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a b s t r a c t

Inhaled atmospheric fine particulate matter (PM2.5) includes soluble and insoluble frac-

tions, and each fraction can interact with cells and cause adverse effects. PM2.5 samples

were collected in Jinan, China, and the soluble and insoluble fractions were separated.

According to physiochemical characterization, the soluble fraction mainly contains water-

soluble ions and organic acids, and the insoluble fraction mainly contains kaolinite, cal-

cium carbonate and some organic carbon. The interaction between PM2.5 and model cell

membranes was examined with a quartz crystal microbalance with dissipation (QCM-D) to

quantify PM2.5 attachment on membranes and membrane disruption. The cytotoxicity of

the total PM2.5 and the soluble and insoluble fractions, was investigated. Negatively

charged PM2.5 can adhere to the positively charged membranes and disrupt them. PM2.5

also adheres to negatively charged membranes but does not cause membrane rupture.

Therefore, electrostatic repulsion does not prevent PM2.5 attachment, but electrostatic

attraction induces remarkable membrane rupture. The human lung epithelial cell line A549

was used for cytotoxicity assessment. The detected membrane leakage, cellular swelling

and blebbing indicated a cell necrosis process. Moreover, the insoluble PM2.5 fraction

caused a higher cell mortality and more serious cell membrane damage than the soluble

fraction. The levels of reactive oxygen species (ROS) enhanced by the two fractions were

not significantly different. The findings provide more information to better understand the

mechanism of PM2.5 cytotoxicity and the effect of PM2.5 solubility on cytotoxicity.

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-

ences. Published by Elsevier B.V.

Introduction

Fine particulate matter (PM2.5, aerodynamic

diameter � 2.5 mm) is considered an indicator of air pollution

and is associated with a series of adverse health effects

(Zhuang et al., 2014; Feng et al., 2016; Kioumourtzoglou et al.,

2016). PM2.5 can cause inflammation, oxidative damage, and

DNA damage, which trigger pulmonary, cardiovascular and

nervous system diseases and even cancer (Indo et al., 2007;

Gualtieri et al., 2011; Ray et al., 2012; Deng et al., 2013). The

main cytotoxicity mechanisms of PM2.5 are cell particle

interaction and production of excess reactive oxygen species

(ROS), which can upset the dynamic balance of intracellular

oxides and antioxidants (Wang et al., 2013b; Zou et al., 2016).
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PM2.5 is composed of an inert carbonaceous core covered by

sulfate, nitrate, organic chemicals, metals, and crustal ele-

ments (Zou et al., 2016). Additional organic pollutants, bacte-

ria, viruses and toxic heavy metals adsorbed on particulate

matter (PM), can enhance its toxicity (Cao et al., 2014). PM2.5

can be transported deeply into the lungs to reach alveoli. The

fine particles can penetrate multilayer barriers of the respi-

ratory system (even the blood-air barrier), arrive at remote

organs, and affect humanhealth (Calder�on-Garcidue~nas et al.,

2008; Block and Calder�on-Garcidue~nas, 2009).

Alveoli are important PM2.5 deposition site. Thus, alveolar

epithelial cells are commonly used to study the cytotoxicity of

PM2.5 (Thron, 1996; Kampa and Castanas, 2008). Cells are

surrounded by extracellular fluid, such as blood plasma,

interstitial fluid and lymph. PM2.5 must penetrate the extra-

cellular fluid before contacting human cells; hence, the solu-

ble and insoluble PM2.5 fractions will be separated via

dissolution. The different cytotoxicities of the soluble and

insoluble PM2.5 fractions were investigated to a limited extent

in previous studies. Oxidative stress is a widely accepted

mechanism in PM2.5-mediated cytotoxicity (Yan et al., 2016).

The soluble PM2.5 fraction was reported to contribute the

majority of the macrophage ROS activity per volume of

sampled air (Wang et al., 2013b), but some of the insoluble

species have an intrinsically higher ROS activity and generate

more ROS with increasing exposure time (Wang et al., 2013b;

Zou et al., 2016). Oxidative stress can lead to the release of

inflammatory mediators such as interleukin-8 (IL-8) and

tumor necrosis factor alpha (TNF-a) (Yan et al., 2016). Oxida-

tive stress and inflammation are significant molecular

mechanisms of PM2.5-mediated cytotoxicity (Valavanidis

et al., 2008; Yan et al., 2016). Both the soluble and insoluble

fractions have been reported to induce IL-8 expression in

human bronchial epithelial and macrophage-like cells (Yan

et al., 2016), and the insoluble fractions play a major role in

TNF-a expression in human alveolar macrophages (Soukup

and Becker, 2001). Oxidative stress also causes lipid peroxi-

dation in cell membranes. Serious cell membrane disruption

induced by the insoluble PM2.5 fraction was detected via the

lactate dehydrogenase (LDH) assay and microscopic observa-

tion (Geng et al., 2006; Gualtieri et al., 2009; Zou et al., 2016;

Vuong et al., 2017). However, it is difficult to assess whether

the membrane damage is induced by the physical contact of

PM2.5 or whether it occurs as a phenomenon in the process of

cell necrosis caused by the internalized PM2.5. Althoughmany

cytotoxicity studies of soluble and insoluble PM2.5 fractions

have been conducted, the knowledge about how the two

fractions interact with the cells and cause different effects is

still limited. Therefore, the role andmechanism of the soluble

and insoluble PM2.5 fractions in cytotoxicity need further

investigation.

