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• Emission sources highly influence the
chemical components of different-sized
PM.

• The inflammatory damage caused by
coarse PM cannot be ignored.

• Moderate/strong correlations between
PM components and toxicological effects.
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The sources, sizes, components, and toxicological responses of particulate matter (PM) have demonstrated remarkable
spatiotemporal variability. However, associations between components, sources, and toxicological effects in different-
sized PM remain unclear. The purposes of this studywere to 1) determine the sources of PM chemical components, 2) in-
vestigate the associations between components and toxicology of PM fromGuangzhou high air pollution season.We col-
lected size-segregated PM samples (PM10–2.5, PM2.5–1, PM1–0.2, PM0.2) from December 2017 to March 2018 in
Guangzhou. PM sources and components were analyzed. RAW264.7mousemacrophageswere treatedwith PM samples
for 24 h followed by measurements of toxicological responses. The concentrations of PM10–2.5 and PM1–0.2 were rela-
tively high in all samples. Water-soluble ions and PAHs were more abundant in smaller-diameter PM, while metallic el-
ements were more enriched in larger-diameter PM. Traffic exhaust, soil dust, and biomass burning/petrochemical were
the most important sources of PAHs, metals and ions, respectively. The main contributions to PM were soil dust, coal
combustion, and biomass burning/petrochemical. Exposure to PM10–2.5 induced the most significant reduction of cell
mitochondrial activity, oxidative stress and inflammatory response, whereas DNA damage, an increase of Sub G1/G0
population, and impaired cell membrane integrity were most evident with PM1–0.2 exposure. There were moderate or
strong correlations betweenmost single chemicals and almost all toxicological endpoints as well as between various tox-
icological outcomes. Our findings highlight those various size-segregated PM-induced toxicological effects in cells, and
identify chemical components and sources of PM that play the key role in adverse intracellular responses. Although fine
and ultrafine PM have attracted much attention, the inflammatory damage caused by coarse PM cannot be ignored.
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1. Introduction

Urban air pollution, specifically particulate matter (PM), is considered
among the top 5 risk factors for impaired human health and the major en-
vironmental risk factor for respiratory and cardiovascular diseases in recent
decades in China (Zhou et al., 2019). Atmospheric PM is a complexmixture
composed of different chemical and bacterial components from various
sources, including polycyclic aromatic hydrocarbons (PAHs), ions, transi-
tion and heavy metals, and biological constituents (Rönkkö et al., 2021).
A large body of research demonstrates that PM composition and toxicity
can vary with particle size, source, time, and location (Jalava et al.,
2015b; Lee et al., 2019; Longhin et al., 2020; Velali et al., 2018). Therefore,
quantifying the contribution of specific components is key to unraveling the
geographic differences in particle toxicity (Lee et al., 2019). However, stud-
ies that evaluate specific compnents of PM and their associated toxicologi-
cal effects often provide conflicting results (Verma and Salana, 2022).
Large-scale studies are still necessary to understand the relationships
between different endpoints and PM composition.

At present, there have been many analyses of the source, composition,
and toxicity of coarse PM10 (PM with an aerodynamic diameter < 10 μm)
and PM2.5 (PM with an aerodynamic diameter < 2.5 μm) (Lee et al.,
2019). Interestingly, a previous study revealed that PM0.5 (PMwith an aero-
dynamic diameter < 0.5 μm) may be responsible for cardiopulmonary dis-
ease mortality upon PM exposure, and that high mortality was strongly
associated with decreasing particle size (Meng et al., 2013). However,
studies on the source and composition of smaller particles, and their associ-
ations with toxicological endpoints, are still limited. In particular, toxico-
logical evidence confirms that different particle sizes can generate various
toxicity (Hakkarainen et al., 2022; Rönkkö et al., 2021; Rönkkö et al.,
2018a), However, the present air quality guidelines suppose that all PM is
equally toxic, and the causal relationship between toxicological responses
and components of different-sized PM remains undefined. Thus, multidisci-
plinary studies to investigate specific PM components and their interactions
with toxicological endpoints in different particle sizes derived from diverse
emission sources are needed.

