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A B S T R A C T   

In biological fluids, micro- or nano-size particles are prone to adsorb proteins and form a layer. The ambient air 
fine particulate matter (PM2.5) is inhaled via the lung, penetrates biological barriers and eventually reaches 
systemic blood circulation. However, there are very few data available regarding the adsorption of proteins on 
PM2.5. Here, we compared protein corona formed in plasma after bronchoalveolar lavage fluid (BALF) exposure 
with those formed in plasma alone. Using purified coronal proteins, we explored their adsorption behaviors on 
PM2.5 and their influence on biological reactivity of PM2.5. Liquid-chromatography tandem mass-spectrometry 
(LC-MS/MS) analysis revealed that exposure to BALF significantly changed the blood protein profile on PM2.5. 
Regardless of the presence of BALF, the protein corona on PM2.5 contained an abundance of serum albumin, 
hemoglobin (Hb) and fibrinogen (Fg) proteins. Using Fg as a corona surrogate, we found that van der Waals 
interactions, hydrophobic interactions, π-π stacking and electrostatic attractions contributed to the Fg adsorption 
and led to the conformational changes of Fg. In addition, Fg decoration decreased cellular internalization of 
PM2.5 and corresponding subsequent oxidative stress responses in a murine RAW264.7 macrophage. These re-
sults support the view that the formation of PM2.5 corona should be considered for toxicity assessment of PM2.5.   

1. Introduction 

Epidemiological observations have shown that of ambient air fine 
particulate matter (PM2.5) exposure is associated with cardiovascular 
malfunctions and diseases (Pope et al., 2002; Miller et al., 2007; Kim 
et al., 2015; Feng et al., 2016). Additional studies have been conducted 
to verify the presence of PM2.5 in systemic blood circulation. Diesel 
exhaust particles were found in the blood within an hour of lung 
deposition in a hamster model (Nemmar et al., 2001). In addition, 
non-smoking healthy human volunteers were recruited to inhale radi-
olabeled ultrafine carbon particles that mimic PM, and indeed radio-
activity was found in their blood (Nemmar et al., 2004). These studies 
demonstrated that air pollutants, including PM2.5, could penetrate 
deeply into the respiratory tract, deposit in lungs, then migrate into 
systemic circulation and possibly other extrapulmonary organs. There-
fore, the interplay of PM2.5 with blood proteins cannot be omitted. 

The particle composition and toxic effects of PM2.5 have been 
extensively investigated (Shah et al., 2013; Hamra et al., 2014; 

Lippmann, 2014; Adams et al., 2015). The chemical characteristics of 
PM2.5 are considered to be a complex mixture including but not limited 
to acids (such as nitrates and sulfates), elemental carbon, crustal mate-
rial, metal ions, and hydrocarbons (Ebisu and Bell, 2012; Martins et al., 
2016; Zhang et al., 2016). PM2.5 is highly heterogeneous, and the dif-
ferences in the components of PM2.5 from different pollution sources 
may significantly alter their biodistribution and toxicities. Unlike cities 
in the northern part of China, where the coal-fired heating system is used 
in winter and spring (the primary PM pollutants are PM10 and PM2.5) 
(Yue et al., 2015), Chongqing is a mountainous city located in southwest 
China, where the air humidity is usually over 70–80% (the primary PM 
pollutant is PM2.5) (Yin et al., 2020). The average concentrations of 
PM2.5 and the main chemical compositions of PM2.5 in Chongqing were 
reported previously (Yin et al., 2020). Changes, subtracting or adding 
components on PM2.5 may significantly alter their biodistribution and 
toxicities. However, the association of specific component(s) and cor-
responding toxic effects have not yet been fully understood (Li et al., 
2003). 
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The lung is the main portal for PM2.5 into the body, and PM2.5 first 
comes into contact with the pulmonary bio-surfaces (surfactants and 
cells) before entering the blood. Once micro- or nano-size particles enter 
protein-rich substances, they tend to adsorb proteins on their surface 
and a protein layer called “corona” is formed (Lynch et al., 2009). The 
formation of this corona layer is common but complicated due to the 
diversity of nanoparticles constituents and the remarkable specificity of 
protein constitution. While some of corona proteins can undergo a dy-
namic exchange with the surroundings within a short period of time, 
others with higher affinity form a “hard” corona, which are the 
long-lived proteins and are thought to mediate the interaction between 
nanoparticles and organisms. Alterations in protein corona composition 
may afford the nanoparticle different biological characteristics 
(Monopoli et al., 2011). For example, plasma-derived corona on diesel 
exhaust nanoparticles (DENP) failed to induce macrophage inflamma-
tory response. However, a bronchoalveolar lavage fluid (BALF)-derived 
corona increased the uptake of DENP by macrophages and evoked the 
release of inflammatory factors in response to DENP (Shaw et al., 2016). 
These results demonstrated the present of BALF influenced biological 
activity of nanoparticles. 

