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A B S T R A C T

Differences of cytotoxicity associated with exposure to different extracts of atmospheric particulate matters
(PMs) are still not well characterized by in vitro toxicoproteomics. In this study, in vitro cytotoxicity assays and
toxicoproteomic analyses were carried out to investigate toxic effects of PM collected using polytetra-
fluoroethylene (PTFE) filters extracted with acetone for PM2.1 and water for PM2.1 and PM10 on A549 human
lung epithelial cells. The cytotoxicity assays based on cell viability, cell apoptosis and reactive oxygen species
generation indicated that PM2.1 extracted with acetone had the highest toxicity. iTRAQ labeling and LC-MS/MS
analyses indicated that the number of differentially expressed proteins in A549 cells affected by PM2.1 extracted
with acetone was noticeably higher than that of the other two groups. Hierarchical cluster analyses showed that
the influences of the extracts of PM2.1 and PM10 using water on the proteome of A549 cells were similar, whereas
significantly different from the effect of PM2.1 extracted with acetone. Pathways analyses indicated that PM2.1

extracted with acetone influenced the expression of proteins involved in 14 pathways including glycolysis/
gluconeogenesis, pentose phosphate pathway, proteasome, etc. PM2.1 extracted with water affected the ex-
pression of proteins involved in 3 pathways including non-homologous end-joining, ribosome and endocytosis.
However, PM10 extracted with water affected the expression of proteins involved in only spliceosome pathway.
The extracts of PM using different extractants to detach PM from PTFE filters influenced the cytotoxic effects of
PM and the proteome of A549 cells. Therefore, extractants should be assessed carefully before the investigations
on cytotoxicity to improve the compatibility of experimental results among research teams.

1. Introduction

Atmospheric particulate matters (PMs) are of great interests due to
their acute and chronic adverse health effects (Boldo et al., 2006; Cheng
et al., 2013; Kim et al., 2015). For example, numerous epidemiological
studies have indicated that fine and ultrafine PMs are associated with
respiratory diseases, cardiovascular diseases and stroke, neurodegen-
eration disease, diabetes, etc. (Franklin et al., 2007; Pelucchi et al.,
2009; Cao et al., 2012; Chen et al., 2013a; Hoek et al., 2013; Leiva
et al., 2013; Devlin et al., 2014; Zanobetti et al., 2014; Karottki et al.,
2015; Kioumourtzoglou et al., 2016). PM is a complex mixture of var-
ious inorganic and organic components (Putaud et al., 2004; Hand

et al., 2012; Kelly and Fussell, 2012). A number of potentially toxic
elements (PTEs; e.g., lead, arsenic and cadmium) have been detected in
PMs in many places (Shi et al., 2012; Massey et al., 2013; Cakmak et al.,
2014; Liu et al., 2015a). Moreover, some PTEs (e.g., lead, arsenic and
chromium) are more abundant in the fine PM than in the coarse PM
(Voutsa and Samara, 2002; Clements et al., 2014). Different polycyclic
aromatic hydrocarbons (PAHs) have been determined in PMs, including
benzo [a]pyrene, benzo[a]anthracene, pyrene, naphthalene, etc. (Alves
et al., 2017; Zhang et al., 2017; Wang et al., 2018). It is suggested that
PAHs with lower volatility and higher molecular weight are pre-
ferentially enriched in the fine PM (Wang et al., 2018). Noticeably, the
different effects of water-soluble and insoluble fractions of PM
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composed of various chemical components on cytotoxicity have been
demonstrated (Vuong et al., 2017; Qi et al., 2019). The excess risks
have also been observed in experimental animals exposed to PM. For
example, the outcomes of mice exposed to concentrated PM2.5 showed
positive association with respiratory diseases and cardiometabolic dis-
eases (Hu et al., 2017; Lopes et al., 2018).

The results of cell exposure study can provide important insights
into the toxic mechanism of PM. PM has been demonstrated to be toxic
to the lung tissue in mouse in vivo through intratracheal or intranasal
instillation (Li et al., 2017; Maikawa et al., 2018). In vitro cells in
toxicological investigations related to PM mainly included human lung
and bronchial epithelial cells (Park et al., 2011; Huang et al., 2014;
Sanchez-Soberon et al., 2018). In vivo and in vitro investigations of
toxicity of PM are usually started from extraction of PM in order to
detach PM from filters (Jeon et al., 2011; Park et al., 2011; Huang et al.,
2014; Li et al., 2017; Sanchez-Soberon et al., 2018; Zhao et al., 2019).
PM2.5 samples were extracted from glass fiber filters by sonicating in
sterile water (Zhao et al., 2019). PM2.5 samples were extracted from
quartz filters by sonicating in ultrapure water for 30 min (Qi et al.,
2019). Samples of PM10-2.5, PM2.5-0.25, PM0.25 were firstly extracted
from polycarbonate filters by sonicating in deionized water for 10 min
and finally freeze dried (Sanchez-Soberon et al., 2018). Samples of size-
segregated PMs were firstly extracted from quartz filters by DCM/n-
hexane (3:2 v/v) in a microwave-assisted extraction and finally eva-
porated to dryness under mild N2 flow (Velali et al., 2016a). Interest-
ingly, not only water-insoluble components of PM2.5 have greater toxic
effect than soluble ones on neonatal rat cardiomyocytes (Qi et al.,
2019), but also PM10 acetone extracts were more toxic than aqueous
extracts to BEAS-2B human bronchial epithelial cells (Rodriguez-Cotto
et al., 2014). Such inconsistence in cytotoxicity is probably attributed to
operationally defined extraction procedures extracting different che-
mical components from same a PM, which could bring the difficulty to
explain the intrinsic toxicological responses of PM.