Provincial capitals in China, with developed economies and industries,
dense populations, and congested traffic, are the most seriously affected by
PM pollution (Chen and Xu, 2017). Guangzhou is recognized as the most
economically developed and densely populated first-tier city in China
along with Beijing, Shanghai and Shenzhen, and is the capital city of
Guangdong Province. PM concentration in Guangzhou peaks from Decem-
ber to March of the following year, and is affected by the winter heating in
northern China, sources of industry, biomass combustion and vehicle ex-
haust etc., and climate (Fan et al., 2015). Although the average annual
PM concentration in Guangzhou is considered relatively low in China,
the risk of cardiopulmonary diseases attributed to PM in Guangzhou is
very high in China (Bhatia-Barnes et al., 2017; Li et al., 2021). Therefore,
the toxicological effects PM concentration during the high pollution season
in Guangzhou cannot be ignored due to its strong adverse impact on
human.

Combining emission sources, compositions, and toxicological endpoints
of four size-segregated PM samples would offer a comprehensive under-
standing of how chemical components and emission sources affect the tox-
icological characteristics of PM. As such, this study aimed to determine the
main emission sources for PM and how this affects its composition. Further-
more, associations between specific PM components and toxicological end-
points of four size-segregated PM samples (PM10–2.5, PM2.5–1, PM1–0.2, and
PM0.2, where PM0.2 with aerodynamic diameter ≤ 0.2 μm, and PM10–2.5,
PM2.5–1 and PM1–0.2 denotes PM with aerodynamic diameter range from
10-2.5 μm, 2.5–1 μm, and 1–0.2 μm, respectively) during high air pollution
season in Guangzhouwere investigated. We collected the PM samples from
December 2017 to March 2018 in Guangzhou. Combining various compo-
sitions, emission sources and toxicological endpoints of four size-
segregated PM samples would offer a comprehensive understanding of
how chemical components and emission sources affect the toxicological
characteristics of PM.
2

2. Materials and methods

2.1. PM sampling, collection, and extraction

The size-segregated PM samples (PM10–2.5, PM2.5–1, PM1–0.2, PM0.2)
were collected on the ten-story building roof (without any nearby higher
buildings) at the Sun Yat-sen University North campus with a high-
volume cascade impactor (HVCI) from December 2017 to March 2018.
Sampling parameters,flow rates, and samplingfilters for HVCI, and the pro-
cess for PM extraction, have been detailed in our previous studies (Jalava
et al., 2006; Jalava et al., 2015b). Briefly, afterweighing, the samplingfilter
was first washed with methanol, then concentrated by a rotary evaporator,
andfinally driedwith nitrogen to obtain the particles. Detailed sampling in-
formation is provided in Supplementarymaterial Table S4. All the PM sam-
pleswere stored at−20 °C for chemical component analysis and toxicology
experiments.

2.2. PM concentration monitoring

The continuous mass concentrations of PM2.5, PM1 and PM0.2 were
monitored in the same location as PM collection by using a Nanoscan
SMPS (scanning mobility particle sizer Model 3910, TSI incorporated,
USA) and an Optical Particle Sizer Spectrometer (Model 3330, TSI incorpo-
rated, USA). Temperature and relative humidity were also monitored, with
aweather transmitter (WXT520, VAISALA, Finland). The concentrations of
PM10–2.5, PM2.5–1, PM1–0.2 and PM0.2 were calculated based on the HVCI
sampled mass and flow.

2.3. PM chemical components analysis

The concentrations of ions [sodium (Na+), ammonium (NH4
+),

potassium (K+), lithium (Li+), magnesium (Mg2+), calcium (Ca2+), fluo-
ride (F−), chloride (Cl−), bromine (Br−), nitrite (NO2

−), nitrate (NO3
−), sul-

fate (SO4
2−), phosphate (PO4

3−)] in the PM samples were analyzed by ion
chromatography (Dionex ICS-1100, Thermo Fisher, USA). PM samples
were washed with ultrapure water and filtered into different tubes.
The chromatographic separation column used for anions was Ionpac
AS19 (4*250 mm) chromatographic column, and an Ionpac CS12A
(4*250 mm) chromatographic column was used for cations. The detection
limits are shown in Supplementary materials Table S1.