The protein corona formation on engineered nanomaterials in the 
blood stream is well understood. The rapid coverage of blood proteins 
complicates the prediction of nanomaterials’ biological outcomes. PM2.5 
is the environmental nanoparticle which exposure is by inhalation. 
Although some studies have examined the effects of PM2.5 on cell types, 
microbiota and inflammatory cytokines in BALF (Mei et al., 2018; Chen 
et al., 2020), there is little information existing about the role of BALF on 
the biological reactivity of PM2.5. In this study, we found the conse-
quences of BALF for the adsorption of blood proteins on PM2.5. More-
over, we systematically characterized the interfacial proteins of the 
“hard” corona that adsorbed on PM2.5 and how the protein corona 
affected the internalization and cytotoxicity of PM2.5. These findings 
will help to understand the potential toxicity of PM2.5 upon inhalation. 

2. Materials and methods 

2.1. Collection and preparation of PM2.5 

High-volume air sampler (Laoying 2033B, Qingdao, China) was used 
to collect atmospheric PM2.5 samples in Chongqing, China between 
November 1, 2017 to Mar 31, 2018 and November 1, 2018 to Mar 31, 
2019. Briefly, the sampler was set in the campus of Southwest University 
far from obstacles, and operated at a flow rate of 100 L/min, 22 h/day, 
the interval was 2 h. After sampling, the quartz filter membranes were 
collected and eluted in ultrapure water by an ultrasonic oscillator for 60 
min, then the eluant was filtered by the 8-layer sterile gauze. Finally, the 
concentration of suspensions was obtained by freeze-drying technique. 
The suspensions were stored at 4 ◦C and sonicated for 30 min before use. 

2.2. The preparation of bronchoalveolar lavage fluid (BALF)-derived 
plasma corona on PM2.5 

The protein adsorption experiment was performed as previously 
published (Choi et al., 2017). Typically, 1.0 mg/mL PM2.5 was 
pre-incubated with BALF (37 ◦C, 1 h), then PM2.5-protein pellets were 
washed three times before being re-suspended in 10% mouse plasma 
(37 ◦C, 1 h). Unbound proteins were removed by centrifugation 12,000g 
for 10 min. Bound proteins were desorbed from PM2.5 in 5% SDS by 
heating at 95 ◦C for 5 min for the subsequent experiments. 

2.3. The preparation of single protein-derived corona on PM2.5 

1.0 mg/mL PM2.5 was incubated with individual proteins, bovine 
serum albumin (BSA, Sangon Biotech, China), bovine hemoglobin (Hb, 
Solarbio, China) and bovine fibrinogen (Fg, Solarbio, China) at a final 
concentration of 1.0 mg/mL on a rotator at 37 ◦C for 1 h. Unbound 

proteins were removed by centrifugation 12,000g for 10 min. The 
amount of protein remaining in the supernatant was measured by a BCA 
Protein Assay kit (Keygen Biotech, China). 

2.4. Transmission electron microscopy (TEM) 

Proteins (1.0 mg/mL) were incubated with PM2.5 (1.0 mg/mL) (w/w 
ratio = 1:1) at 37 ◦C for 1 h. After dispersed in the ultrapure water, PM2.5 
and PM2.5-Fg complex were further observed via TEM (JEM-1200EX, 
JEOL Ltd). 