The purpose of this research is to investigate the cytotox-

icity of the total PM2.5 and the soluble and insoluble PM2.5

fractions and to examine the toxic mechanisms of different

PM2.5 components. PM2.5 was collected at an urban site near

central Jinan, China. The soluble and insoluble fractions were

separated by centrifugation. The attachment of PM2.5 on

membranes and physical membrane ruptures were moni-

tored using model cell membranes on a quartz crystal mi-

crobalance with dissipation (QCM-D). A549 cell lines (human

alveolar type II epithelial cells) were exposed to the total PM2.5

and the soluble and insoluble PM2.5 fractions to investigate cell

viability, cell membrane leakage, and the induced ROS

generation.

1. Materials and methods

1.1. Materials and chemical agents

Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC), 1,2-dioleoyl-sn- glycero-3-[phosphor-rac-(1-glycerol)]

(sodium salt) (DOPG), and 1,2-dipalmitoyl-3-

trimethylammonium-propane (chloride salt) (16:0 TAP) were

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Tris-

(hydroxymethyl)-aminomethane (Tris) was purchased from

Amresco (Solon, OH, USA) as a buffer in the QCM-D experi-

ments. The 3-(4,5-dimethylthiazol-2-thiazoyl)-2,5-diphenyl-2-

H-tetrazolium bromide (MTT) cell proliferation and cytotox-

icity and lactate dehydrogenase (LDH) assay kits were pur-

chased from Beyotime (Beijing, China). Dimethylsulfoxide

(DMSO) solution and ROS assay kits were provided by Solarbio

(Beijing, China). RPMI 1640 medium modified, 0.25% (W/V)

trypsin solution, fetal bovine serum (FBS) and penicillin-

streptomycin solution were purchased from HyClone (USA)

for cell culture.

1.2. PM2.5 collection and preparation of the soluble and
insoluble fractions

PM2.5 samples were collected from December 2016 to March

2017 at Shandong University (36.67�N, 117.05�E) in Jinan,

China. Surrounded by residential and commercial buildings

and without major stationary sources, this site is represen-

tative of the residential areas in Jinan City. PM2.5 sampleswere

collected on polycarbonate filters (90-mm diameter, 0.4 mm

HTTP, Merck Millipore Ltd., Germany) by a medium-volume

PM2.5 sampler at a flow rate of 100 L/min. Simultaneously,

PM2.5 samples were also collected on quartz filters for

compositional analysis. Before and after sampling, the filters

were equilibrated for 24 hr at (20 ± 1)�C and a relative humidity

of 50% ± 5% and then weighed with an analytical balance

(Sartorius, Germany; detection limit: 0.001 mg). To eliminate

organic compounds, the quartz filters were baked at 600�C for

2 hr before weighing. The collected mass on each filter was

quantified through the subtraction method. The poly-

carbonate and quartz filters were stored in a refrigerator at

�20�C after sampling. To separate PM2.5 from the poly-

carbonate filters, the filters containing samples were soni-

cated for 3 hr to disperse PM2.5 into deionized (DI) water

(18.25 MU cm), and then the intact polycarbonate filter was

removed from the suspension. The PM2.5 in DI water was

freeze dried, and an accurate PM2.5 mass was obtained. The

freeze-dried PM2.5 sample resuspended in DI water to prepare

a 2 mg/mL suspension and was divided into two equal ali-

quots. One aliquot represented the total PM2.5. The other

aliquot was centrifuged at 3000 r/min for 1 hr. The superna-

tant was collected as the soluble PM2.5 fraction. The remaining

residue was the insoluble PM2.5 fraction. The collected soluble

and insoluble fractions (freeze dried) accounted for
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approximately 42% and 46%, respectively, of the total PM2.5

(mass). The total PM2.5 and the soluble and insoluble PM2.5

fractions were diluted in cell culture medium and sterilized

under ultraviolet light for 2 hr for the cytotoxicity experi-

ments. For the other experiments, the total PM2.5 and the

soluble and insoluble PM2.5 fractions were diluted in DI water,

and the pH was adjusted to 7.0 ± 0.2; moreover, the solutions

were sonicated for 30 min (40 kHz).

