematically investigated how BaP
adsorption (eco-corona) and BALF proteins (biocorona)
reshape the physicochemical properties and biological effects
of PS MPs. First, corona formation significantly altered the
surface characteristics of MPs: BALF coronas increased surface
hydrophilicity and reduced surface charge, whereas BaP
adsorption altered interfacial charge, thereby influencing the
composition and abundance of protein coronas. Second, BALF
coronas promoted the cellular uptake of PS MPs by RAW264.7
cells via caveolin-mediated endocytosis, with SP-A identified as
a crucial mediator of phagocytosis. Third, BaP adsorption
intensified cellular toxicity, oxidative stress, and apoptosis,
while BALF coronas exhibited protective effects against
membrane damage and apoptosis. It revealed that the BaP
corona and BALF corona exerted entirely opposite toxic effects
on PS MPs. Interestingly, the elevated oxidative stress
associated with BALF coronas may result from enhanced
phagocytosis. Finally, proteomics analysis further revealed that
corona-coated MPs activated multiple cellular pathways related
to inflammation, oxidative damage, DNA damage, and
phagocytosis, offering support for the observed cytotoxic
effects and contrary actions of two coronas at the mechanistic
level. In conclusion, these findings provide new insights into
the mechanisms underlying the respiratory toxicity of airborne
MPs, and underscore the importance of incorporating both
pollutant adsorption and protein corona formation into health
risk assessments. However, this study has several limitations
that point to key directions for future work: (1) extending the
framework to prevalent atmospheric MPs (e.g., polyethylene
and polypropylene) at environmentally relevant levels; (2)
employing species-matched, and ideally human-relevant, lung
multicellular models to clarify biological effects and human
health impacts; (3) investigating the dynamics of mixed corona
formation and its regulation of cellular uptake and toxicity; (4)
developing a standard assay to quantify the “corona
modulation factor” of MPs for composite risk assessment.
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