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A B S T R A C T

In vitro toxicological assessment helps explore key fractions of particulate matter (PM) in association with the
toxic mechanism. Previous studies mainly discussed the toxicity effects of the water-soluble and organic-soluble
fractions of PM. However, the toxicity of insoluble fractions is relatively poorly understood, and the adsorption of
proteins is rarely considered. In this work, the formation of protein corona on the surface of insoluble particles
during incubation in a culture medium was investigated. It was found that highly abundant proteins in fetal
bovine serum were the main components of the protein corona. The adsorbed proteins increased the dispersion
stability of insoluble particles. Meanwhile, the leaching concentrations of some metal elements (e.g., Cu, Zn, and
Pb) from PM increased in the presence of proteins. The toxicity effects and potential mechanisms of the PM
insoluble particle–protein corona complex on macrophage cells RAW264.7 were discussed. The results revealed
that the PM insoluble particle–protein corona complex could influence the phagosome pathway in RAW264.7
cells. Thus, it promoted the intracellular reactive oxygen species generation and induced a greater degree of cell
differentiation, significantly altering cell morphology. Consequently, this work sheds new light on the combi-
nation of insoluble particles and protein corona in terms of PM cytotoxicity assessment.
1. Introduction

Numerous epidemiological studies have indicated that atmospheric
particulate matter (PM) is associated with the development of a range of
respiratory, cardiovascular, and neurological diseases [1–4]. Until now,
the specific toxicity mechanisms of PM remain unclear. This is due in
large part to the fact that PM is a heterogeneous mixture. It consists of (i)
water-soluble components, mainly inorganic salts and water-soluble
organic compounds (WSOC) [5]; (ii) organic-soluble components,
including polycyclic aromatic hydrocarbons (PAHs), long-chain alkanes,
patchouli alkanes, etc. [6,7]; and (iii) insoluble fractions, mainly carbo-
naceous particles, natural and artificial mineral particles (e.g. insoluble
silicates and metal oxides), and engineered nanoparticles (NPs) from
anthropogenic emissions [8,9]. Previous studies mostly focused on the
toxicity effects of water-soluble or organic-soluble fractions of PM
[10–12]. However, the toxicity of insoluble fractions of PM cannot be
ignored [13–15]. Some relevant studies have pointed out that the
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insoluble fraction of PM might cause more severe cell damage. For
example, it might induce lower cell viability [16], higher levels of
reactive oxygen species (ROS) [5,14], and more significant DNA damage
[17]. On the other hand, there is growing evidence showing that tiny
particles of PM can penetrate biological barriers and be distributed
within several organs of the body, such as blood, cerebrospinal fluid, and
bone joints [18–21]. When these particles enter the physiological body
fluids, they will encounter various biomolecules, especially large
amounts of proteins.

The concept of protein corona was first proposed in 2007 to describe
the phenomenon of protein self-assembly on the surface of NPs to form
protein layers [22]. In general, any nano- or microparticles exposed to
physiological fluids will interact with biological macromolecules,
including proteins [23]. The formation of protein corona not only
changes the size, aggregation state, and interfacial properties of NPs
[24–26] but also imparts new biological properties to NPs. This directly
affects various responses of NPs in organisms, such as cellular uptake,
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clearance rate, immune interference, and pro-inflammatory effects.
[27–31].

Although research on the protein corona of engineered NPs has
become popular in the past decade, limited data are available on the
protein corona of PM. Recently, two ex vivo studies pointed out that PM
binding to certain specific proteins could activate the protein's activity,
and then trigger cascade reactions [32], or disrupt the interstitial extra-
cellular matrix [33]. In addition, a few studies discussed the effects of
protein corona on PM toxicity. Song's group found that
fibrinogen-decorated PM2.5 could reduce PM2.5-induced oxidative stress
and particulate uptake by RAW264.7 cells [34]. Li et al. found that
human serum-derived protein corona on PM2.5 could reduce the physical
interaction of PM2.5 with cell membranes but at the same time induce
abnormal proliferation of human lung fibroblasts [35]. There is no doubt
that the new surface properties conferred to PM by the bound protein
corona would influence its toxicity effects. However, the adsorption of
proteins during incubation has rarely been taken into account in current
in vitro toxicity assessments, which may underestimate or overestimate
the toxicity of insoluble fractions of PM.Moreover, further understanding
of the role of protein corona in PM toxicity at the proteomic level is still
lacking.