The concentrations of metallic elements [beryllium (Be), sodium (Na),
magnesium (Mg), aluminum (Al), silicon (Si), potassium (K), calcium
(Ca), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), Cobalt
(Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se), stron-
tium (Sr), yttrium (Y), cadmium (Cd), stannum (Sn), antimony (Sb), barium
(Ba), cerium (Ce), thallium (Tl), lead (Pb), uranium (U)] in PM samples
were analyzed by inductively coupled plasma mass spectrometer (ICP-
MS, Thermo Fisher-iCAP RQ, USA). PM samples were eluted and nitrified
with an acid mixture (5.55 % nitric acid HNO3 + 16.55 % hydrochloric
acid HCl + 77.9 % ultrapure water). After nitrification, samples were fil-
tered into different tubes and fixed to the same volume with ultrapure
water, and finally detected via ICP-MS. The detection limits are shown in
Supplementary materials Table S2.

The concentrations of 18 PAHs [Naphthalene (NA), Acenaphthene
(AC), Acenaphthylene (ACL), Fluorene (FL), Phenanthrene (PHE), An-
thracene (AN), Fluoranthene (FA), Pyrene (PY), Benzo(a)anthracene [B
(a)A], Chrysene (CHR), Benzo(b)fluoranthene [B(b)FA], Benzo(k)fluoran-
thene [B(k)FA], Benzo(j)fluoranthene [B(j)FA], Benzo(e)pyrene [B(e)P],
Benzo(a)pyrene [B(a)P], Indeno(1,2,3-cd)pyrene (IP), Dibenzo(a,h)
anthracene [DB(a,h)A], Benzo(g,h,i)perylene [B(g,h,i)P]] in the PM samples
were analyzed by gas chromatography tandemmass spectrometer (Agilent
GC–MS 7890B-5977A, USA). An Agilent HP-5MS (30 m*0.25 mm*0.25
μm) columnwas used for the separation of the compounds. The instrument
was operated in the selected ion monitoring (SIM) mode. The PM samples
were washed with the mixture (dichloromethane: methanol = 97:3) and
driedwith nitrogen repeatedly. Then, the 0.5mL concentrate after nitrogen
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was washed five times in the activated anhydrous sodium sulfate chroma-
tography column with the eluent (dichloromethane: n-hexane = 1:1).
The15 mL sample solution was dried with nitrogen to 1–2 mL, and washed
in the activated silica gel purification chromatography column. The wash-
ing and drying steps were repeated. Finally, the dried PM sample was dis-
solved in 300 μL n-hexane and detected on the GC–MS. The detection
limits and the recovery rate of PAHs are shown in Supplementarymaterials
Table S3 and Table S5.

2.4. Source appointment by positive matrix factorization model

A positivematrix factorization (PMF) receptormodel (USEPA, PMF 5.0)
was used to identify the major sources of particulate components in differ-
ent size ranges and to quantify the relative contributions from different
sources. Two files are needed as the PMF model inputs: the concentration
and the uncertainty data. These values were determined using the equa-
tions below (Arruti et al., 2011; Polissar et al., 1998):

For the concentration values lower than the detection limits:

xij ¼ DLi
2

,σij ¼ 5DLi
6

(1)

For the concentration values higher than the detection limits:

xij ¼ cij (2)

If xij ≤ 3DLi,σij ¼ DLi
3

þ 0:2� cij (3)

If xij>3DLi, σij ¼ DLi
3

þ 0:1� cij (4)

where xij is the concentration value of the species i for the sample j, DLi is
the detection limit of the species i, σij is the uncertainty value corresponding
to the concentration xij, and cij is the measured concentration. Note that the
sample data with missing values were not included in the input data file.
The predicted concentrations and the observed concentrations of PM and
major components were substantially consistent (Yang et al., 2022b). The
PMF model was run 40 times and the optimal result was chosen as outputs
based on theminimumbootstrap error. The basic outputs of the PMFmodel
included factor profiles and the uncertainties, factor contributions for each
sample, and the residuals of the prediction valueswhen comparingwith the
observation values. The bootstrap error estimation was determined bymin-
imum Q/Qexp value (Li et al., 2020; Zhang et al., 2018).