2.5. Liquid-chromatography tandem mass-spectrometry (LC-MS/MS) 
analysis 

2.5.1. Sample preparation 
PM2.5-protein complex was isolated by centrifugation (12,000 g, 10 

min) and was washed three times before being stripped in 5% sodium 
dodecyl sulfate (SDS) solution. Then, the peptide mixture obtained after 
the enzymolysis of proteins was analyzed by the Nano LC-ESI-MS/MS 
system. 

2.5.2. Nano-LC-MS/MS analysis 
Quantitative analysis of protein samples was performed using a high- 

pressure liquid chromatography (HPLC) system (Agilent) coupled with a 
linear ion trap mass spectrometer (LTQ, Thermo). 

2.5.3. Database analysis 
For protein identification, the mass spectrometric data were used to 

search against the UniProt protein database with ProtTech’s ProtQuest 
software suite. 

2.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) 

Typically, individual proteins (1.0 mg/mL) were incubated with 
PM2.5 (1.0 mg/mL) at 37 ◦C for l h. After centrifugation at 12,000 g for 
10 min, proteins in the precipitation were re-suspended in 1 × loading 
buffer (0.25 M Tris⋅HCl, 10% SDS, 5% urea, 50% glycerin and 0.5% 
bromophenol blue), then boiled at 100 ◦C for 10 min. For SDS-PAGE, an 
equal sample volume was applied onto a 12.5% Bis-Tris gradient gel, 
then, separated by electrophoresis at 120 V for 1 h. Regular Range 
Protein Marker was obtained from Sangon Biotech (Shanghai, China). 
The gels were stained by Fast Silver Stain Kit (Beyotime, China) ac-
cording to the manufacturer’s protocol. 

2.7. Dynamic light scattering (DLS) 

PM2.5 with or without proteins coating was dispersed in ultrapure 
water. The hydrodynamic sizes and zeta-potential characterization of 
pristine PM2.5 and PM2.5-protein complex were measured by DLS using a 
Zetasizer (NanoZSE, Malvern Instruments, UK). 

2.8. Fluorescence spectroscopy 

The fluorescence spectra of native Fg and a series of PM2.5-Fg solu-
tions was acquired by using Hitachi F-7000 fluorescence spectropho-
tometer (Hitachi, Japan) in a 1.0 cm quartz cell. The fluorescence 
spectra data were recorded at λex = 280 nm and λem = 300–460 nm. 

2.9. Circular Dichroism (CD) spectroscopy 

Fg protein in ultrapure water was mixed with PM2.5 (w/w= 1:1) at a 
final concentration of 200 μg/mL, and then incubated at 37 ◦C for 1 h. 
CD spectra was performed using a MOS-450 (Bio-Logic, France) spec-
trometer with 0.1 cm quartz cells at a wavelength range from 190 to 270 
nm. Secondary structure content data were acquired by using on-line 
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analysis software DichroWeb. 

2.10. Preparation of fluorescent PM2.5-Fg complex 

2 mg/mL Fg was incubated with 10 μg/mL sulfo-cyanine3 (Cy3) NHS 
ester (Solarbio, China) at the room temperature for 6 h. Then, the raw 
products were added in a dialysis bag in order to remove the free dye. 
Finally, the Cy3-conjugated Fg was incubated with PM2.5 at the same 
concentration at 37 ◦C for 1 h to obtain a fluorescent PM2.5-Fg complex. 

2.11. Cell culture and exposure 

RAW264.7 cells were maintained in RPMI-1640 (Keygen Biotech, 
China) containing 10% fetal bovine serum and 1% penicillin/strepto-
mycin. Cells were cultured in an incubator at 37 ◦C with 5% CO2. For the 
following experiments, RAW264.7 cells were transferred to appropriate 
culture dishes to adhere overnight. PM2.5 with/without Fg coating (200 
µg/mL, w/w = 1:1) was prepared as described above, and then treated 
cells for the indicated times. Cell viability was determined by the Cell 
Counting Kit-8 (CCK-8) Assay (Bimake, USA), each group had 6 repli-
cates and did three parallel experiments. Before PM2.5 exposure, serum- 
free medium was supplied. 