Proteomics can be a useful tool in assessing toxic mechanisms as-
sociated with environmental pollutants exposure (Jebali et al., 2014;
Lafontaine et al., 2017; Ariganello et al., 2018). Limited data have been
published on in vitro toxicoproteomic analyses of cells exposed to PMs.
Complete PM consists of a solvent-soluble fraction and a solvent-in-
soluble fraction. These water-insoluble fraction of urban dust was lar-
gely responsible for the toxicity of urban dust in A549 human lung
epithelial cells (Vuong et al., 2017). Studies showed that following
exposure to steel industry PM, proteins related to redox homeostasis,
metabolism, DNA damage and repair were severely impacted (Kumar
et al., 2018). The heavy fuel oil particles also affected pathways in
human lung cells for oxidative stress, homeostasis, biosynthetic, me-
tabolic processes, etc. (Oeder et al., 2015). In vitro toxicoproteomic
analyses of human bronchial (Park et al., 2011) and lung epithelial cells
(Jeon et al., 2011; Huang et al., 2014) exposed to nanoPM extracted
with dimethyl sulfoxide (DMSO) (Park et al., 2011), fine PM extracted
with water (Huang et al., 2014) and coarse PM extracted with DMSO
(Jeon et al., 2011) were performed to investigate cytotoxic mechanisms
of PM. However, a detailed comparison of in vitro toxicoproteomics has
not been performed to investigate the differences of toxic effects of PM
extracted with different solvents. Therefore, toxicoproteomics should
be a powerful technique to accurately compare the effects of oper-
ationally defined procedures on cytotoxicity of PM and reasonably
elucidate toxic mechanisms of PM.

In previous studies, we demonstrated that in vitro proteomics was
able to elucidate the mechanisms of cytotoxic effects of zinc oxide na-
noparticles and PTEs (cadmium, zinc) on A549 cells (Zhao et al., 2014,
2015, 2018; Zhang et al., 2018). In the present work, size-segregated
PMs were collected using polytetrafluoroethylene (PTFE) filters. Two
equal parts of PM were extracted with water and acetone to detach PM
from filters, respectively. Toxicoproteomic analyses of A549 cells fol-
lowing exposure to PM were performed using iTRAQ labeling and liquid
chromatography-tandem mass spectrometer (LC-MS/MS), based on the

assays of cell viability, cell apoptosis and reactive oxygen species (ROS)
generation. The key objectives of this study were: (a) to investigate
changes in the expression of proteins and pathways in A549 cells fol-
lowing exposure to PM by toxicoproteomic analyses; (b) to compare
responses of A549 cells exposed to PM extracted with water and PM
extracted with acetone; (c) to compare responses of A549 cells exposed
to fine PM and coarse PM.

2. Materials and methods

2.1. Particulate matters sample and preparation

PMs were sampled at a platform outside the window of an office
room located on the second floor in Xianlin campus of Nanjing
University (118°57′ E, 32°7′ N). Samples of PM deposited on the PTFE
filters were synchronously collected for 144 h using two Andersen eight
stage non-viable cascade impactors (Tisch, TE-20-800, USA) at a flow
rate of 28.3 L/min from May 2016 to December 2017. PM was segre-
gated into 9 size fractions: > 9.0 μm on the first stage, 5.8–9.0 μm,
4.7–5.8 μm, 3.3–4.7 μm, 2.1–3.3 μm, 1.1–2.1 μm, 0.7–1.1 μm,
0.4–0.7 μm and<0.4 μm on the last stage. Fine PM is detrimental
because it can penetrate into the lower part of respiratory tract and
reach the alveoli of lung (Huang et al., 2016). On the other hand, coarse
PM deposits mainly in the trachea or primary and secondary bronchi
(Londahl et al., 2006).

Two equal parts of PM deposited on PTFE filters were extracted with
water and acetone, respectively. In brief, a set of four PTFE filters
(< 0.4 μm, 0.4–0.7 μm, 0.7–1.1 μm and 1.1–2.1 μm) was divided into
two equal parts. The other set of nine PTFE filters (< 0.4 μm,
0.4–0.7 μm, 0.7–1.1 μm, 1.1–2.1 μm, 2.1–3.3 μm, 3.3–4.7 μm,
4.7–5.8 μm, 5.8–9.0 μm and>9.0 μm) was also divided into two equal
parts. Filters were cut into pieces. One part of the PM2.1 and PM10-
deposited PTFE filters were separately placed in 20 mL ultrapure water.
The other part of PM2.1-deposited PTFE filters were placed in 20 mL
acetone. The samples were sonicated twice in a pre-chilled water bath
for 30 min. Then the water suspensions were lyophilized, and the
acetone suspension was dried with a nitrogen stream after the filters
had been removed. The final particles were stored frozen at −80 °C.