1.3. Characterization of the PM2.5 samples

To investigate the major functional groups in the total PM2.5

and the soluble and insoluble PM2.5 fractions, the freeze-dried

samples were analyzed with a Fourier transform infrared

spectrometer coupled with an attenuated total reflectance

(ATR-FTIR) spectrometer (VERTEX 70, Bruker, Germany). The

samples were pressed against the ATR crystal by a regulated

pressure tower to collect more than 50 scans at a spectral

resolution of 4.0 cm�1 (Anıl et al., 2014). Three-dimensional

fluorescence spectra of the 200 mg/L soluble PM2.5 fraction

were obtainedwith a fluorescence spectrophotometer (F-7000,

Hitachi, Japan) to analyze the soluble organics (Duarte et al.,

2004). The diameter and zeta potential of the total PM2.5 in

DI water (20 mg/L) were measured after 20 min of sonication

using a Malvern Zetasizer (Nano ZS90, Malvern Instrument,

UK). The concentrations of fifteen elements (Si, Ca, S, Cl, Fe, Al,

K, Na, Mg, Ti, P, Mn, Cr, Cu, and Zn) in the collected PM2.5

samples were determined directly on the polycarbonate filters

by X-ray fluorescence (XRF) spectroscopy (ARL Perform’X 4200,

Thermo Fisher, Switzerland) (Zhang et al., 2018). For organic

carbon (OC) and elemental carbon (EC) analysis, a 1.5 cm2

quartz filter section with the collected PM2.5 was placed onto

an instrument tray, and then the tray was pushed into the

instrument. The OC/EC content in PM2.5 was detected with a

thermal-optical transmission (TOT) carbon analyzer (Sunset

Laboratory Inc., USA) operated with the NIOSH870 thermal

protocol (Panteliadis et al., 2015). To analyze the organic acids

andwater-soluble ions, the extracted 1.5 cm2 quartz filter with

the collected PM2.5 was sonicated in 20mL ultra-purewater for

20 min. The filter was then removed, and the suspension was

filtered through a 0.22 mm PES (polyethersulfone resins) filter

to obtain the filtrate (Nie et al., 2010). The concentrations of

organic acids (acetic, formic, lactic, methane sulfonic, and

oxalic acids) were determined using ion chromatography (IC)

(Dionex 2500, USA) (Karthikeyan and Balasubramanian, 2006).

The water-soluble NH4
þ, Naþ, Kþ, Mg2þ and Ca2þ were

measured via ion chromatography (Dionex 2500, USA) and the

water-soluble Cl�, SO4
2� and NO3

- were measured by ion

chromatography (Dionex 90, USA) (Zou et al., 2016).

1.4. Preparation of the SUVs for the QCM-D experiments

A QCM-D (Q-Sense E4, V€astra Fr€olunda, Sweden) was used to

examine the interaction between PM2.5 and the lipid mem-

branes. The quartz crystal microbalance (QCM) sensor (Au)

was coated with a layer of small unilamellar vesicles (SUVs) to

simulate cell membranes (Keller and Kasemo, 1998). The SUVs

were prepared by the extrusion method, containing 10% (by

mass) positively charged 16:0 TAP or negatively charged DOPG

(Cho et al., 2010; Zhang et al., 2019). The 20mg/L PM2.5 solution

was injected for 1 hr to study the interaction between PM2.5

and the SUVs. PM2.5 deposition was detected by assessing the

oscillation frequency shift (Df) and energy dissipation shift

(DD) of the Au crystal sensor on each module of the QCM-D

(Yousefi and Tufenkji, 2016). The Df and DD values are asso-

ciated with the mass change (Dm) and viscoelasticity of cell

membranes, respectively (Rodahl et al., 1997; Zhang et al.,

2019). Hence, PM2.5 adhesion on lipid membranes and SUV

disruption were revealed by the changes in Df and DD.

1.5. Cell culture and treatments

A human lung epithelial cell line (A549) was obtained from the

cell bank of the Chinese Academy of Sciences. A549 cells were

cultured using PRIM-1640 medium with 10% FBS and 1%

penicillin/streptomycin (Gibco, Invitrogen, Merelbeke,

Table 1 e Concentration of chemical species in the
collected PM2.5 samples.