2.12. Confocal microscopy 

Cells were exposed to fluorescent PM2.5-Fg complex (200 μg/mL) in 
serum-free medium for 6 h. For detecting cellular internalization of 
fluorescent PM2.5-Fg complex, cells were stained with a green cell 

membrane dye 3,3’-dioctadecyloxacarbocyanine perchlorate (Dio, 
Yeasen Biotech, China). For detecting the distribution of fluorescent 
PM2.5-Fg complex, lysosomes were stained by LysoTracker Green DND- 
26 (Yeasen Biotech, China). Images were captured by confocal micro-
scope (N-SIM, Nikon, Japan) with an excitation wavelength of 488 nm 
for dyes and 561 nm for PM2.5-Fg complex. 

2.13. Flow cytometry analysis 

RAW264.7 cells were grown overnight in 6-well plates and exposed 
to 200 µg/mL PM2.5 with/without Fg coating for the indicated times. 
Following exposure, cells were washed for three times using PBS and 
collected with trypsin. For evaluating the uptake of PM2.5 or PM2.5-Fg 
complex by RAW264.7 cells, side scatter (SSC) intensity was detected. 
For measuring reactive oxygen species (ROS), an oxidation-sensitive 
fluorescence probe 2′, 7′-dichlorofluorescein diacetate (DCFH-DA, 
Sigma, USA) was used. For measuring the toxicity of PM2.5, 3 μM pro-
pidium iodide (PI, Solarbio, China) staining was used to detect the cells 
with damaged cell membranes. The fluorescence was detected by a BD 
FACS Melody™ flow cytometry and the results were determined by the 
FlowJo software. 

2.14. Determination of glutathione (GSH) and malondialdehyde (MDA) 
levels 

RAW264.7 cells were seeded overnight in 6-well plates and exposed 
to 200 µg/mL PM2.5 with/without Fg coating for 24 h. The cells were 
washed and collected for GSH level determination by using 5,5’- 

Fig. 1. Proteomic analysis of protein corona on the surface of PM2.5. PM2.5 was dispersed in 10% mouse plasma for 1 h with or without mouse bronchoalveolar 
lavage fluid (BALF) pre-incubation for 1 h, then washed for three times. The proteins of so-called “hard” corona were separated from PM2.5 and were identified by LC- 
MS/MS. (A) Classification of protein corona components according to their function. (B) Heat map of the most abundant proteins on the surface of PM2.5-BALF- 
Plasma and PM2.5-Plasma. Red: Hb; Blue: Fg; Yellow: serum albumin. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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dithiobis-(2-nitrobenzoic acid) (DTNB) method. The samples were 
assayed for lipid peroxidation by MDA assay using TBA method. GSH 
and MDA levels were measured by commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). 

2.15. Statistical analysis 

All measurements were repeated for three times and data were 
expressed as mean ± standard deviations (SD). The statistical signifi-
cance of differences was carried out by one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple comparisons test using Graph-
Pad Prism 7.0 software. p < 0.05 was considered statistically significant 
difference. 

3. Results and discussion 

3.1. Analysis of protein corona on the surface of PM2.5 

PM2.5 was dispersed in plasma with or without BALF pre-incubation, 
followed by centrifugation and washing steps to separate loose-binding 
or free proteins from PM2.5-protein complexes, the “hard” corona com-
ponents were further identified using proteomic analysis. A total of 93 

proteins were detected in the corona of the two groups (Table S1). 
Pulmonary surfactant-associated protein A, B, and D were bound to 
PM2.5 with the relative contents of 3.4%, 0.2%, and 0.1% in PM2.5-BALF- 
Plasma group, respectively, indicating PM2.5 interacted with the sub-
stances in BALF. To further explore biological implications of the 
adsorbed proteins, the recognized corona proteins were classified ac-
cording to their functions, including acute phase, coagulation, comple-
ment system, immunoglobulins, lipoproteins, tissue leakage and other 
plasma components. Grouping the identified proteins according to their 
functions showed the significant enrichment of the proteins involved in 
tissue leakage in PM2.5-BALF-Plasma corona, while PM2.5 directly 
exposed to plasma was preferentially absorbed by lipoproteins and 
proteins involved in coagulation (Fig. 1A), suggesting the existence of 
BALF significantly changed the corona pattern of PM2.5-plasma. Inter-
estingly, regardless of the presence of BALF, protein corona on PM2.5 
contained an abundance of serum albumin, hemoglobin (Hb) and 
fibrinogen (Fg) proteins (Fig. 1B and Fig. S1), which were typical pro-
teins from blood. The above data demonstrate that exposure via the lung 
alters the plasma protein profile on PM2.5 compared with direct entry 
into the plasma, this knowledge is critical for the accurate evaluation of 
PM2.5-associated toxicities. However, serum albumin, Hb and Fg are the 
long-lived proteins on PM2.5 during lung exposure into the blood. 