2.2. Characterization of particulate matters

To analyze the contents of PM-bound elements, a Milestone ETHOS
1 (Milestone, Italy) microwave sample preparation system with tem-
perature control was utilized to digest the PM samples. The microwave-
assisted digestion procedure was listed in the previous report (Hu et al.,
2013). Concentrations of elements in the resulting solution were de-
tected by inductively coupled plasma optical emission spectrometer
(ICP-OES) (PerkinElmer SCIEX, Optima 5300, USA) and inductively
coupled plasma mass spectrometry (ICP-MS) (PerkinElmer SCIEX, Elan
9000, USA). The conditions of ICP-OES and ICP-MS are listed in Table
S1 and Table S2, respectively. PM was characterized by a field emission
scanning electron microscope coupled with energy dispersive X-ray
spectroscope (SEM-EDX) (JEOL, JSM-7800F, Japan). Fourier transform
infrared spectroscopy (FT-IR) analyses of the samples were carried out
by an attenuated total reflection (ATR) FT-IR spectrometer (Nicolet,
6700, USA).

2.3. Cell culture and particulate matters exposure

A549 cells were purchased from Cobioer Biotech (Nanjing, China)
and maintained in the complete Ham's F–12K (Kaighn's modification)
(Gibco, USA) medium supplemented with 10% fetal bovine serum (FBS)
(Hyclone, USA), 100 units/mL penicillin and 100 μg/mL streptomycin
(Gibco, USA) in a humidified 5% carbon dioxide atmosphere at 37 °C.
To prepare PM for dosing cells, PM detached from filters was re-
suspended in cell culture medium (5% serum-containing F–12K). The
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suspensions were dispersed by sonicating in a pre-chilled water bath for
30 min. It should be noted that the final concentration of FBS that the
A549 cells were exposed to was 5% after dosing with PM.

2.4. Cell viability assay

Cell viability was determined by cell counting kit-8 (CCK-8)
(Beyotime, China). Briefly, A549 cells were seeded with a density of
5000 cells/well in 96-well plates and cultured for 24 h. After removing
the complete medium, the A549 cells were treated with freshly dis-
persed PM at the final concentrations of 1, 5, 10, 25, 50, 100, 200 μg/
mL for 4, 12, 24 and 48 h. The PM suspensions were removed after
exposure. The plates were washed twice with phosphate buffered saline
(PBS; pH 7.4) and followed by the addition of 10 μL of the CCK-8 re-
agent and 100 μL of fresh medium in each well. Then the plates were
incubated for 1 h at 37 °C. The supernatants were transferred to fresh
plates and absorbance was measured at 450 nm by a microplate reader
(ThermoFisher Scientific, Varioskan Flash, USA).

2.5. Cell apoptosis assay

Apoptosis assay of A549 cells was performed by Annexin V-FITC
apoptosis detection kit (Beyotime, China). Briefly, A549 cells were
seeded with a density of 1 × 105 cells/well in 12-well plates and cul-
tured for 24 h. After removing the complete medium, the A549 cells
were treated with freshly dispersed PM at the final concentrations of 50
and 100 μg/mL for 24 h. The A549 cells were then collected and re-
suspended using PBS buffer (pH 7.4). 1 × 105 A549 cells were taken
and centrifuged at 100 g for 5 min. The supernatants were discarded,
and 195 μL Annexin V-FITC binding solution, 5 μL Annexin V-FITC and
10 μL PI staining solution were added to each sample. The samples were
incubated in a dark place at room temperature for 20 min and then
analysed by a flow cytometer (Becton Dickinson, FACSCalibur, USA).

2.6. Reactive oxygen species assay

Intracellular reactive oxygen species (ROS) production was mea-
sured using ROS assay kit (Beyotime, China). ROS levels were de-
termined using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA),
a cell permeable nonfluorescent molecular probe oxidized by ROS to
produce fluorescent compound 2′,7′-dichlorofluorescein (DCF) (Chen
et al., 2013b; Deng et al., 2013). All cell exposure experiments were
conducted at 80%–90% of cell confluence. When A549 cells reached
confluence, the complete medium was removed. A549 cells were ex-
posed to freshly dispersed PM at the final concentrations of 1, 5, 10, 25,
50, 100, 200 μg/mL for 12, 24 and 48 h. The PM suspensions were
removed and then the cells were washed twice with serum-free
medium. 100 μL 10 μmol/L DCFH-DA in serum-free medium was added
to each well in 96-well plates, and the cells were incubated at 37 °C for
30 min. Then the DCFH-DA was removed, each well was washed twice
with serum-free medium. Finally, fluorescence intensity of DCF in each
well was determined by a microplate reader (ThermoFisher Scientific,
Varioskan Flash, USA) with excitation and emission wavelengths of
488 nm and 525 nm, respectively.

2.7. Protein extraction, iTRAQ labeling and LC-MS/MS analyses

A549 cells were seeded with a density of 1 × 106 cells/dish in
dishes with diameters of 10 cm and cultured for 24 h. Then the
A549 cells were treated with freshly dispersed PM at the final con-
centration of 100 μg/mL for 24 h after removing the complete medium.
Cell lysis was carried out using cell lysis buffer for Western and im-
munol precipitation (Beyotime, China). In brief, the cells were washed
twice with ice-cold PBS and followed by the addition of 1 mL cell lysis
buffer in ice bath. The lysates were collected after the addition of 1 mL
cell lysis buffer for 3 min and then sonicated for 1 min. The lysates were

centrifuged at 12,000 g for 20 min at 4 °C and supernatants were re-
covered. The concentrations of protein in the supernatants were de-
termined using BCA protein assay kit (Beyotime, China). Protein sam-
ples were flash-frozen and stored at −80 °C.