Herein, we focused on the formation of protein corona upon incu-
bation of PMwith fetal bovine serum (FBS) in cell culture medium during
in vitro exposure. The composition of the protein corona and surface
properties of particles were characterized. At the same time, we further
compared the leaching of heavy metal elements from PM in the presence
or absence of FBS. Mouse macrophage cell line RAW264.7 was employed
to assess the cytotoxicity attribution of insoluble particles in PM, focusing
especially on the effect of insoluble particles–protein corona complex.
Finally, iTRAQ quantitative proteomics analysis was used to investigate
the differentially expressed proteins (DEPs) and the enriched pathways in
the exposed cells to provide more clues to elucidate the toxicity mecha-
nism of insoluble particles and insoluble particles–protein corona
complexes.

2. Materials and methods

2.1. Standard PM reference material

PM (Standard reference material 1648a) was purchased from the
National Institute of Standards and Technology (NIST, USA). The char-
acteristics of the PM with respect to size, morphology, and chemical
properties are described in detail in Supplementary Text S1.1.

2.2. PM insoluble particle–protein corona complex preparation

The PM was incubated with different FBS concentrations (10%, 50%)
at 37 �C for 24 h. The FBS solutions were diluted with high-glucose
Dulbecco's modified eagle medium (DMEM) to keep the final PM con-
centration at 1 mg/mL. To obtain the PM insoluble particle–protein
corona complex, the suspensions were centrifuged at 8,000 rpm for
10 min and the precipitates were subsequently washed three times with
phosphate buffered saline (PBS) to remove the unadsorbed proteins.
Meanwhile, the control sample was prepared in DMEM without FBS, and
the rest of the steps were the same as above. A scheme of the PM insol-
uble particle–protein corona complex preparation procedures is shown in
Fig. S1. To facilitate description, “PM-0% FBS”, “PM-10% FBS”, and “PM-
50% FBS” were used in the following text.

2.3. Characterization of PM insoluble particle–protein corona complex

The functional groups on the surface of PM insoluble particle–protein
corona complexes were characterized by an attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectrometer (Nicolet iS10,
ThermoFisher Scientific, USA). For characterizing the size and
morphology of PM insoluble particle–protein corona complexes by
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scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX) (S-4800, Hitachi, Japan), the obtained particles were sus-
pended in water and then dropped onto silicon wafers. The hydrody-
namic diameters of PM insoluble particle–protein corona complexes in
PBS were measured by dynamic light scattering (DLS) (90 Plus, Broo-
khaven, USA), and the zeta potential values of their dispersion solutions
were analyzed by a zetasizer (Nano-Z, Malvern, UK).

2.4. Characterization of protein corona compositions

The proteins adsorbed on the surface of insoluble matters were eluted
according to previous literature [36]. First, 2 mL 8 M urea containing 2%
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate
was added to each sample and then vortexed thoroughly and sonicated to
extract the proteins. After centrifugation, the supernatant was recovered.
Then prechilled acetone was added and left overnight at �20 �C to allow
the proteins to precipitate completely. The proteins were redissolved in
8 M urea for SDS-PAGE and liquid chromatography-mass spectrome-
try/mass spectrometry (LC-MS/MS) analyses. Details are described in
Supplementary Text S1.2.

2.5. Determination of metal elements release from PM

The effect on the release of metal elements from PM in the presence of
protein in vitrowas determined. Similarly, PMwas suspended in PBS with
or without 10% FBS at a concentration of 1 mg/mL and then incubated at
37 �C for 24 h. After centrifugation, the supernatants were collected.

Subsequently, the precipitates obtained from the above centrifuga-
tion were washed, centrifuged, and then re-dispersed in PBS. Likewise,
the redispersed samples were incubated at 37 �C for another 24 h. After
centrifugation, the supernatants were also collected.