Fig. 2. Formation and characterization of BSA, Hb and Fg adsorption on PM2.5. (A) SDS-PAGE analysis of individual protein (BSA, Hb or Fg) or PM2.5-protein 
complexes. Proteins (1.0 mg/mL) were incubated with PM2.5 (1.0 mg/mL) (w/w ratio = 1:1) at 37 ◦C for 1 h. M: molecular mass markers. (B) BCA assay quantified 
the amount of adsorbed proteins after centrifugation for 1–4 times. The percentage of protein adsorption (ads %) on PM2.5 was calculated and expressed as follows: 
ads % = (c1-c2)/c1 * 100%, c1: the total amount of protein before adsorption, c2: the amount of protein in the supernatant after adsorption. (C) Hydrodynamic 
diameter (D) and Zeta-potential of PM2.5 before incubation and after incubation with BSA, Hb, or Fg. Data are representative of at least three independent exper-
iments. BSA: bovine serum albumin, Hb: hemoglobin, Fg: fibrinogen. *p < 0.05, ***p < 0.001 compared with the naked PM2.5. 
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3.2. Characterization of BSA, Hb and Fg adsorption on PM2.5 

To gain more insights into the interactions between PM2.5 and blood 
proteins, PM2.5 was incubated with the aforementioned blood proteins, 
bovine serum albumin (BSA), Hb and Fg, which represents protein 
component of serum, plasma, and red blood cells, respectively. The 
adsorption ability of proteins was visualized by SDS-PAGE, which was 
on the order of Fg > Hb > BSA (Fig. 2A). Next, quantitative analysis of 
proteins adsorbed on PM2.5 was carried by BCA assay and the results 
demonstrated that Fg exhibited the strongest binding capacity on PM2.5 
among these three proteins, Fig. 2B and Table S2. When the w/w ratio of 
protein/PM2.5 was set as 1:1, only 4.77% BSA and 7.69% Hb were 
adsorbed, while the adsorption percentage of Fg was as high as 70.58%. 
Up to four times centrifugations could not significantly disassemble the 
PM2.5-protein complex, indicating the adsorption of these proteins on 
PM2.5 was largely irreversible. The increased hydrodynamic sizes and 
zeta potential shifts were agreed with the amount of protein adsorption, 
Fig. 2C-2D and Table S3. Collectively, these results demonstrate Fg may 
have stronger affinity for PM2.5 than BSA and Hb. 

3.3. Forces contributing to the interactions between blood proteins and 
PM2.5 

Proteins are able to interact with their contact interfaces via different 
forces, including electrostatic interactions, van der Waals interactions, 
hydrophobic interactions and π-π stacking (Dobrovolskaia et al., 2009; 
Yang et al., 2013). Next, we discussed the main forces that controlling 
the interactions between blood proteins and PM2.5. The isoelectric 
points (pI < 7) of tested proteins indicated the proteins and PM2.5 have 
the same charge under physiological condition (Table S4), therefore, 
their adsorption suggested that there were other driving forces besides 
electrostatic interactions (Chiku et al., 2003; Guo et al., 2016; Kong 
et al., 2018). The order of molecular weight of Fg ≫ BSA ≈ Hb was 
consistent with that of adsorption capacity (Fig. 3A and Table S4), 
suggesting van der Waals interaction contributed to protein adsorption 