For each sample, 200 μg of total protein was reduced, alkylated,
trypsin-digested and then labeled with iTRAQ reagent-8 plex multiplex
kit (AB Sciex, USA) according to the manufacturer's instructions.
Briefly, 200 μg protein was reduced with 4 μL reducing reagent at 60 °C
for 1 h. Then 2 μL cysteine-blocking reagent was added. After reaction
for 10 min, the sample was centrifuged at 12,000 g for 20 min and
bottom solution was discarded. Protein was digested with trypsin
overnight in a mass ratio of 1:50 trypsin to protein at 37 °C. iTRAQ
reagent was then added to the sample and incubation at room tem-
perature for 2 h. Labeled samples were resuspended with mobile phase
A and loaded onto a Durashell C18 column (4.6 mm × 150 mm, 5 μm).
Peptides were separated after 65 min solvent gradient from 5% B to
90% B (A: 20 mM ammonium formate, B: 20 mM ammonium formate,
80% acetonitrile). A triple TOF 5600 mass spectrometer fitted with a
nanospray III source (AB Sciex, USA) was utilized to acquire mass data.
The conditions of mass spectrometer were programmed as follows: ion
spray voltage of 2.5 kV, curtain gas of 30 PSI, m/z from 350 to 1250,
accumulation time of 0.25 s.

2.8. Statistics and bioinformatics

All measurements were repeated at least three times and the data
were expressed as means ± SD. Statistical analyses were conducted
using SPSS 19 for Windows software package (SPSS, USA). Independent
samples T test was used to detect any significant difference between the
control and the treated group at 95% confidence level. One-way ana-
lysis of variance (ANOVA) was performed on cytotoxicity tests to assess
whether cytotoxicity differed significantly across various treated
groups. Post-hoc multiple comparisons of means were conducted using
Tukey test. *p < 0.05 indicates significant difference compared with
control group by the independent samples T test. Average values with
different letters indicate significant differences among various treated
groups by the Tukey test (p < 0.05).

ProteinPilotTM software (version 4.2) was used to process raw data
against the database of homo sapiens from UniProt (https://www.
uniprot.org/). The primary search parameters were listed as follows.
Cysteine modified with iodoacetamide, trypsin digestion, iTRAQ
quantification, instrument triple TOF 5600, biological modifications
selected as ID. Peptides with a global false discovery rate (FDR) < 1%
were used for proteins annotation. In order to determine the fold-
changes for proteins from treatment groups, the treatment/control ra-
tios were first calculated. The differentially expressed protein was
identified on the basis of fold-change> 1.50 or< 0.67 and p-value<
0.05. Furthermore, fold-change was converted into log2 (treatment/
control ratio) so that the data were continuous for hierarchical cluster
analyses because there was no gap between −1.0 and 1.0 when log2
(treatment/control) was adopted. Hierarchical cluster analyses were
conducted using the Perseus software. The Gene Ontology (GO) anno-
tation for differentially expressed proteins was obtained from the
DAVID bioinformatics resources version 6.8 (https://david.ncifcrf.gov/
). The GO annotation contains biological process, cellular component
and molecular function. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) (https://www.genome.jp/kegg/) was employed to analyze
pathways.

3. Results and discussion

3.1. Physicochemical characterization of particulate matters

Concentrations of inorganic elements in size-segregated PMs con-
taining Al, Ba, Ca, Cr, Fe, K, Mg, Mn, Mo, Na, Ni, Sb, Se, Sr, Ti, As, Cu,
Zn, Pb, Cd and Co are listed in Table 1. The average total content of 21
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elements in all fractions was 17.9 μg/m3. The most abundant metals
detected in PM were Ca, Fe and Al. The lowest level in PM was observed
for Cd. The contents of crustal elements (Fe, Al, Ca, Mg and Na) de-
creased with decreasing PM size. Nevertheless, the smaller the PM size,
the higher the concentrations of PTEs (As, Cd, Sb, Pb, Zn and V). The
morphology and several elements of size-segregated PM deposited on
PTFE filters at 3000 times magnification are exhibited in Fig. 1. PM was
a complex mixture of particles with various size and shape, such as
sphere, rod and slice. Moreover, some fine particles agglomerated into
larger particles. The EDX analyses indicated that weight percentages
(Wt%) of Al, Si and Fe increased with increasing PM size. However, the
larger the PM size, the lower the weight percentage of C.

ATR-FT-IR spectra of size-segregated PMs are showed in Fig. 2. ATR-
FT-IR spectra indicated that the structure and functional groups of
PM0.4-0.7, PM0.7-1.1 and PM1.1-2.1 had many similarities, which were
noticeably different from those of coarse particles. As shown in ATR-FT-
IR spectra of fine particles, the peak observed at 3183 cm−1 was as-
signed to O–H stretching vibration of carboxylic acids. The peak located
at 3047 cm−1 was characterized by Ar–H stretching vibration. The peak
observed at 1701 cm−1 was due to C]O stretching vibration. The peak
observed at 1051 cm−1 was assigned to C–O stretching vibration. The
peak located at 824 cm−1 was characterized by Ar–H bending vibra-
tion. The peak observed at 612 cm−1 was due to C–Cl. As shown in
ATR-FT-IR spectra of coarse particles, the peaks located at 3520 and

Table 1
Concentrations (ng/m3) of elements in size-segregated PMs (n = 6).