In this study, a total of 41 variables were selected as the input of
the PMF model, including the mass concentration of PM (i.e. PM10–2.5,
PM2.5–1, PM1–0.2, or PM0.2), seven major water-soluble ions of sulfate,
nitrate, chloride, ammonium, sodium, potassium, and calcium, fifteen
trace elements of Si, Al, Fe, Ba, Sr, Mn, Cr, Ni, Cu, Zn, As, Cd, Ph, Sn, and
Sb, and eighteen PAHs of NA, ACL, AC, FL, AN, PHE, FA, FY, BaA, CHR,
BbFA, BkFA, BjFA, BeP, BaP, IO, DBahA, and BghiP. There were 128
samples (i.e. 128 data sets) in total to run the PMFmodel. Factors were rec-
ognized and interpreted primarily according to two a priori criteria: inves-
tigation of the retrieved factor profiles for distinct chemical signatures and
comparison of the time series of the factors with tracers. To obtain optimal
source apportionment results, three to eight factors were tested and evalu-
ated separately. The selection for the proper number of factors was based
on an integrated analysis of the Q/Qexp value, scaled residuals, the residual
time series as a function of the number of factors, the variability of each var-
iable attributed to the sources was examined from the bootstrap approach
and was within the acceptable range, and the reasonableness of the re-
solved factors as individual sources. Finally, a five-factor solution was se-
lected. Note that solutions with less than five factors showed obvious
increase in scaled residuals and a combination of metal smelting, biomass
burning, and coal combustion related factors, while solutions with more
than five factors presented a split of biomass burning and the traffic factors
(Yang et al., 2022b).
3

2.5. Cell culture

RAW264.7 (a mouse macrophage cell line) were obtained from
American Type Culture Collection (ATCC). RAW264.7 cells were
cultured in RPMI 1640 cell culture medium (Life Technologies)
supplemented with 10 % heat-inactivated fetal bovine serum (FBS)
(Sigma, USA), 1 % L-Glutamine and 1 % Penicillin-streptomycin (Life
Technologies, USA) in a 5 % CO2 atmosphere at 37 °C. In the experiments,
the cell suspension was diluted to 1.5 × 105 cells/mL and cultured on
24-well plate (Costar, Corning, NY, USA) for 24 h to allow the cells to ad-
here and divide. In theMTT test experiment, the cell suspensionwas diluted
to 5 × 104 cells/mL and cultured on 96-well plate. Fresh medium was
changed and RAW264.7 cells were allowed to stabilize for one hour before
the PM exposure experiment.

2.6. PM exposure

Tubes containing the PM sample were put in ultrasonic bath for 30 min
to suspend the PM samples into pyrogen free water (Sigma W1503, USA)
and dimethyl sulfoxide (DMSO) at the concentration of 5 mg/mL before
the exposure experiment. The cells were treated with control (pyrogen
free water) and four doses (12.5, 50, 100 and 200 μg/mL) of PM samples
for 24 h. All experiments were carried out with at least three replicates.
After PM exposure for 24 h, the culture medium was collected and stored
at −80 °C, and the RAW264.7 cells were scratched off from the bottom
of each well using the cell scratcher with 600 μL cold phosphate buffered
saline (PBS).We centrifuged all the cell tubes (8000 rpm, 5min, 4 °C) to ob-
tain cells and resuspended RAW264.7 cells with 500 μL cold PBS for the
toxicological analyses.

2.7. Toxicological analysis

2.7.1. MTT test
Mitochondrial activity of RAW264.7 cells was tested with the MTT

assay. MTT-solution (25 μL) was added to each well, and incubated 2 h
at 37 °C after PM exposure, then sodium dodecyl sulfate (SDS) buffer
(100 μL) was added to each well, and incubated overnight at 37 °C. The ab-
sorbance of the RAW264.7 cells was tested with the spectrophotometric
plate reader (BioTek, SYNERGY H1, USA). The viability of the RAW264.7
cells was calculated as multiples of the control group. Potential affection
of PM samples itself with the MTT assay was tested and ruled out.