capacity on PM2.5 (Dobrovolskaia et al., 2009; Yang et al., 2013). 
Furthermore, there was a significantly positive correlation between the 
total number of hydrophobic amino acids in proteins and their adsorp-
tion amounts on PM2.5 (Fig. 3B), indicating the hydrophobic interaction 
might be involved in the adsorption of blood proteins on PM2.5. Nine of 
the 20 amino acids that composed of proteins are hydrophobic, and their 
numbers in each adsorbed protein were listed in Table S5. The aromatic 
ring-containing proteins, including tyrosine (Tyr), phenylalanine (Phe), 
and tryptophan (Trp), may interact with the organic components of 
PM2.5 via π-π stacking. As shown in Fig. 3C, the protein adsorption ca-
pacity of PM2.5 was significantly positively correlated with the numbers 
of Tyr, Phe and Trp, suggesting PM2.5 may interact with proteins via π-π 
stacking. 

3.4. Several factors on the absorption of Fg protein by PM2.5 

We have showed that Fg has the strongest adsorption capacity on 
PM2.5 compared with BSA and Hb. Therefore, Fg was selected as a model 
protein for the subsequent experiments. Pristine PM2.5 and PM2.5-Fg 
complex were characterized by TEM, we observed that the configuration 
of PM2.5-Fg was looser than bare PM2.5 (Fig. S2). Fig. 4A illustrated the 
binding between PM2.5 and Fg was increased with the rising concen-
trations of PM2.5. Fig. 4B indicated that this adsorption process was very 
rapid and reached saturation within 1 h, which consistent with the 
previous works (Pitek et al., 2012; Kong et al., 2018). Fig. 4C manifested 
that the higher temperature slightly reduced the affinity between PM2.5 
and Fg, in agreement with the results obtained between quantum dots 
and BSA (Wang et al., 2017). It was notable that the adsorption of Fg 
protein decreased at low salt concentration (< 100 mM NaCl). By 
contrast, at high salt concentration (> 0.5 M NaCl), the amount of 
PM2.5-adsorbed Fg significantly increased (Fig. 4D). Ion strength may 
shield the electrostatic force, so NaCl will provide a way to explore the 
role of electrostatic force in controlling protein adsorption capacity 
(Yang et al., 2013; Zhao et al., 2013; Liu et al., 2019). Although Fg (pI =
5.5–5.8) is negatively charged at our experimental conditions, the 

Fig. 3. The main factors controlling the protein adsorption on PM2.5. (A) The relationship between protein molecular weight and protein adsorption. (B) The positive 
correlation between total number of hydrophobic amino acids in proteins and their adsorption amount on PM2.5. (C) The correlation between the number of Tyr, Phe, 
Trp and their adsorption amount on PM2.5. aa: amino acid. 
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C-terminus of its peptide chains contains positively charged alkaline 
amino acids, which can be used as a potential binding site for negatively 
charged PM2.5 (Deng et al., 2011). Fig. 4D showed two distinct trends, 
which may due to the shielding effect induced by NaCl, in turn reduced 
the electrostatic attraction between C-terminus of Fg and PM2.5, 
resulting in Fg protein separation from PM2.5. With the continuous in-
crease of NaCl concentration, the reduction of electrostatic repulsion 
between the whole Fg molecule and PM2.5 gained access to promote the 
adsorption process. Combined with the results in Fig. 3, van der Waals 
interactions, hydrophobic interactions, π-π stacking and electrostatic 
attractions between C-terminus of Fg and PM2.5 overcome the electro-
static repulsion effect, then contribute to the adsorption of Fg by PM2.5. 

3.5. The effect of PM2.5 on the conformational change of Fg 

Since Fg has a cord-like structure with a length of ~45 nm and a 
diameter of ~5 nm (Hall and Slayter, 1959), it may prone to deforma-
tion during the adsorption process (Ge et al., 2011). Fluorescence in-
tensity and fluorescence peak position reflect the microenvironment of 
the chromophore group of proteins (Jun et al., 2011). As shown in 
Fig. 5A, with increasing concentrations of PM2.5, the fluorescence in-
tensity of Fg decreased, and the fluorescence emission peaks were 
red-shifted. This result indicated Fg conformation was changed, and the 
microenvironment of fluorophores (i.e., Trp, Tyr, and Phe) of Fg was 
disturbed, leading to an increase in fluorophore polarity (Naeeminejad 
et al., 2017). Indeed, CD spectra showed the consistent results. The 
characteristic CD peaks at 192, 208 and 222 nm were ascribed to α-helix 