Species Mean
concentration in

air (mg/m3)

Concentration in the total
collected mass (mg/mg)

Total mass 207.88 ± 117.24 e

Carbon contents

EC 2.77 ± 1.78 13.32

OC 24.96 ± 13.44 120.07

Organic acids

Acetic 0.43 ± 0.20 2.07

Formic 0.21 ± 0.08 1.01

Lactic 0.22 ± 0.10 1.06

Methane

sulfonic

0.16 ± 0.10 0.77

Oxalic

acid

0.42 ± 0.18 2.02

Water-soluble ions

Ca2þ 1.21 ± 0.76 5.82

Cl- 5.72 ± 4.61 27.52

Kþ 1.99 ± 1.46 9.57

Mg2þ 0.19 ± 0.20 0.91

NH4
þ 15.30 ± 10.46 73.6

NO3
- 19.68 ± 13.44 94.67

Naþ 0.77 ± 0.42 3.7

SO4
2- 26.96 ± 26.69 129.69

Elements

Al e 10.1 ± 0.50

Ca e 17.1 ± 0.99

Cl e 41.2 ± 1.40

Cr e 1.74 ± 0.49

Cu e 0.87e1.44

Fe e 14.6 ± 0.98

K e 20.1 ± 0.68

Mg e 3.14 ± 0.25

Mn e 0.40e0.70

Na e 4.21 ± 0.39

P e 0.70 ± 0.05

S e 83.1 ± 0.50

Si e 32.0 ± 0.82

Ti e 0.74 ± 0.15

Zn e 0.64e3.79

PM2.5: Fine particulatematter with aerodynamic diameter� 2.5 mm.

EC: elemental carbon; OC: organic carbon. “-” means no number

here.
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Belgium) and incubated with 5% CO2 at 37�C. Cells were har-

vested with 0.25% trypsin at 85% confluence and then sub-

cultured in well plates for the next cytotoxicity experiments.

1.6. MTT and LDH assays

Cell viability was evaluated by testing the activity of dehy-

drogenase in mitochondria using the MTT cell proliferation

and cytotoxicity assay kit. In this assay, the A549 cells were

cultured in a 96-well plate at a density of approximately

1� 104 cells per well and incubated at 37�C for 24 hr. Then, the

cells were treated with the total PM2.5 and soluble and insol-

uble PM2.5 fractions at concentrations of 0, 50, 100, and

200 mg/L for 24 hr. Simultaneously, the cells cultured in the

absence of PM2.5 were set as control samples. After 24 hr, 10 mL

MTT (5 mg/mL) was added and coincubated for 4 hr. Then,

100 mL DMSO was added and oscillated at low speed at 37�C to

dissolve any formazan crystals. The optical density (OD) was

measured by a microplate reader at 570 nm.

Cell membrane damage was estimated using an LDH assay

kit. The A549 cells were treatedwith PM2.5 as in theMTT assay.

After PM2.5 treatment, the 96-well plate was centrifuged at 80

r/min for 5 min. Then, 120 mL of the supernatant was collected

from each well and added to a new 96-well plate. The LDH

activity measurement was conducted according to the in-

structions in the LDH assay kit. The optical density (OD) was

measured by a microplate reader at 490 nm.

Fig. 1 e The characteristics of the total fine particulate matter (PM2.5, aerodynamic diameter ≤ 2.5 mm), insoluble and soluble

fractions. (a) The infrared spectrum of the total PM2.5 (black line), insoluble fraction (red line) and soluble fraction (blue line);

(b) The 3-D fluorescence spectra of the soluble fraction; (c) The size distribution of 20 mg/L PM2.5 in deionized (DI) water; (d)

The zeta potential of 20 mg/L PM2.5 at different pH. Error bars represent standard deviations for three replicates. EX:

excitation wavelength, EM: emission wavelength, dH: hydrodynamic diameter.
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1.7. ROS assay

The increase in ROS level in the A549 cells after PM2.5 treat-

ment was calculated based on the fluorescence intensity. To

determine the effect of the PM2.5 concentration on the intra-

cellular ROS, the A549 cells were treated with total PM2.5 (0, 50,

100, and 200 mg/L) and 200 mg/L soluble and insoluble PM2.5

fractions for 48 hr. Thereafter, the cells were incubated with

10 mmol/L 20,70-dichlorofluorescein diacetate (DCFH-DA) for

20 min, and then the cells were rinsed three times with

serum-free medium to remove any remaining DCFH-DA. The

cells cultured without PM2.5 were set as control groups. The

cells treated with rosup solution (50 mg/mL H2O2) were

considered as positive controls because H2O2 was able to

oxidize 20,70-dichlorofluorescein (DCFH) into fluorescent 20,70-
chlorofluorescein (DCF). The fluorescence intensity was

quantified at an excitation/emission wavelength of 488/

525 nm using a fluorescence microplate reader (Varioskan

LUX, Thermo Fisher, USA). The relative fluorescence intensity

was normalized by the fluorescence intensity of the control

group. Bright-field and fluorescence images were obtained

with an inverted fluorescence microscope.

1.8. Statistical analysis

All statistical analyses were performed with SigmaPlot 12.5

software (Systat Software Inc., San Jose, USA). Experimental

results were expressed as the mean ± standard deviation

(S.D.). Statistical differences of experimental groups

compared to control groupswere testedwith one-way ANOVA

via the Tukey test. The differences between two experimental

groups (the soluble and insoluble fractions in this study) were

tested with Two-tailed Student’s t test. Statistical differences

were considered to be significant at the 95% level (p < 0.05).