All the respective collected supernatants were diluted 10 times with
1% dilute HNO3. The concentration of metal elements was determined by
NexION 350D ICP-MS (PerkinElmer, USA). The blank PBS solution and
the PBS containing 10% FBS were also measured. A scheme of the
released metal elements analysis is shown in Fig. S2.

2.6. Cell culture

RAW264.7 cells were cultured in high glucose DMEM supplemented
with 10% FBS at 37 �C under 5% CO2.

2.7. Preparation of PM samples for in vitro exposure

Since RAW264.7 cells were generally cultured in DMEM medium
containing 10% FBS, this concentration was selected for incubating the
protein corona for toxicity studies. The PM samples were prepared as
follows. PM-insoluble particles–protein corona (PM-IP-corona) samples:
PM was dispersed in DMEM medium containing 10% FBS at a concen-
tration of 1 mg/mL. After 4 h of incubation at 37 �C, the PM suspension
was centrifuged and the supernatant was discarded. Then the insoluble
fraction of PM was washed with PBS to remove the unadsorbed proteins.
Finally, an equal volume of DMEM medium without FBS was added to
disperse the insoluble particles. PM-insoluble particles (PM-IP) samples:
PM was first dispersed in DMEMmedium without FBS at a concentration
of 1 mg/mL, followed by incubation, centrifugation, and washing steps.
Finally, the insoluble particles were resuspended in DMEM medium
without FBS, representing the insoluble particles that did not form a
protein corona. PM-water-soluble fraction (PM-WS) samples: PM was
dispersed with DMEM medium without FBS after incubation, and the
supernatant was separated and removed to a new tube. For the conve-
nience of description, the concentration of the PM-WS mother liquid was
also considered as 1 mg/mL. PM suspension (PM-S) samples: PM was
directly dispersed in DMEM medium without FBS, representing a mixed
fraction of water-soluble fraction and insoluble fraction which did not
form the protein corona.
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2.8. Cell viability assay

Cell viability of RAW264.7 cells after exposure to PM-IP-corona, PM-
IP, PM-WS, and PM-S was determined by the cell counting kit-8 (CCK-8)
(Beyotime, China). Details are described in Supplementary Text S1.3.
2.9. Intracellular ROS measurement

Intracellular ROS levels of RAW264.7 cells after exposure to PM-IP-
corona, PM-IP, PM-WS, and PM-S were measured using a 2,7-dichlorodi-
hydrofluorescein diacetate (DCFH-DA) fluorescent probe (Beyotime,
China). Details are described in Supplementary Text S1.4.
2.10. Cell lysate extraction and iTRAQ labeling

To analyze the protein expression levels, lysates of RAW264.7 cells
after exposure to 200 μg/mL PM-IP-corona, PM-IP, and PM-S were pre-
pared and the proteins were alkylated, trypsin-digested, and labeled with
the iTRAQ reagent-8 plex multiplex kit (AB Sciex, USA) based on our
previous work [37,38]. Finally, the labeled samples were analyzed by the
Nano LC-Triple TOF 5600þ system (AB Sciex, USA). Details are described
in Supplementary Text S1.5.
2.11. Immunofluorescence analysis of F4/80 and CD68

Expressions of F4/80 and CD68 in RAW264.7 cells after exposure to
PM-IP and PM-IP-corona were characterized by immunofluorescence
imaging. Details are described in Supplementary Text S1.6.
2.12. Cell morphology by transmission electron microscope (TEM)

RAW264.7 cells were plated in 10-cm dishes at a density of 1 � 106

cells/mL. After being cultured for 24 h, the culture medium was dis-
carded and 200 μg/mL PM-IP-corona or fresh DMEMmediumwas added.
After a 24 h exposure, the cells were harvested followed by soaking in an
electron microscope fixative. After embedding in resin, the cell sections
were imaged by TEM (HT 7800, Hitachi, Japan).
Fig. 1. ATR-FTIR spectra of PM-insoluble particles after incubation with 0%, 10%, an
insoluble particles (B). Classification of the protein corona components in accordanc
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2.13. Statistics and bioinformatics

The results were expressed as means � standard deviations (SD). All
the measurements were conducted at least twice, with at least three
replicates per group. One-way analysis of variance (ANOVA) was
employed to determine significant differences between the treatment
groups and control groups in the cytotoxicity tests. Statistically signifi-
cant differences were signed with *: P < 0.05, **: P < 0.01, and ***:
P < 0.001.