2.7.2. Cell membrane integrity and DCF
Cell membrane integrity of RAW 264.7 cells was detected with propi-

dium iodide (PI) exclusion assay. Intracellular oxidative stress of
RAW264.7 cells was detected with 2′,7′- dichlorofluorescein (DCF) assay.
100 μL RAW264.7 cells (each sample has a duplicate well) was placed in
a 96-well plate, and DCF solution (8 μL) was added to each well. The absor-
bance was immediately detected with the spectrophotometric plate reader
(BioTek, SYNERGY H1, USA), and detected every 30 min after incubation
at 37 °C twice. Then, PI solution (7.2 μL) was added to each well, and the
plate was stirred briefly and incubated 20 min at 37 °C. Absorbance was
tested by the reader. Following reading, 10 % Triton X-100 (20 μL) was
added to each well, and the plate was stirred on a plate shaker and incu-
bated 20 min at room temperature. Finally, we measured the absorbance
again once.

2.7.3. Cell cycle
200 μL RAW264.7 cells was fixed to cold 70 % ethanol (4 mL).

RAW264.7 cells were centrifuged (480 g, 5 min, 4 °C), and all the ethanol
was removed. The cells were washed once with cold PBS (1 mL) and resus-
pended in cold PBS (250 μL). RNAse A (10 mg/mL, 7.5 μL) was added to
each sample tube, the cell was vortexed and incubated 1 h at 50 °C. Then,
PI solution (4 μL) was added, the cell was vortexed and incubated 30 min
at 37 °C. Cell cycle phases were analyzed by flow cytometric analysis with
BD FACSCanto™ II (BD Biosciences, San Jose, CA USA).
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2.7.4. Comet assay
60 μL RAW264.7 cells (each sample has a duplicate tube) was placed in

540 μL freeze medium (40 % filtrated FBS, 50 % RPMI, 10 % DMSO) and
frozen at−80 °C until detected. RAW264.7 cells were thawed and centri-
fuged (8000 rpm, 5 min, 4 °C). 50 μL medium was left in the tube, and
cell suspension (20 μL) was mixed with 0.5 % low melting point agarose
(LMPA) (80 μL). The cell LMPAmixture (80 μL)was placed on amicroscope
slidewhich was coveredwith 1% normalmelting point agarose (NMPA). A
glass cover plate was added on the microscope slide and removed after
5 min. The cold lysis buffer was added onto the microscope slides for 1 h
at 4 °C, and then all the microscope slides were put in the electrophoresis
chamber. Electrophoresis buffer was added to the electrophoresis chamber
and incubated for 40 min, avoiding light. After that, the microscope slides
started to be electrophoresed for 20 min at 24 V/300 mA, and were re-
moved and rinsed 3 times with neutralization buffer. 99 % ethanol was
fixed to the DNA on themicroscope slides for 10min. Then, the microscope
slides were dried at room temperature overnight and stored in dark condi-
tions. Diluted ethidium bromide dye (75 μL) was pipetted onto the micro-
scope slides, and glass cover plate was used to cover microscope slide for
at least 30 min. The nuclei in ethidium bromide (100 cells per dose) were
analyzed by the special image analysis system (Comet assay IV, Perceptive
Instruments Ltd., Suffolk, UK). Tail intensity was used as the parameter in
the statistical analysis.

2.7.5. Inflammatory mediators
Tumor necrosis factor alpha (TNF-α) and macrophage inflammatory

protein 2 (MIP-2) were immunochemically analyzed by commercial en-
zyme linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapo-
lis, MN, USA) from cell culture medium according to the manufacturers'
recommendations. Absorbance was detected with the spectrophotometric
plate reader (BioTek, SYNERGY H1, USA). The mouse TNF-α and MIP-2
ELISA kits were DuoSet ELISA. The assay range for TNF-α and MIP-2 con-
centrations were 31.2–2000 pg/mL and 15.6–1000 pg/mL, respectively.

2.8. Statistical analysis

All the experiment results of different doses were compared using one-
way ANOVA, followed by the LSD method for the comparison between the
two groups. Non-parametric Spearman correlationwas used to examine the
associations between different toxicological endpoints, and the associations
between toxicological endpoints and PM components. p-value <0.05 was
considered to be statistically significant.

3. Results

3.1. PM concentration and meteorological parameters

The calculated average concentrations of size-segregated particulate
samples from December 2017 to March 2018 in Guangzhou are shown in
Fig. 1A. The mean concentrations of PM10–2.5, PM2.5–1, PM1–0.2 and PM0.2

were 39.77, 25.32, 37.90 and 6.34 μg/m3, respectively. Table 1 presents
the continuous air PM concentration, temperature and relative humidity
from December 2017 to March 2018, in Guangzhou. The mean concentra-
tions of PM2.5, PM1 and PM0.2 were 70.72, 67.00 and 8.75 μg/m3,
respectively. Mean temperature and relative humidity were 18.33 °C and
56.25 %.