2. Results and discussion

2.1. The physicochemical properties of PM2.5

The average daily PM2.5 concentration was 207.88 mg/m3 in the

sample collection period. This indicated serious fine particu-

late matter pollution according to the National Ambient Air

Quality Standard (35 mg/m3). The averagemass concentrations

of carbon, organic acids, water-soluble ions and the fifteen

elements in PM2.5 ware listed in Table 1. The OC and EC con-

tents contributed 13.3% of the PM2.5 mass. Approximately half

of the OC fraction was soluble in water, while EC was

completely insoluble (Gualtieri et al., 2009). The mass of the

detected organic acid species was very low in the total

collected PM2.5. Acetic acid (2.07 mg/mg) and oxalic acid

(2.02 mg/mg) concentrations were higher than those of the

other organic acids. Cl�, SO4
2-, NO3

- , NH4
þ and Kþ were the

dominant water-soluble ions and contributed 33.5% of the

PM2.5 mass. S, Cl and Si were the abundant nonmetallic ele-

ments and their mass concentrations were 83.1, 41.2 and

32.0 mg/mg, respectively. K, Ca, Fe and Al were also high-

content elements (>10 mg/mg) in PM2.5. The hydrodynamic

diameter of PM2.5 revealed that more than 90% (by number) of

the diameter of the particles was distributed between 100 and

Fig. 2 e The diagram shows the formation process of a layer of small unilamellar vesicles (SUVs) on the Au sensor (a, b) and

deposition kinetics of PM2.5 on SUVs (c, d). PM2.5 (20 mg/L) was injected at 5 min after the baseline is stable. Black lines: Df

(Hz); Blue lines: DD ( £ 10¡6). The experiment was repeated at least three times.
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1000 nm. The PM2.5 fraction in the 100e200 nm ranged formed

the highest column, and the average particle diameter was

276.94 nm (Fig. 1c). The zeta potential of the 20 mg/L PM2.5

solution at different pH values is shown in Fig. 1d. PM2.5 was

negatively charged in the pH range from 2 to 12, and its zeta

potential was approximately �15 mV at a pH of 7.

The insoluble and soluble fractions in the collected PM2.5

samples were separated and scanned with the ATR-FTIR in

addition to the whole PM2.5 sample (Fig. 1a). Among the

spectra of the PM2.5 samples, the bands at 3523 and 3396 cm�1

were assigned to OeH stretching of phenol, hydroxyl and

carboxyl groups (Duarte et al., 2007; Anıl et al., 2014), which

remarkably decreased in the insoluble fraction. The bands at

approximately 3234, 3184 and 3041 cm-l in the whole and

soluble PM2.5 samples were attributed to NeH stretching vi-

brations of ammonium (Shaka and Saliba, 2004; Anıl et al.,

2014; Zhou et al., 2016). Both OeH and NeH stretching vibra-

tions diminished in the insoluble fraction. The weak absorp-

tions at 2956 and 2850 cm�1 were due to CeH stretching

vibrations of CH3 and CH2 in hydrocarbons (Zhu et al., 2001;

Shaka and Saliba, 2004; Duarte et al., 2007). The bands at

1765 and 1682 cm�1 belonged to carbonyl (C]O) stretching of

carboxylic acids (Allen et al., 1994; Zhu et al., 2001; Ofner et al.,

2011). The band at 1614 cm�1 was assigned to organonitrate

(Shaka and Saliba, 2004), which decreased in the insoluble

fraction. The adsorption at 1404 cm-l was assigned to NH4

deformation (Allen et al., 1994). The band at 1310 cm�1 was

assigned to NO3
- (Maria et al., 2002), and the band at 1099 cm�1

in the soluble fraction was attributed to the SO4
2� deformation

(Shaka and Saliba, 2004). The three bands mentioned above

almost disappeared in the insoluble fraction (Fig. 1a). The

adsorption at 1070 cm�1 in the insoluble fraction belongs to

the aliphatic CeO stretch vibration of aliphatic-aromatic

ethers (Zhu et al., 2001). The strong absorption peak at

1041 cm�1 was due to silicate, which occurred in the insoluble

fraction. The peaks centered around 1003 cm�1 and 914 cm�1

were caused by SieO stretching and AleOH vibrations in

kaolinite, respectively (Ravisankar et al., 2010; Anıl et al., 2014;

Zhou et al., 2016). The absorption at 825 cm�1 in the total PM2.5

sample and the soluble fraction was due to the nitrate group

(Allen et al., 1994).