The ProteinPilot™ software version 4.2 (AB Sciex, USA) was adopted
for protein identification. Meanwhile, the MaxQuant software version
1.5.3.17 was adopted to obtain a label-free quantification for the relative
percentages (%) of proteins in the corresponding corona samples, which
were incubated with different serum concentrations. Intensity-based
absolute quantification (iBAQ) was calculated to represent the relative
protein amounts within the group [39]. Bioinformatics based on iTRAQ
quantification for Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway and Gene Ontology (GO) annotation analyses were referred to
in our previous work [37,38]. Details are described in Supplementary
Text S1.7.

3. Results and discussion

3.1. Protein corona formation on the surface of insoluble particles in PM

Protein corona could be classified as “hard” corona and “soft” corona.
The hard corona was the protein layer with higher binding affinity to the
particles, while the soft corona was the weaker bound protein layer
formed in the outer layer of the hard corona, where the bound protein
could be replaced by molecules with higher affinity [40]. Herein, the
hard corona on the surface of insoluble particles in PMwas studied, as the
unbound or weakly bound proteins were removed by washing and
centrifugation.

Using ATR-FTIR, significant amounts of amide functional group were
found on the insoluble particles' surface, indicating the formation of
protein corona on the surface of the particles. As shown in Fig. 1A, after
incubation with 10% FBS and 50% FBS, three distinct peaks at 3,286,
1,532, and 1,398 cm�1 were generated, where the peaks at 3,286 and
1,532 cm�1 could be attributed to the stretching and bending vibration of
d 50% FBS (A). SDS-PAGE analysis of the proteins adsorbed on the surface of the
e with their functions (C).
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N–H in –CO–NH–, and the peak at 1,398 cm�1 could be attributed to the
stretching vibration of C–N in –CO–NH–. Moreover, the peak at
1,651 cm�1 showed a sharp increase, likely corresponding to the
stretching vibration of C¼O in –CO–NH–. Additionally, the spectral
transmittances of the stretching vibration peak of Si–O–Si at 1,100 cm�1

and the symmetric stretching vibration peak of Si–O at 800 cm�1 were
reduced after incubation with 10% FBS and 50% FBS, which might also
be due to the proteins on the surface of silicate or silica particles in the
PM.

The compositions of the protein coronas were identified by LC-MS/
MS (Tables S1 and S2). Albumin, apolipoproteins (such as ApoA-I,
ApoA-II, ApoE), and hemoglobin were the main compositions of the
protein coronas of the insoluble particles, which had also been found to
have a strong affinity to the different NPs [41–43], as these proteins were
in high abundance in the serum. Interestingly, some low-abundant pro-
teins were also adsorbed to the particles' surface when incubated with
10% FBS; and when the concentration of FBS was increased to 50%, the
protein file of the protein corona changed, as well as the relative per-
centages of the proteins within the group (Fig. S3). The SDS-PAGE
additionally exhibited the distribution of the protein bands (Fig. 1B). It
indicated that in addition to being influenced by the protein concentra-
tion in the biological environment, there were other driving forces be-
tween the insoluble particles and proteins that led to competitive
adsorption, whereby proteins with lower binding affinities were replaced
by that with higher binding affinities showing a decrease in adsorption
[44]. Moreover, the proteins were classified according to their functions
(Fig. 1C). There were a variety of coagulation-related proteases and
protease inhibitors in serum binding to the insoluble particles, such as
serine protease 1, plasminogen, prothrombin, alpha-2-antiplasmin,
coagulation factor V. The interaction between particles and proteins
would disturb protein conformation and affect protein activity. Previ-
ously, Jin et al. found that PM2.5 could bind with Hageman factor XII and
cause its autoactivation, which further triggered a series of cascade
activation of the kallikrein–kinin system, thereby promoting hema-
totoxicity [32]. Therefore, the fact of the interaction between airborne
insoluble particles and coagulation-related proteins could provide clues
Fig. 2. SEM images of PM-insoluble particles after incubation with 0%, 10%, and 5
bation with 0%, 10%, and 50% FBS by DLS measurements (B). Zeta potential of PM
trations (mg/L) of main metal elements from PM when incubated in PBS and 10% F
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for the assessment the PM toxicity to the cardiovascular system. More-
over, high-density lipoproteins (ApoA-I, ApoA-II, ApoE) were found to
have a high coverage of the protein coronas (Table S3), while in terms of
low-density lipoproteins, for example, ApoB was virtually absent (0.02%
in PM-10% FBS, and 0.001% in PM-50% FBS, as calculated from the
relative intensities of iBAQ). Previous studies demonstrated that
high-density lipoproteins could influence cellular uptake, however,
which apolipoproteins played a major role varied in different situations
[44–46]. In general, our findings serve as valuable clues for further
studies focusing on the role of specific proteins in protein corona–cell
interactions.