3.2. PM chemical components and sources

Fig. 1B-D illustrates the mass concentration of water-soluble ions, me-
tallic elements, and PAHs in particulate samples from December 2017 to
March 2018 in Guangzhou. The total contents of ions and PAHs in the
size-segregated particulate samples were PM0.2 > PM1–0.2 > PM2.5–1 >
PM10–2.5. The opposite was observed for metallic elements in the PM sam-
ples, i.e. PM10–2.5 > PM2.5–1 > PM1–0.2 > PM0.2. Coal combustion, metal
smelting, traffic exhaust, biomass burning, and soil dust were recognized
4

as the five major sources of PM and particulate components, based on the
PMFmodel results. Detailed information on the identification and interpre-
tation of each source can be seen in our previous study (Yang et al., 2022b).
Note that the variability in the contribution of each factor to the individual
sources is generally fell in the acceptable limits (Yang et al., 2022b).

Fig. 2 shows the sources of particulate components in Guangzhou from
December 2017 to March 2018. Soil dust was the source that contributed
the most to PM10–2.5, but contributed the least to PM0.2; coal combustion
was the source that contributed the most to PM2.5–1 and PM1–0.2, while
metal smelting was the source that contributed the least to them; biomass
burning/petrochemical was the source that contributed the most to PM0.2

(Fig. 2A). As shown in Fig. 2B, overall, soil dust and coal combustion
were the major sources of total PM. Coal combustion was the main source
of sulfate, ammonium, potassium, chloride, and nitrate. Soil dust and bio-
mass burning/petrochemical were also the main sources of nitrate, sodium,
and calcium. Soil dust served as themost prominent source of Si, AL, Fe, Ba,
Sr, Mn, Cr and Ni; while metal smelting was a major contributing source of
Cu, Zn, As, Cd, Pb, Sn, and Sb. Biomass burning/petrochemical was the pri-
mary source of some PAHs (ACL, NA, AC, FL, and AN), contributing>30%;
while traffic exhaust was the major source of other PAHs [B(g,h,i)P, B(a)P,
IP, B(k)FA, B(j)FA, B(e)P, B(a)A, B(b)FA, DB(a,h)A, CHR, PY]. Detailed data
is shown in supplementary materials Table S6.

3.3. Toxicological endpoints

Fig. 3 shows the mitochondrial activity, intracellular oxidative poten-
tial, cell cycle Sub G1/G0 phase, genotoxicity and inflammatory mediators
(TNF-α and MIP-2) of RAW264.7 macrophages after exposure to size-
segregated particulate samples in Guangzhou from December 2017 to
March 2018. All PM samples induced dose-dependent decreases of MTT
in the four size-segregated particulate samples, especially in PM10–2.5

(Fig. 3A). All PM samples induced significant increases in DCF (Fig. 3B),
with the greatest increase observed for PM10–2.5. The four size-segregated
particulate samples induced dose-dependent increases of cell cycle Sub-
G1/G0 population; exposure to PM10–2.5 caused small changes, while
large changes were observed with exposure to PM1–0.2 and PM0.2

(Fig. 3C). All PM samples caused significant increases of DNA tail intensity,
especially in PM1–0.2 (Fig. 3D). Genotoxicity of PM10–2.5, PM2.5–1 and PM0.2

were similar (Fig. 3D). The four size-segregated particulate samples all
induced dose-dependent increases of TNF-α and MIP-2, with the largest
increases observed with exposure to PM10–2.5 (Fig. 3E, F).