The three-dimensional excitation-emission matrix of the

fluorescence spectrum of the soluble PM2.5 fraction was ob-

tained (Fig. 1b). The highest fluorescence intensity of the sol-

uble fraction was located at an excitation/emission

wavelength (Ex/Em) of 260/410 nm (site B) (Fig. 1b). A previous

study found that these excitation ranges (250e260 nm) and

emission (380e480 nm) characterized humic-like substances

(Leenheer and Crou�e, 2003; Graber and Rudich, 2006). Due to

the location in this range, peak B of the soluble PM2.5 fraction

was assigned to humic-like substances. Quinone moieties in

the humic-like substances had been confirmed to contribute

significantly to fluorescence (Klapper et al., 2002). Humic-like

substances accounted for a large proportion (30%e80%) of

the water-soluble organic matter in PM2.5 (Ma et al., 2018), and

the carbon mass in the humic-like substances accounted for

32%e43% of the water-soluble organic carbon in the airborne

particulate matter (Voliotis et al., 2017), which contained

polycyclic ring structures and polar functional groups. The

humic-like substances in PM2.5 could disturb the redox equi-

librium in lung cells and subsequently cause oxidative stress

(Ma et al., 2018).

From the infrared (IR) spectra (Fig. 1a) and the three-

dimensional fluorescence spectra (Fig. 1b), the soluble PM2.5

fraction contained NH4
þ, SO4

2�, NO3
- , SiO3

2�, organic acids,

organic carbon, quinone moieties, oxygenated phenolic and

aromatic compounds, organonitrates, and hydroxyl, carboxyl

and aliphatic groups. The insoluble fraction contained

kaolinite, aliphatic carbons, and carboxyl and hydroxyl

groups. Understanding the components and properties of the

soluble and insoluble PM2.5 fractions is helpful in determining

to find out the mechanism of toxicity.

2.2. The interaction between PM2.5 and model
membranes

The layer of SUVs on the Au sensor was used to monitor the

combined mass changes due to PM2.5 adhesion and vesicle

rupture. When 0.1 mg/mL SUVs was injected into the QCM

chamber, a layer of negatively or positively charged SUVs

formed on the sensor surface (Fig. 2a and b). The Df and DD

changes were caused by the mass and membrane viscoelas-

ticity changes on the Au sensor. During SUV layer formation,

Df decreased because SUVs were gradually deposited on the

sensor. Then, Df stabilized, which indicated that only one

layer of SUVs had formed on the Au sensor. Once the SUVs

were deposited on the Au sensor, the viscoelasticity of the film

Fig. 3 e Cell viability is detected by the 3-(4,5-

dimethylthiazol-2-thiazoyl)-2,5-diphenyl-2-H-tetrazolium

bromide (MTT) assay. Cells were exposed to the total PM2.5,

soluble and insoluble fractions for 24 hr at the

concentration of 0, 50, 100, 200 mg/L. The cell viability after

PM2.5 treatment was calculated as a percentage of control

group (0 mg/L) (*) indicates a significant difference (p < 0.05)

compared to control (#) indicates the significant difference

(p < 0.05) of the comparison between the soluble and

insoluble fractions at the same concentration. Error bars

represent standard deviations for three replicates.
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on the sensor started to increase. DD increased initially and

then gradually stabilized after formation of an intact SUV

layer.

After the 20 mg/L PM2.5 suspension flowed through the

negatively charged SUV-layer for 1 hr, Df decreased approxi-

mately 13 Hz and DD increased approximately 5 � 10�6

(Fig. 2c). The decrease in Df was caused by the mass increase

on the sensor, which indicated that PM2.5 could adhere to the

negatively charged SUVs. PM2.5 can be transported from its

suspension to the membrane surface via particle diffusion.

Membrane charge polarization promotes particle attachment

on the overall negatively charged membranes (Zhang et al.,

2019). For living cells, the membranes are negatively charged

but contain relatively fewer cationic domains than anionic

domains (Wilke and Maggio, 2011). PM2.5 can adhere to cell

membranes via these cationic domains and forces other than

electrostatic attraction. Therefore, electrostatic repulsion is

insufficient to prevent PM2.5 from attaching to cell

membranes.

For the sake of comparison, a 20 mg/L PM2.5 suspension

was also injected into the positively charged SUV-layer for

1 hr, and Df increased quickly at first and then decreased

slowly (Fig. 2d), whereby the change inDDwas opposite to that

of Df, which indicated that PM2.5 caused rapid membrane

disruption once PM2.5 came into contact with the positively

charged SUVs. Electrostatic attraction worked together with

other intermolecular forces in this process. AleOH of the

kaolinite in PM2.5 can react with OeP of phospholipids to form

hydrogen bonds (Yuan et al., 1995). In addition, PM2.5 adhered

to the A549 cells and caused physical membrane damage

(Fig. 4b). The quick increase in Df was due to the removal of

disrupted lipid fragments and the mass loss on the QCM

sensor. Later, an increasing amount of PM2.5 was electrostat-

ically attracted to the SUVs, which caused a mass increase on

the sensor; hence, Df started to gradually decrease (Fig. 2d).