3.2. Effect of proteins on the surface properties and release of metal
elements from PM

First, the morphologies of the PM-insoluble particles after incubation
with 0%, 10%, and 50% FBS were characterized, with particle sizes
ranging from several hundred nanometers to a few micrometers
(Fig. 2A). No observable differences were detected among the particles
treated with and without FBS. It revealed that the thickness of the protein
corona layer was much smaller compared to the size of these particles.
Nevertheless, herein, the distribution of S element on the surface of the
insoluble particle after incubation with FBS was observed by EDX for the
first time (Fig. S4), which should be attributed to the sulfur-containing
amino acids (mainly cysteine and methionine residues) in the proteins.
It provided evidence for the formation of the protein corona on the
surface of PM-insoluble particles.

The stability of particles can be increased by adsorbing proteins that
change hydrophilicity and surface charge [25], and here we also found
that the protein corona increased the dispersion stability of PM-insoluble
particles. As shown in Fig. 2B, the distributions of insoluble particles with
hydrodynamic diameters around 300 nmwere increased after incubation
with FBS, which might be attributed to the presence of protein corona
promoting the stability of these nanoparticles and reducing aggregation.
In addition, it was found that the insoluble particles were less likely to
settle after being decorated with proteins (Fig. S5). The zeta potential of
0% FBS (A). Multimodal size distributions of PM-insoluble particles after incu-
-insoluble particles after incubation with 0%, 10%, and 50% FBS (C). Concen-
BS PBS (D).



Fig. 3. Cell viabilities (A) and intracellular ROS levels (B) of RAW264.7 cells
after exposure to PM-IP, PM-IP-corona, PM-WS, and PM-S for 24 h.
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the insoluble particles incubated without FBS exhibited a negative sur-
face charge, while decoration with proteins increased the zeta potential
(Fig. 2C). No distinct difference in the zeta potential was observed be-
tween PM-10% FBS and PM-50% FBS samples, possibly due to the
saturation of the adsorption sites of the particles after incubation with
both 10% FBS and 50% FBS.

Moreover, considering that the solubility of PM-bound metals can be
affected by serum proteins in the in vitro test, as demonstrated by pre-
vious works where adding specific proteins to simulated body fluids
would affect the bioavailability of metal elements in PM [47,48], we then
determined the concentrations of metal elements released from PMwhen
incubated with or without FBS. In the presence of proteins, the concen-
trations of Cu, Zn, and Pb increased significantly, and the concentrations
of Fe and Ni increased slightly, while there were no changes in the
concentrations of Mn, Sr, and Cd (Fig. 2D). This might be attributed to
the coordination of metal ions with proteins, along with the possible
contributions of metalloproteins presented in the serum. In turn,
protein-metal ion interactions might alter protein activity and affect
protein stability.