3.4. Associations of PM components with toxicological endpoints

Table 2 shows the associations of PM inorganic components with cyto-
toxic responses, oxidative damage and inflammation with the four size-
segregated particulate samples in the 100 μg/mL group cells. A stronger
association with inflammatory mediators, especially MIP-2, was observed
with ions and metals in all PM samples. Cr, Ni, Zn, Sn and Ba were
positively associated with MTT, and negatively associated with DCF in
PM10–2.5. Ions and metal elements have the strongest correlation with
MTT in PM0.2. DCF was most affected by ions and metal elements in
PM2.5–1. Table 3 shows the associations of PM organic components PAHs
with cytotoxic responses, oxidative damage and inflammation in the
100 μg/mL group cells of the four size-segregated particulate samples.
The largest number of associations was observed between PAHs and MTT
in PM10–2.5 and PM2.5–1. PAHs and DCF negatively associated in most PM
samples. PAHs were strongly associated with inflammatory mediators in
most PM samples. Table 4 shows the associations of PM inorganic compo-
nents with DNA replication and damage in the 100 μg/mL group cells of
the four size-segregated particulate samples. DNA tail intensity was affected
by ions and metal elements in most PM samples. Some ions and metal ele-
ments were strongly (ρ = 0.95 or − 0.95) associated with cell cycle Sub
G1/G0 phase. Table 5 shows the associations of PM organic components
PAHs with DNA replication and damage in the 100 μg/mL group cells.



Fig. 1. Calculated average concentrations of size-segregated particulate samples and mass concentration of water-soluble ions, metallic elements, PAHs in particulate samples from December 2017 to March 2018 in Guangzhou. A:
Calculated average concentrations of size-segregated particulate samples; B-D: concentrations of ions, metallic elements and PAHs in size-segregated particulate samples.
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Table 1
Continuous air PM concentration measurements, temperature and relative
humidity from December 2017 to March 2018, in Guangzhou.

Mean SD Median 25th 75th

Mass concentration (μg/m3)
PM2.5 70.72 49.18 61.73 36.37 92.17
PM1 67.00 47.03 58.26 34.07 87.44
PM0.2 8.75 5.10 7.97 4.97 11.02
Temperature (°C) 18.33 5.08 19.20 15.40 22.00
Relative Humidity (%) 56.25 15.98 58.60 44.50 67.50
Wind speed (m/s) 1.48 1.14 1.10 0.70 2.00
Wind direction (degrees) 180.38 123.93 178.00 60.00 316.00
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More than half of the 18 PAHs were significantly associated with DNA tail
intensity in PM10–2.5, PM2.5–1 and PM1–0.2.

Fig. 4 shows the associations of PM components (total ions, metals,
PAHs) with toxicological endpoints in size-segregated particulate samples.
There was a negative trend between MTT and ions, metallic elements,
PAHs across the four particle sizes. In most conditions, a positive
Fig. 2. Sources of particulate components in Guangzhou from December 2017 to Mar
metallic elements and PAHs in particulate samples.

6

correlation was observed between DCF, cell cycle (Sub G1/G0 phase),
DNA tail intensity, inflammatory factor (TNF-α, MIP-2) and ions, metallic
elements, PAHs. Fig. S1 shows the PI viability of RAW264.7 macrophages
after exposure to size-segregated PM and the associations of PM compo-
nents (total ions, metals, PAHs) with PI viability. There were changes
only in the 200 μg/mL group from PM2.5–1, PM1–0.2 and PM0.2. Further-
more, a negative trend was observed between PI viability and ions, metallic
elements, PAHs.

3.5. Associations of toxicological endpoints

Fig. S2–5 show the associations of different toxicological endpoints for
the four size-segregated particulate samples. There were significant nega-
tive associations between MTT and all the toxicological endpoints in
PM10–2.5, PM2.5–1 amd PM0.2 (Fig. S2, 3, 5, A-E). Significant negative asso-
ciations were also observed between MTT and cell cycle Sub G1/G0
phase, DNA tail intensity, inflammatory mediators in PM1–0.2 (Fig. S4,
A-E). DCF was significantly positively associated with DNA tail intensity
and inflammatory mediators in PM10–2.5 (Fig. S2, G-I). DCF was also
ch 2018. A: sources of size-segregated particulate samples; B: sources of PM, ions,



Fig. 3.Mitochondrial activity, intracellular oxidative potential, cell cycle Sub G1/G0 phase, genotoxicity and inflammatory mediators (TNF-α andMIP-2) of RAW 264.7 macrophages after exposure to four doses of size-segregated
particulate samples in Guangzhou fromDecember 2017 toMarch 2018. *Significant differences between the exposure group and the control group (P< 0.05). # Significant differences between the high dose group and the low dose
group (P < 0.05).
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Table 2
Associations of PM inorganic components with cytotoxic responses, oxidative damage and inflammatory in the 100 μg/mL group cells.