The change in Df of the positively charged SUV layer was

initially governed by SUV breakdown, which was later deter-

mined to be caused by PM2.5 adhesion.

2.3. Cell viability and membrane integrity detected by
MTT and LDH assay

The viability and membrane integrity of the A549 cells were

assessed by MTT and LDH assays after treatment with the

total PM2.5 and insoluble and soluble fractions (Figs. 3 and 4). A

significant decrease in cell viability and increase in LDH

release were observed compared with the control group,

which indicates that PM2.5 can cause cell death and cell

membrane damage. The cell viability decreased by 27.3%, and

the cell membranes were seriously destroyed when exposed

to 50 mg/L of total PM2.5. Cell viability andmembrane integrity

decreased as the exposure concentration increased; hence,

the total PM2.5 and the soluble and insoluble PM2.5 fractions all

had notable dose effects. The total PM2.5 had a more serious

influence on cell viability and membrane integrity than the

soluble and insoluble PM2.5 fractions, and the insoluble PM2.5

fraction exerted a more serious influence than the soluble

fraction (cell mortality/membrane damage: total PM2.5 >-
insoluble fraction > soluble fraction) (Figs. 3 and 4). On the

bright-field images, PM2.5 had gathered on the A549 cells but

was not uniformly dispersed in the media (Fig. 4b), indicating

that PM2.5 tended to adhere to cell membranes (Fig. 4b, white

arrows). PM2.5 adhesion can lead to inhibition of substance

exchange and signal transmission into cells. The cell

Fig. 4 e (a) Cell membrane integrity is evaluated by lactate dehydrogenase (LDH) assay. Cells were exposed to the total PM2.5,

soluble and insoluble fractions for 24 hr at the concentration of 0, 50, 100 and 200 mg/L. Date was shown as fold to control (*)

indicates significant difference (p < 0.05) compared to control (#) indicates a significant difference (p < 0.05) of the

comparison between the soluble and insoluble fractions at the same concentration; (b) The magnification of the bright field

images for cells that are exposed to the total PM2.5 at 200 mg/L for 24 hr. Scale bars: 20 mm. White arrow: Cells adhered by

PM2.5. Red arrow: Cells appeared with small bulbs. Error bars represent standard deviations for three replicates parallel

experiments.
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morphology changed from spindle to irregular shapes and

swelling occurred in these cells (Fig. 4b). Small bubbles

appeared on the cell surface after exposure to 200 mg/L PM2.5

for 24 hr (Fig. 4b, red arrows). Such phenomenamight be a sign

of cell necrosis, and in this process, pores were formed in the

membrane (Chen et al., 2016). Membrane leakage disturbs the

ion and water fluxes across the membrane, and intracellular

content is released, which causes the cellular swelling and

blebbing. Either physical contact with PM2.5 or cell necrosis

can cause cell membrane rupture.

Soluble PM2.5 components easily enter cells and quickly

induce early adverse effects. Inorganic ion NO3
- can induce the

abnormal production of cytokines (Huang et al., 2003). The

aliphatic carbons, aromatic compounds and quinone moieties

are important factors causing genotoxic effects (Jia et al., 2017).

The insoluble fractions were reported to play a significant role

in inflammatory and cytotoxic activities and to act as carriers

for the soluble fractions (Jalava et al., 2008). The insoluble PM2.5

fractions caused a higher cell mortality and more serious cell

membrane damage than the soluble PM2.5 fraction (Figs. 3 and

4). The insoluble PM2.5 fractions, including kaolinite, CaCO3,

water-insoluble carbon, aromatic rings, and hydroxyl and

carboxyl groups, are suggested to formhydrogen bonds or other

short-range intermolecular forces with the phosphate groups

on the cell membranes, which leads to particle adhesion and

cell membrane damage. Physical and chemical damage to

membranes will definitely decrease cell viability. In addition,

certain transitionmetals (such as Fe, Cu, andMn) existing in the

Fig. 5 e (a) The bright field (upper) and fluorescence (lower) images at the same vision scope reveal the cellular reactive

oxygen species (ROS) production after the exposure of 0, 50, 100 and 200 mg/L PM2.5 for 48 hr; (b) The relative fluorescence

intensity represents the ROS level of A549 cells treated with 0, 50, 100 and 200 mg/L PM2.5 for 48 hr (*) indicates a significant

difference (p < 0.05) of the comparison to the control. Scale bars: 20 mm. Error bars represent standard deviations for three

replicates.
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insoluble fraction are suggested to perform remarkable cyto-

toxicity (Wang et al., 2013b). Moreover, the insoluble particles

that internalized into the cells and localized in laminar organ-

elles were also reported to damage mitochondria and lyso-

somes (Gualtieri et al., 2011).