To minimize possible interference with subsequent toxicity analysis
due to the differences in metal elements dissolution, we determined
and compared the concentrations of metal elements leached from the
above obtained insoluble particles-protein corona complex and insol-
uble particles without the protein corona after redispersed in PBS
(Table S4). The concentrations of the metal elements were all reduced
by three orders of magnitude, and the concentrations of the metal
elements from the insoluble particles–protein corona complex were
comparable to those from the insoluble particles without the protein
corona. Thus, in subsequent toxicity studies, the effect of metal
element releaching on the toxicity of insoluble particles could be dis-
regarded, and the effect of the difference in toxicity could be consid-
ered only in terms of whether the insoluble particles in PM form
protein coronas or not.

3.3. The cytotoxicity induced by PM-IP and PM-IP-corona compared to
PM-WS and PM-S

The differences in cytotoxicity of PM-IP, PM-IP-corona, PM-WS, and
PM-S to RAW264.7 cells were compared. The viability of RAW264.7 cells
was significantly increased by PM-IP and PM-IP-corona at low concen-
trations, followed by a decrease in cell viability at higher doses (Fig. 3A).
This suggested that the insoluble particles in PM could promote
RAW264.7 cells proliferation regardless of whether they form a protein
corona or not. This might reflect an adaptive response of cells to external
stimuli and a regulation of the cell cycle by RAW264.7 cells in a serum-
starved state (for avoiding re-adsorption of proteins by the insoluble
particles during exposure) to prevent apoptosis or involving oxidative
stress process. For example, Bayram et al. previously found that low-dose
diesel exhaust particle exposure could reverse serum starvation-induced
quiescence of lung epithelial cells A549 in the G0 phase, promoting cell
proliferation and reducing apoptosis [49]. Moreover, the formation of
the protein corona by insoluble particles did not seem to reduce the
toxicity of the particles, as evidenced by the lower cell viability of the
PM-IP-corona group compared to that of the PM-IP group at the same
concentration. Similarly, when exposed to PM-WS, the viability of cells
increased slightly at relatively low concentrations and then decreased
slightly, but the effect was not significant. Furthermore, the viability of
cells was significantly decreased in a dose-dependent manner after
exposure to PM-S for 24 h. This indicated potential synergistic effects
between the insoluble particles and water-soluble components of PM,
resulting in the highest cytotoxicity of PM-S.

The intracellular ROS levels affected by the four PM stimulants were
determined, which were expressed as fold changes of DCFH-DA fluores-
cence intensities relative to the control group. The intracellular ROS levels
in RAW264.7 cells of the four groups increased significantly in a dose-
dependent manner, where PM-IP-corona and PM-S induced a
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comparable increase in intracellular ROS levels, while PM-WS caused
relatively less ROS generation (Fig. 3B). Combined with the results of cell
viability, it seemed that the cytotoxicity of insoluble particles was asso-
ciatedwith oxidative stress and that RAW264.7 cells could resist oxidative
stress through defense mechanisms and promote cell proliferation under
the stress of particles at low concentrations. However, when particle
accumulation exceeded cellular clearance capacity, RAW264.7 cells, as
macrophages, could phagocytose exogenous particles [50], and then
induce a substantial ROS generation, triggering the production of in-
flammatory factors [51], finally resulting in cellular damage or apoptosis.
In addition, the formation of the protein corona by insoluble particles in
PM increased the oxidative stress in cells. Especially at 200 μg/mL, the
ROS level of RAW264.7 cells induced by PM-IP-corona was much higher
than that induced by PM-IP. It was possibly due to the enhanced cellular
uptake of protein-decorated particles by RAW264.7 cells, which will be
considered in detail later.