and β-sheet structure of proteins (Fig. 5B). The content of secondary 
structure types for Fg was shown that the rate of α-helix tended to reduce 
from 15.9% to 6.4%, while β-sheet content was increased from 31.3% to 
38.6%, turn and random coil had not dramatically changed in the 
presence of PM2.5 (Fig. 5C). Hence, our results have demonstrated that 
the interaction between Fg with PM2.5 led to a change in the structure of 
protein skeleton, which might trigger downstream biological sequences 
(Deng et al., 2011). Together, we conclude that the mechanisms of Fg 
adsorption onto PM2.5 are divided into two steps. First, a pre-adsorption 
equilibrium is reached; then, the partial degeneration of Fg is triggered 
by its interaction with PM2.5, which increases the polarity of Fg 
structure. 

3.6. Cellular internalization and distribution of PM2.5 and PM2.5-Fg 
complex 

Adsorption of proteins on nanoparticles can alter the biological re-
sponses to nanoparticles, such as phagocytosis (Mortimer et al., 2014). 
Further investigations at the cellular level were warranted for a 
comprehensive understanding of biological impacts of Fg corona on 
PM2.5. Macrophages play an important role in phagocytizing foreign 
molecules from the blood. Therefore, we used a murine RAW264.7 
macrophage to explore the effect of Fg coating on the cytotoxicity of 
PM2.5. We first performed CCK-8 assay to detect the cell viability change 
after exposed to PM2.5 (Supporting Information Fig. S3). The significant 
cell viability loss was achieved at the concentration of 200 μg/mL. Thus, 
200 μg/mL PM2.5 was chosen for the following experiments. Mean SSC 

Fig. 4. The adsorption of Fg on PM2.5 with different factors. (A) BCA assay for adsorption capacity of Fg (1.0 mg/mL) at 37 ◦C for 1 h with the rising concentrations 
of PM2.5. (B) Influence of incubated times on the formation of PM2.5-Fg corona. Proteins (1.0 mg/mL) were incubated with PM2.5 (1.0 mg/mL) at 37 ◦C for indicated 
times. (C) Effect of temperature on the adsorption capacity of Fg on PM2.5 was analyzed by BCA assay. Proteins (1.0 mg/mL) were incubated with PM2.5 (1.0 mg/mL) 
for 1 h. (D) Adsorption amount of Fg on PM2.5 at the different ionic strengths (0–1 mol/L). Proteins (1.0 mg/mL) were incubated with PM2.5 (1.0 mg/mL) at 37 ◦C for 
1 h. Dates are expressed as means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the first group. 
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intensity, which represents the granularity of cells, revealed a signifi-
cantly increased uptake of the naked PM2.5 in a time-dependent manner 
(Fig. 6A). Interestingly, the increased SSC of RAW264.7 cells by PM2.5 
exposure was reversed when PM2.5 was previously incubated with Fg 
protein, indicating the cellular internalization of PM2.5 was inhibited by 
Fg corona formation (Fig. 6B). 

To further investigate the intracellular behavior of PM2.5, we used 
Cy3-conjugated Fg to incubated with PM2.5 to create a fluorescent PM2.5. 
As shown in Fig. 6C, fluorescent PM2.5-Fg complex was internalized into 
RAW264.7 cells. In addition, there was a significant overlap between 
fluorescent PM2.5-Fg complex and lysosomes, and the Pearson correla-
tion coefficient (Rr) values for the colocalization of PM2.5-Fg-Cy3 with 
lysosomes was 0.8239 (Fig. 6D), suggesting that PM2.5-Fg complex was 
located in the lysosomes. It is well known that the intracellular fate of 
nanoparticles and bionanomaterials is usually through cell membrane 
by endocytosis, then traffics to acidic lysosomes for degradation (Asati 
et al., 2010; Wu et al., 2014; Dornhof et al., 2017). Fig. 6D showed that 
Fg decoration did not significantly alter this phenomenon. These data 
suggest PM2.5 is internalized by RAW264.7 cells and transported into 
lysosomes, while Fg decoration hampers PM2.5 internalization. 