Elements Size fractions (μm)

<0.4 0.4–0.7 0.7–1.1 1.1–2.1 2.1–3.3 3.3–4.7 4.7–5.8 5.8–9.0 > 9.0

Al 63.6 70.4 61.8 106 181 280 208 312 470
Ba 2.54 3.89 8.29 8.65 10.5 12.1 7.12 11.0 15.5
Ca 386 555 383 496 822 1.28 × 103 866 1.43 × 103 2.18 × 103

Cr 1.62 1.86 1.86 1.98 2.26 2.40 1.60 2.09 3.16
Fe 140 204 193 223 332 480 269 444 681
K 92.7 204 197 140 74.7 89.0 70.1 76.5 113
Mg 29.3 41.0 37.5 62.8 90.1 118 81.2 130 264
Mn 5.17 12.6 14.0 11.6 8.22 11.3 5.83 10.2 15.8
Mo 0.752 0.785 0.671 0.638 0.769 0.687 0.703 0.474 0.769
Na 43.5 65.7 60.3 86.8 112 113 69.7 118 214
Ni 4.84 9.10 4.99 2.91 5.68 7.95 5.64 2.93 3.42
Sb 109 101 140 126 112 102 87.4 50.5 74.6
Sr 0.589 1.06 0.982 1.42 2.31 3.35 2.03 3.42 5.48
Ti 11.1 9.10 8.57 11.7 16.8 21.6 19.2 23.1 38.4
As 1.88 2.81 3.51 3.23 1.33 0.798 0.339 0.564 0.531
Cu 4.59 7.79 5.81 6.26 5.16 5.38 2.20 7.53 9.46
Zn 31.6 51.5 59.2 84.4 50.9 27.5 17.8 30.0 30.3
Pb 13.8 27.7 30.5 27.4 16.5 4.88 4.39 3.87 5.93
Cd 0.340 0.521 0.638 0.655 0.363 0.148 0.0729 0.0870 0.0740
Co 8.04 6.02 7.27 8.35 8.39 5.87 5.30 7.38 11.0
V 1.86 1.07 0.983 0.972 0.847 0.649 0.386 0.687 0.933

Fig. 1. SEM-EDX analyses of size-segregated PMs deposited on PTFE filters at 3000 times magnification (A:< 0.4 μm, B: 0.4–0.7 μm, C: 0.7–1.1 μm, D: 1.1–2.1 μm, E:
2.1–3.3 μm, F: 3.3–4.7 μm, G: 4.7–5.8 μm, H: 5.8–9.0 μm, I:> 9.0 μm).
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3407 cm−1 were characterized by N–H stretching vibration. The peak
observed at 3237 cm−1 was assigned to O–H stretching vibration of
alcohols. The peak located at 1000 cm−1 was due to Si–C group. The
common peaks in fine and coarse particles observed at 2917 and
2849 cm−1 were characterized by C–H stretching vibration. The
common peak located at 1618 cm−1 was assigned to C]C stretching
vibration. The common peaks observed at 1403 and 1307 cm−1 were
due to C–N and Ph-C groups, respectively. Several PAHs have been
determined in PM2.5 in some cities (Alves et al., 2017; Zhang et al.,
2017). It is reported that quinones and carboxylic acids are the main
components of cigarette smoke (Hoffmann and Hoffmann, 1997).
Phenol is also found in the airborne PM (Mohiuddin et al., 2016).
Emission from automobile engines and biomass burning are primary
sources of amide (Khare et al., 2011).

3.2. Cell viability of A549 cells following exposure to particulate matters

The cell viability of A549 cells after exposure to different con-
centrations of PM for 4, 12, 24 and 48 h is listed in Fig. 3. Compared
with the untreated control cells, no significant effects of PM on
A549 cells were observed after cells exposure to 1, 5, 10, 25, 50, 100
and 200 μg/mL of PM for 4 h and 12 h. A dose-dependent decrease of
cell viability was detected after 24 h and 48 h exposure of PM. The cell
viability at 24 h and 48 h indicated that PM had mild cytotoxic effect on
A549 cells at lower concentrations of exposure (1, 5, 10 and 25 μg/mL).
However, PM was cytotoxic to A549 cells at higher levels of exposure
(50, 100 and 200 μg/mL), where they were capable of reducing cell
viability significantly. Viability of A549 cells affected by PM extracted
with water was remarkably higher than that of A549 cells affected by
PM extracted with acetone at higher levels of exposure (100 and
200 μg/mL). In addition, viability of A549 cells affected by PM2.1 ex-
tracted with water was noticeably lower than that of A549 cells affected
by PM10 after 24 h and 48 h at higher levels of exposure (100 and
200 μg/mL). The cell viability decreased with increasing periods of
exposure and reached the lowest values at 48 h of exposure.