3.4. Potential pathways affected by PM-IP, PM-IP-corona and PM-S

To elucidate the mechanisms underlying the differences in cytotox-
icity, the toxicological proteomics of RAW264.7 cells after exposure to PM-
IP, PM-IP-corona, and PM-S were analyzed. A total of 2,754 proteins were
identified based on iTRAQ quantitative proteomics. Of these proteins, 103,
111, and 94 DEPs were selected in the PM-IP, PM-IP-corona, and PM-S
groups, respectively (the details of the DEPs are listed in Tables S4-6).
GO annotations of these DEPs were analyzed (Tables S8-16), and Fig. S6-8
represent the top 15 significantly enriched GO terms. In general, there
were a great number of proteins related to protein synthesis and transport,
redox reactions, DNA damage responses, cell proliferation, and apoptosis
affected by PM-IP, PM-IP-corona, and PM-S. In addition, there were special
concerns associated with the most significantly enriched biological pro-
cess, cell differentiation. Previous studies also reported that RAW264.7
cells could differentiate towards more differentiated anti-inflammatory
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macrophages upon stimulation, with ROS and pro-inflammatory factors
playing a key role, as evidenced by increased cell size, elongated spindle
shape, significantly increased cell membrane roughness and enhanced cell
adhesion [52–54]. The results of the GO analysis in this present work
showed similar biological processes involved in the DEPs induced by the
three stimuli, which implied that the toxicity of insoluble particles in PM
could not be negligible.

Meanwhile, the KEGG pathways enriched by DEPs in RAW264.7 cells
affected by PM-IP, PM-IP-corona, and PM-S were analyzed (Fig. 4). There
were five common pathways shared by three groups, including “systemic
lupus erythematosus”, “alcoholism”, “neutrophil extracellular trap
formation”, “viral carcinogenesis”, and “protein processing in endo-
plasmic reticulum”. It indicated that PM-IP, PM-IP-corona, and PM-S
samples all induced the cellular immune response and inflammatory
response in RAW264.7 cells.

In addition to the above five common pathways, in RAW264.7 cells
exposed to PM-IP-corona, “aminoacyl-tRNA biosynthesis”, “carbon
metabolism”, “glutathione metabolism”, and “pentose and glucuronate
interconversions” pathways were affected, all related to metabolic
processes of the cells. In particular, the “phagosome” signaling pathway
was also enriched by DEPs. The main mechanisms of particle uptake
into cells include micropinocytosis, receptor-mediated endocytosis,
phagocytosis, and diffusion or adhesive interactions [55]. Here, Fig. S9
represents a KEGG map of the phagosome pathway in RAW264.7 cells
exposed to PM-IP-corona, with asterisks marking the DEPs in the
pathway. In addition, Fig. S10 shows the fold changes and P values of
the DEPs, including tubulin alpha chain, dynein light intermediate
chain, integrin beta (ITGB2), V-type proton ATPase subunit C
(Atp6v1c1), vacuolar proton pump subunit B (Atp6v1b2), calreticulin
and neutrophil cytosl factor 1 (NCF1) in PM-IP-corona group. Specif-
ically, the most significant change was observed in the tubulin alpha
chain, which is important for microtubule movement and maintenance
of the cytoskeleton. Yue et al. investigated the uptake of chitosan par-
ticles with different particle sizes (nano- and micro-) by J774A.1
macrophage cells, and the results showed that phagocytosis was an
Fig. 4. KEGG pathways enriched by DEPs in RAW264.7
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essential internalization mechanism for all the particles, and that
microtubule movement was involved in the phagocytosis process,
resulting in rearrangement of the actin cytoskeleton [56]. In addition,
ITGB2, Atp6v1c1, Atp6v1b2, and NCF1 were not significantly affected
in the PM-IP and PM-S groups (Fig. S10). ITGB2 is the first phagocytic
integrin to be characterized, also known as complement receptor (CR3)
or Mac-1, that mediates and allows the binding and clearance of par-
ticles [57,58]. Atp6v1c1 and Atp6v1b2 are components of the vacuolar
ATPase (V-ATPase) complex; the former is necessary for the assembly of
the V–ATPase complex, whereas the latter is directly responsible for
ATP hydrolysis. The V–ATPase complex plays a vital part in endosomal
and lysosomal acidification, which is required for receptor-mediated
endocytosis [59,60]. Therefore, the up-regulation of subunit C and
vacuolar proton pump subunit B might imply that the cells were more
involved in endocytosis activity related to the removal of extracellular
substances. NCF1, also known as p47-phox, is a regulatory subunit of
phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase 2 complex (NOX2) [61]. Previous works suggested that NCF1
phosphorylation was necessary for NADPH oxidase activation and thus
promoted ROS generation [62]. It is also consistent with the result of
the elevated ROS levels in RAW264.7 cells exposed to PM-IP-corona
(Fig. 3B), suggesting a relationship between phagosome and ROS gen-
eration. In conclusion, it implied that the airborne insoluble particles
with the protein corona could promote the cellular uptake of particles
by RAW264.7 cells via phagocytosis and receptor-mediated endocytosis.