3.7. Fg decoration protects against the oxidative stress induced by PM2.5 
in RAW264.7 cells 

It is widely acknowledged that PM2.5 contains persistent organic 
pollutants and endotoxins (Wu et al., 2017). However, there is current 
unknown how proteins adsorption affects their toxicological behaviors. 
Oxidative stress is widely regarded as the key linking between PM2.5 

exposure and its toxic effects (Barrett, 2016; Haberzettl et al., 2016). The 
decrease in the cellular internalization led us to explore whether Fg 
adsorption affected the cell responses caused by PM2.5. Therefore, we 
focused on cellular oxidative stress governed by PM2.5 with the presence 
and absence of Fg corona in RAW264.7 cells. Fig. 7 A revealed Fg 
decoration attenuated PM2.5-triggered ROS generation. Accordingly, 
GSH depletion induced by PM2.5, was effectively repressed by Fg corona 
(Fig. 7B). Similarly, Fg corona attenuated the PM2.5-induced increase in 
MDA level in RAW264.7 cells (Fig. 7C). Ultimately, Fg coated PM2.5 
caused less cytotoxicity than uncoated PM2.5 (Fig. 7D and E). Taken 
together, these results suggest that PM2.5 triggers ROS production, GSH 
deletion and subsequent lipid peroxidation in RAW264.7 cells, and 
adsorption of Fg alleviates PM2.5-induced oxidative stress and 
cytotoxicity. 

4. Conclusion 

Our results demonstrated the existence of BALF significantly 
changed the adsorption of blood proteins on PM2.5, and using individual 
coronal proteins (namely, BSA, Hb, and Fg), we explored their adsorp-
tion behaviors on PM2.5. Furthermore, we have shown that corona 
formed on PM2.5 significantly modified the physiochemical and bio-
logical properties of PM2.5, such as PM2.5 uptake and inflammatory 
response. Therefore, further understanding how proteins interact with 
PM2.5 would be helpful for risk assessment of PM2.5. From this 
perspective, this current study may help to define remaining un-
certainties and in vivo study is also encouraged. 

Fig. 5. The effect of PM2.5 on the conformational changes of Fg. (A) Fluorescence spectra of Fg in the absence and presence of PM2.5 at 37 ◦C for 1 h. The spectra 
were taken at λex = 280 nm and λem = 300–460 nm. (B) The circular dichroism (CD) analysis about the changes of secondary structure on Fg in the absence and 
presence of PM2.5. Proteins (0.2 mg/mL) were incubated with PM2.5 (0.2 mg/mL) at 37 ◦C for 1 h. (C) The protein secondary structures (%) of Fg were calculated by 
DichroWeb, including α-helix, β-sheet, turn and random. 
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Fig. 6. The cellular uptake and distribution of PM2.5 and PM2.5-Fg complex in RAW264.7 cells. (A) Cells were exposed to 200 µg/mL PM2.5 for different times. The 
uptake of PM2.5 was indicated by the mean SSC-A using flow cytometry. (B) The difference of cellular uptake between PM2.5 and PM2.5-Fg corona in RAW264.7 cells. 
Proteins (0.2 mg/mL) were incubated with PM2.5 (0.2 mg/mL) at 37 ◦C for 1 h, then exposed to RAW264.7 cells for 6 h. (C) Cellular internalization of fluorescent 
PM2.5-Fg-Cy3 complex in RAW264.7 cells. Fluorescent PM2.5-Fg-Cy3 (200 µg/mL) was exposed to RAW264.7 cell for 6 h, and the images were observed by the 
confocal microscopy. Red: PM2.5-Fg-Cy3 complex, Green: DiO, a cell membrane dye. (D) Distribution of fluorescent PM2.5-Fg-Cy3 complex in RAW264.7 cells. Cells 
were treated with 200 µg/mL fluorescent PM2.5-Fg-Cy3 complex for 6 h. Intracellular co-localization of PM2.5-Fg (Cy3, red) with lysosomes (Lyso Tracker, green) was 
imaged using confocal microscopy. The Pearson correlation coefficient (Rr) was measured with n = 13 cells. Scale bar is 10 µm. *p < 0.05, ***p < 0.001 compared 
with the untreated control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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