PM10 acetone extracts were more toxic than aqueous extracts to
BEAS-2B human bronchial epithelial cells (Rodriguez-Cotto et al.,
2014). The cytotoxicity of PM0.49-0.97 to mitochondrial dehydrogenase
in MRC-5 human fetal lung fibroblast was the highest among six water-
soluble fractions of size-segregated PMs (< 0.49, 0.49–0.97, 0.97–1.5,
1.5–3.0, 3.0–7.2 and > 7.2 μm) (Velali et al., 2016b). PM0.2 had the
highest toxic potency in four size ranges (PM10-2.5, PM2.5-1, PM1-0.2 and
PM0.2) in RAW264.7 macrophages (Jalava et al., 2015). In general, the
in vitro responses of cells to PM are related not only to size but also to
composition of PM.

3.3. Cell apoptosis of A549 cells following exposure to particulate matters

The apoptosis analyses of A549 cells after exposure to PM for 24 h
are exhibited in Fig. 4 (I). PM with concentrations of 50 and 100 μg/mL
induced significantly A549 cell apoptosis compared with the untreated
control A549 cells. Apoptosis of A549 cells induced by 100 μg/mL PM
was higher than that of A549 cells induced by 50 μg/mL PM. Apoptosis
of A549 cells induced by PM extracted with water was remarkably
lower than that of A549 cells induced by PM extracted with acetone. It
was observed that apoptosis of A549 cells induced by PM2.1 was sig-
nificantly higher than that of A549 cells induced by PM10.

Acetone extracts of cooking oil fume-derived PM2.5 induced apop-
tosis of primary fetal alveolar type II epithelial cells through en-
doplasmic reticulum stress pathway and increment of oxidative stress
(Liu et al., 2015b). Water-insoluble fraction of PM10 was able to induce
oxidative DNA damage and apoptosis of A549 human lung epithelial
cells at 24 h (Yi et al., 2014). Insoluble components of PM were able to
elicit the highest cytotoxic responses in RAW 264.7 mouse macro-
phages after 24 h (Jalava et al., 2008).

3.4. Reactive oxygen species generation in A549 cells following exposure to
particulate matters

The ROS generation in A549 cells after exposure to various con-
centrations of PM for 12, 24 and 48 h is showed in Fig. 4 (II-IV). The
DCF fluorescence intensity was expressed as the ratio (fold change)
between the exposed cells and the control cells. A dose-dependent in-
crease of intracellular ROS generation was observed for PM2.1 extracted
with acetone and PM10 extracted with water. At 12 h of exposure, the
DCF fluorescence intensities in A549 cells induced by PM2.1 extracted
with acetone and PM10 extracted with water were significantly higher
compared with the untreated control cells at higher levels of exposure.
Furthermore, at 24 h and 48 h of exposure, the DCF fluorescence in-
tensities in A549 cells induced by PM2.1 extracted with acetone and
PM10 extracted with water were remarkably higher compared with the
control cells at higher levels of exposure. DCF fluorescence intensities in
A549 cells induced by PM2.1 extracted with acetone were significantly
higher than those in A549 cells induced by PM2.1 extracted with water
at higher levels of exposure (50, 100 and 200 μg/mL). In addition, DCF
fluorescence intensities in A549 cells induced by PM10 extracted with
water were significantly higher than those in A549 cells induced by
PM2.1 extracted with water at higher levels of exposure (50, 100 and
200 μg/mL). The DCF fluorescence intensities in A549 cells induced by
PM10 extracted with water reached peak values at 12 h of exposure and
dropped after 24 h. The DCF fluorescence intensities in A549 cells in-
duced by PM2.1 extracted with acetone increased with increasing per-
iods of exposure and reached peak values at 48 h of exposure.

Oxidative stress related gene networks in BALB/c 3T3 A31-1-1 cells
were impacted by PM2.5 acetone extracts (Vaccari et al., 2015). A lot of
soluble metals and organic compounds in PM remarkably affected the
production of ROS in NR8383 rat alveolar macrophages (Heo et al.,
2015). The highest redox activity was found for fine PM (0.15–2.5 μm)
in three size fractions (2.5–10, 0.15–2.5,< 0.2 μm) (Akhtar et al.,
2014). It is reported that a negative association between redox activity
of PM and MTT-reduction activity in RAW 264.7 murine macrophages
was found (Steenhof et al., 2011).

3.5. Changes in the expression of proteins in A549 cells following exposure
to particulate matters

iTRAQ labeling and LC-MS/MS analyses of all the samples identified
approximately a total of 4036 proteins that had one or more unique
peptides per sample. These proteins were used for all subsequent
bioinformatics analyses. The distribution of total, up-regulated and
down-regulated differentially expressed proteins (DEPs) in A549 cells
after exposure to PM for 24 h is illustrated in three Venn diagrams,

Fig. 2. ATR-FT-IR spectra of size-segregated PMs (a:< 0.4 μm, b: 0.4–0.7 μm,
c: 0.7–1.1 μm, d: 1.1–2.1 μm, e: 2.1–3.3 μm, f: 3.3–4.7 μm, g: 4.7–5.8 μm, h:
5.8–9.0 μm, i:> 9.0 μm).
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respectively (Fig. S1). The number of DEPs in A549 cells affected by
PM2.1 extracted with acetone (206) was remarkably higher than that of
DEPs affected in other two groups. However, the difference between
number of DEPs affected by PM2.1 (76) and PM10 (88) extracted with
water was subtle. The number of down-regulated DEPs (47, 152 and 50)
was higher than that of up-regulated DEPs (29, 54 and 38) in the three
sets, respectively. As shown in Figs. S1, 8 common total DEPs were
found in the three groups. Most of common DEPs in the three groups
were changed in the same direction but varying in magnitude. How-
ever, KHSRP protein was up-regulated in the A549 cells affected by PM
extracted with water but down-regulated in the A549 cells affected by
PM2.1 extracted with acetone.