As for PM-S stimulation, additional pathways included
“spliceosome,” “apoptosis,” “pentose and glucuronate conversion,” and
“microRNAs in cancer” that were enriched by DEPs. Spliceosomes play an
essential role in regulating gene expressions, while microRNAs are small
non-coding RNAs that can modulate gene expressions, as well as various
signaling molecules [63,64]. This result illustrated that PM-S caused the
most severe damage to RAW264.7 cells compared to PM-IP and
PM-IP-corona, which was consistent with the results on cell viability. The
soluble fraction of PM-S in concert with the insoluble particle fraction
might induce higher levels of genotoxicity.
cells affected by PM-IP, PM-IP-corona, and PM-S.



Fig. 5. Immunofluorescence confocal imaging of RAW264.7 cells after exposure
to PM-IP and PM-IP-corona for 24 h.
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3.5. The morphology of RAW264.7 cells altered by PM-IP-corona

The proteomics investigation revealed that the proteins related to cell
differentiation and phagosome pathway were significantly affected in
RAW264.7 cells exposed to PM-IP-corona. Therefore, to validate the
proteomics results, the cell morphology was recorded. The localizations
of F4/80, CD68 in RAW264.7 cells after exposure to PM-IP and PM-IP-
corona were characterized by immunofluorescence (Fig. 5 and
Fig. S11). F4/80 and CD68 are commonly used as biomarkers of
macrophage activation, with F4/80 localized to the cell membrane [65],
while CD68 localized to the cell membrane, endosomal membrane, and
lysosomal membrane [66]. As shown in Fig. 5, the cells exposed to
PM-IP-corona displayed an oval or irregular shape, as well as
pseudopodia-like protrusions on the surface of the cells, compared to
those exposed to PM-IP. Moreover, the average cell size was much larger
in the PM-IP-corona group compared to the control group. It can be
concluded that PM-IP-corona could induce a greater degree of differen-
tiation of RAW264.7 cells compared to PM-IP, and although
PM-IP-corona did not cause significant cell death, it obviously altered the
cell morphology.

The flow cytometry method allows the quantification of cellular side
scatter (SSC), reflecting changes in the refractive index of cytoplasmic
structures [67]. The SSC intensity of RAW264.7 cells was enhanced with
increasing particle concentrations, and the SSC intensity in the
PM-IP-corona group was greater than that in the PM-IP and PM-S groups
(Fig. S12 and S13). The internal cell structure was further imaged by TEM
(Fig. S14). After exposure to PM-IP-corona, the nuclei of RAW264.7 cells
appeared to be crinkled, mitochondria became swollen, and the number
of intracellular lysosomes, phagosome, and cell vacuoles increased. This
visually demonstrated that under PM-IP-corona exposure, RAW264.7
cells would phagocytose the granules and cause changes in the internal
cell structure, inducing significant damage to the cells.

4. Conclusions

In this work, we discussed the impact of proteins in the culture me-
dium on the assessment of PM toxicity during in vitro exposure. First, we
found that the insoluble particles in PM can bind with proteins to form
protein coronas, of which high-abundance proteins in FBS were the main
components. Second, it was determined that in the presence of proteins,
the soluble concentration of some metal elements in PM increased,
particularly Cu, Zn, and Pb. Third, the formation of the protein corona
from PM insoluble particles did not alleviate the toxicity to RAW264.7
cells, but instead promoted the production of intracellular ROS. The
proteomics analysis further revealed that the phagosome pathway was
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significantly influenced by PM-insoluble particles with the protein
corona, which induced a greater degree of cell differentiation and altered
cell morphology. The relevance of the composition of the protein corona
and the differentially expressed proteins on the phagosome pathway
warrants more detailed investigation. Generally, these findings provide
new insights into the complex cytotoxicity of PM combined with the
protein corona, and more information on the effect of PM insolubility on
the toxicity assessment.
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