2.4. PM2.5 can induce cellular ROS production

ROS production in the A549 cells was imaged by fluorescence

microscopy. Veryweak fluorescencewas detected in the 0mg/

L PM2.5 solution (Fig. 5a), indicating the minimal ROS pro-

duction. The fluorescence intensity (ROS production)

increased graduallywith the PM2.5 concentration (0e200mg/L)

(Fig. 5a and b). ROS assays were conducted after exposure to

200 mg/L total PM2.5 and the soluble and insoluble PM2.5

fractions. According to the fluorescence images and fluores-

cence quantification, the cells treated with the total PM2.5 and

the soluble and insoluble PM2.5 fractions all exhibited

significantly increased fluorescence intensities (Fig. 6a and b).

Moreover, the cell morphology changed from spindle to

irregular shapes after PM2.5 exposure, and cell number also

decreased (Fig. 6a).

The components in the soluble PM2.5 fraction, including

organic acids, NH4
þ, SO4

2�, and NO3
- ions, carboxyl groups

and aromatic compounds (Table 1), can stimulate cells and

elevate the ROS level (Ryan et al., 2009). Water-soluble

carbon is reported to be a significant source of ROS gen-

eration (Zhang et al., 2008). The presence of phenols raises

the exogenous ROS level (Khachatryan et al., 2006), and

the reactive quinones are responsible for ROS generation

(Wang et al., 2013a; Zou et al., 2016). When insoluble

particles enter cells via endocytosis, metals (such as Fe,

Cu, Mn and Cr) increase the ROS level by disrupting the

activity of the involved enzymes (Feng et al., 2016). The

iron element can accumulate in lysosomes (Nankivell

et al., 1992) and increase ROS production as a byproduct

Fig. 6 e (a) The bright field (upper) and fluorescence (lower) images show the cellular ROS level for the treatments of

negatively control (No PM2.5), 200 mg/L total PM2.5, soluble fraction, insoluble fractions and Rosup solution for 48 hr in the

same vision; (b) The relative fluorescence intensity represents the ROS level of A549 cells treated with the total PM2.5, soluble

and insoluble fractions at 200 mg/L for 48 hr (*) indicates a significant difference (p < 0.05) of the comparison to the control.

Scale bars: 20 mm. Error bars represent standard deviations for three replicates.
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in the metabolic process (Zhang et al., 2008). Therefore,

the multiple substances in either the soluble or insoluble

PM2.5 fractions can increase the cellular ROS level. Hence,

the cellular ROS level is enhanced by both the soluble and

insoluble PM2.5 fractions in this study, and the values are

not significantly different (Fig. 6a and b).

Decreased cell viability, cell membrane damage and

increased ROS production are correlated with toxic effects

induced by PM2.5. Particle-induced lipid peroxidation has been

suggested to be an important mechanism of cell membrane

damage (Huang et al., 2003; Karlsson et al., 2005). Excess ROS

generation may disrupt the balance of the anti-oxidation

system and result in oxidative stress (Laing et al., 2010). ROS

can oxidize and inactivate proteins and lipids in the cell

membrane and thereby increase membrane permeability and

fluidity, which increases the intracellular Ca2þ level, damages

intracellular calcium homeostasis and decreases cell viability

(Geng et al., 2005). Moreover, ROS can attack and inactivate

intracellular biomacromolecules, which can lead to apoptosis

(Ray et al., 2012). Therefore, we observed that the high PM2.5

dose increased the ROS level (Fig. 6a and b), decreased cell

viability and induced more serious membrane disruption

(Figs. 3 and 4). Oxidative stress can trigger cell membrane

damage and cell death.

3. Conclusions

In this study, we analyzed the physicochemical properties of

PM2.5 collected in Jinan to investigate the effect of PM2.5

solubility on its cytotoxicity. We studied the interaction of

PM2.5 with simulated cell membranes and the exposure to

A549 cell lines and compared the differences between the

soluble and insoluble PM2.5 fractions. PM2.5 can adhere to

either positively charged or negatively membranes but dis-

rupts the positively charged membranes. Both the soluble

and insoluble PM2.5 fractions decrease cell viability, destroy

cell membrane integrity and stimulate ROS production.

However, the insoluble PM2.5 fraction induces more serious

membrane damage and cell mortality than does the soluble

PM2.5 fraction. The attachment of solid particles on the

membrane surface and the transitionmetals in the insoluble

PM2.5 fraction cause this difference. The soluble and insol-

uble PM2.5 fractions cause similar ROS level enhancement.

Therefore, the cytotoxicity of PM2.5 has a certain relationship

with its fractions.
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