Hierarchical cluster analyses were performed to visually compare
alterations in the proteome of A549 cells after exposure to PM for 24 h
(Fig. 5). The results based on DEPs identified by LC-MS/MS showed that
PM2.1 and PM10 extracted with water formed a cluster that was sepa-
rated from PM2.1 extracted with acetone. Such findings indicated that
PM2.1 and PM10 extracted with water influenced the proteome of
A549 cells similarly, whereas their effects were different from effect of
PM2.1 extracted with acetone. The DEPs in Fig. 5 appeared to form six
interesting clusters (I-VI). Cluster I was dominated by proteins that
were remarkably increased in expression by PM2.1 extracted with
acetone but increased or decreased by PM extracted with water. Pro-
teins in cluster I were found to be involved in biological processes of
gene expression, mRNA splicing, cell-cell adhesion, etc. Cluster II was a
few proteins that were strongly down regulated by PM10 extracted with
water and weakly down regulated or up regulated by PM2.1 extracted
with water. Proteins in cluster II were found to be involved in biological
processes of protein phosphorylation. Cluster III was a small group of
proteins that were noticeably down regulated by PM2.1 extracted with

acetone. Proteins in cluster III were involved in biological processes of
negative regulation of hydrogen peroxide-induced cell death, activation
of protein kinase B activity, response to reactive oxygen species, etc.
Cluster IV showed that PM extracted with water generally increased
expression of proteins, while PM2.1 extracted with acetone generally
decreased their expression. Proteins in cluster IV were involved in
biological processes of regulation of mRNA stability, oxidation-reduc-
tion process, response to reactive oxygen species, etc. Cluster V was
composed of proteins that were generally decreased by PM2.1 extracted
with water and decreased or increased by PM10 extracted with water.
Proteins in cluster V were related to biological processes of translational
initiation, lipid biosynthetic process, rRNA processing, etc. Cluster VI
exhibited that proteins were strongly decreased in expression by PM2.1

extracted with acetone but weakly decreased or increased by PM ex-
tracted with water. Proteins in cluster VI were involved in biological
processes of gluconeogenesis, NIK/NF-kappaB signaling, tumor necrosis
factor-mediated signaling pathway, etc.

3.6. Effects of particulate matters on various pathways in A549 cells

Pathways that were impacted by the PM for 24 h based on the total
DEPs in A549 cells are listed in Table 2. The effects of PM on pathways
in A549 cells were PM-specific. The number of pathways in A549 cells
affected by PM2.1 extracted with acetone was noticeably higher than
that of pathways affected in the other two groups. In addition, the
number of pathways in A549 cells affected by PM10 extracted with
water was lower than that of pathways in A549 cells affected by PM2.1

extracted with water. Results of KEGG pathways analyses in Table 2
revealed that PM2.1 extracted with acetone influenced the expression of
proteins involved in 14 pathways including proteasome, proteoglycans

Fig. 3. Cell viability (%) of A549 cells after exposure to PM for 4, 12, 24 and 48 h (A: PM2.1 extracted with water, B: PM2.1 extracted with acetone, C: PM10 extracted
with water, n = 6). *p < 0.05 indicates significant difference compared with control group by the independent samples T test. Average values with different letters
indicate significant differences among various treated groups by the Tukey test (p < 0.05).
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in cancer, protein processing in endoplasmic reticulum, etc. It was
observed that PM2.1 extracted with water affected the expression of
proteins involved in 3 pathways including non-homologous end-
joining, ribosome and endocytosis. However, PM10 extracted with

water affected the expression of proteins involved in only spliceosome
pathway.

The KEGG maps are showed in Figs. S3–S20 to highlight the critical
pathways in A549 cells that were affected by PM for 24 h. Glycolysis is
a preferentially pathway that metabolizes glucose to pyruvate in cyto-
plasm and generates ATP energy for proliferation and growth for most

Fig. 4. Apoptosis analyses (I) of A549 cells and ROS generation (II, III and IV) in A549 cells after exposure to PM (A: PM2.1 extracted with water, B: PM2.1 extracted
with acetone, C: PM10 extracted with water, n = 6). *p < 0.05 indicates significant difference compared with control group by the independent samples T test.
Average values with different letters indicate significant differences among various treated groups by the Tukey test (p < 0.05).

Fig. 5. Hierarchical cluster analyses of differentially expressed proteins in
A549 cells after exposure to PM for 24 h (A: PM2.1 extracted with water, B:
PM2.1 extracted with acetone, C: PM10 extracted with water). Values for each
protein (rows) in all samples (columns) analysed are colored based on the fold
changes, high (red) and low (green) values are showed in the color bar at the
bottom. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 2
KEGG pathways that were impacted by the PM for 24 h based on the differ-
entially expressed proteins in A549 cells. All the specified pathways are sta-
tistically enriched (p-value< 0.05).

Pathways Count % p-value

PM2.1 extracted with water
Non-homologous end-joining 3 4.48 2.23 × 10−3

Ribosome 5 7.46 6.41 × 10−3

Endocytosis 5 7.46 4.27 × 10−2

PM2.1 extracted with acetone
Carbon metabolism 13 6.95 3.52 × 10−7

Protein processing in endoplasmic reticulum 15 8.02 7.81 × 10−7

Biosynthesis of amino acids 9 4.81 2.50 × 10−5

Proteasome 7 3.74 8.45 × 10−5

Glycolysis/Gluconeogenesis 6 3.21 5.26 × 10−3

Antigen processing and presentation 6 3.21 8.92 × 10−3

Proteoglycans in cancer 9 4.81 1.94 × 10−2

Focal adhesion 9 4.81 2.27 × 10−2

Tryptophan metabolism 4 2.14 2.94 × 10−2

Phenylalanine, tyrosine, tryptophan biosynthesis 3 1.60 4.15 × 10−2

Arginine biosynthesis 3 1.60 4.40 × 10−2

Pentose phosphate pathway 3 1.60 4.52 × 10−2

Metabolic pathways 28 15.0 4.58 × 10−2

Amino sugar and nucleotide sugar metabolism 4 2.14 4.67 × 10−2

PM10 extracted with water
Spliceosome 4 5.48 3.40 × 10−2
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cancer cells (Choi et al., 2013; Li et al., 2015). Gluconeogenesis pro-
duces glucose from noncarbohydrate precursors and is necessary for
cancer cells growth (Zhang et al., 2014). The pentose phosphate
pathway, a branch of glycolysis, is proved to be an important pathway
in cancer growth and survival (Jiang et al., 2014). The ubiquitin-pro-
teasome system is vital for degradation of most proteins that regulate
cell signal transduction, growth, apoptosis, etc. (Huang et al., 2017).
Changed expression of proteoglycans on cancer cell membranes influ-
ences cell signaling, adhesion, growth, survival, etc. (Theocharis et al.,
2015). The endoplasmic reticulum is involved in protein synthesis,
modification and folding. Non-homologous DNA end-joining is one of
major pathways for repairing double-strand DNA breaks in eukaryotic
cells (Lieber, 2010). Ribosome biogenesis is the process that making
ribosomes in the nucleolus and cytoplasm to sustain cell homeostasis
and survival (Chen and Ioannou, 1999). Endocytosis is one of pathways
that nanoparticles absorbed into cells (Oh and Park, 2014). Spliceo-
somes are dynamic structures in the nucleus and are changed when
responding to cellular environment, particularly associated with the
transcriptional state of the cell (Wong et al., 2013).

3.7. Gene ontology analyses of differentially expressed proteins in
A549 cells following exposure to particulate matters

The distribution of biological processes, cellular components, mo-
lecular function that were impacted by PM for 24 h based on the total,
up-regulated and down-regulated DEPs in A549 cells is showed in nine
Venn diagrams, respectively (Figs. S21–S23). The number of biological
processes (86), cellular components (55) and molecular function (50) in
A549 cells affected by PM2.1 extracted with acetone was noticeably
higher than that of biological processes, cellular components and mo-
lecular function affected in the other two groups. However, the differ-
ences between number of biological processes, cellular components and
molecular function affected by PM2.1 (21, 25 and 12) and PM10 ex-
tracted with water (23, 21 and 14) were subtle but distinguishable. The
number of biological processes, cellular components and molecular
function based on the down-regulated DEPs was higher than that of
biological processes, cellular components and molecular function based
on the up-regulated DEPs in the three sets, respectively. The number of
DEPs affected by PM2.1 extracted with acetone in the common biolo-
gical processes, cellular components and molecular function was the
highest (Figs. S24–S26). However, no significantly difference was found
between the number of DEPs affected by PM2.1 and PM10 extracted with
water in the common biological processes, cellular components and
molecular function. Two common biological processes based on the
total DEPs including glycogen catabolic process and cell-cell adhesion.
Twelve common cellular components based on the total DEPs including
nucleus, nucleoplasm, nucleolus, membrane, intracellular ribonucleo-
protein complex, etc. Five common molecular function based on the
total DEPs including RNA binding, protein binding, poly(A) RNA
binding, cadherin binding involved in cell-cell adhesion and ATP
binding. Glucose/glycogen metabolism is a vital metabolic pathway
affecting cellular proliferation and survival against environmental
stresses (Ha et al., 2015). Cell-cell adhesion is related to all respects of
tissue morphogenesis, such as regulation of cell shape and movement
(Takeichi, 1995; Gumbiner, 2005).

4. Conclusions

To our knowledge, this is the first investigation that used cytotoxi-
city assays and toxicoproteomic analyses to evaluate toxic effects of
different extracts of particulate matters collected using PTFE filter on
cells in vitro. Both cytotoxicity assays and toxicoproteomic analyses
consistently indicated that the toxicity of PM2.1 extracted with acetone
was the highest. In addition, the toxicity of PM10 extracted with water
was lower than that of PM2.1 extracted with water. It is suggested that
in vitro responses of cells to PM are related not only to size but also to

composition of PM. The results reveal that different extraction solvents
to detach PM from the filters influence the cytotoxicity of PM and the
proteome of cells. Therefore, it is proposed that novel approaches of PM
sampling and exposure should be developed to achieve low disturbance
and accurate in situ exposure.
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