Items PM10–2.5 PM2.5–1 PM1–0.2 PM0.2

MTT DCF TNF-α MIP-2 MTT DCF TNF-α MIP-2 MTT DCF TNF-α MIP-2 MTT DCF TNF-α MIP-2

Ions 0.24 −0.60 0.54⁎ 0.47 0.33 0.74⁎ 0.56⁎ 0.62⁎ −0.33 −0.05 0.28 0.89⁎⁎ 0.37 0.79⁎ −0.60⁎ 0.21
Na+ 0.24 −0.60 0.54⁎ 0.47 0.33 0.74⁎ 0.56⁎ 0.62⁎ −0.33 −0.05 0.28 0.89⁎⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
NH4

+ −0.47 0.07 0.21 0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.62⁎ −0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.53 0.16 −0.94⁎⁎ −0.58⁎
K+ 0.24 −0.60 0.54⁎ 0.47 0.33 0.74⁎ 0.56⁎ 0.62⁎ −0.33 −0.05 0.28 0.89⁎⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Ca2+ −0.24 0.60 −0.54⁎ −0.47 −0.74⁎ −0.05 −0.85⁎⁎ −0.80⁎ −0.33 −0.05 0.28 0.89⁎⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Cl− 0.24 −0.60 0.54⁎ 0.47 0.33 0.74⁎ 0.56⁎ 0.62⁎ 0.73⁎ 0.74⁎ 0.50 −0.37 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
NO3

− −0.47 0.07 0.21 0.95⁎⁎ 0.33 0.74⁎ 0.56⁎ 0.62⁎ 0.73⁎ 0.74⁎ 0.50 −0.37 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
SO4

2− 0.24 −0.60 0.54⁎ 0.47 0.33 0.74⁎ 0.56⁎ 0.62⁎ −0.33 −0.05 0.28 0.89⁎⁎ 0.37 0.79⁎ −0.60⁎ 0.21
TE 0.47 −0.07 −0.21 −0.95⁎⁎ 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎ 0.73⁎ 0.74⁎ 0.50 −0.37 0.37 0.79⁎ −0.60⁎ 0.21
Al 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ 0.53 −0.16 0.94⁎⁎ 0.58⁎
Si 0.47 −0.07 −0.21 −0.95⁎⁎ 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎ 0.73⁎ 0.74⁎ 0.50 −0.37 −0.37 −0.79⁎ 0.60⁎ −0.21
Cr 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.33 −0.69⁎ 0.29 0.18 0.73⁎ 0.74⁎ 0.50 −0.37 0.37 0.79⁎ −0.60⁎ 0.21
Mn 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Fe 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 0.73⁎ 0.74⁎ 0.50 −0.37 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Ni 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎ 0.36 0.69⁎ 0.92⁎⁎ 0.53⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Cu 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
Zn 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ 0.53 −0.16 0.94⁎⁎ 0.58⁎
As 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 −0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.90⁎⁎ −0.63 −0.48 −0.77⁎⁎
Sr 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 0.74⁎ 0.56⁎ 0.62⁎ 0.36 0.69⁎ 0.92⁎⁎ 0.53⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
Cd 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.62⁎ −0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.90⁎⁎ −0.63 −0.48 −0.77⁎⁎
Sn 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
Sb 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18 0.33 0.05 −0.28 −0.89⁎⁎ −0.90⁎⁎ −0.63 −0.48 −0.77⁎⁎
Ba 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.33 −0.69⁎ 0.29 0.18 0.36 0.69⁎ 0.92⁎⁎ 0.53⁎ 0.53 −0.16 0.94⁎⁎ 0.58⁎
Pb 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.62⁎ −0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.90⁎⁎ −0.63 −0.48 −0.77⁎⁎

The values are Spearman's correlation coefficients (ρ). Asterisks indicate statistical significance * (P < 0.05) and ** (P ≤ 0.001). TE: total elements.
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positively associated with all the toxicological endpoints in PM2.5–1, PM1–

0.2, and PM0.2 (Fig. S3–5, G-I). Cell cycle Sub G1/G0 phasewas significantly
positively associated with DNA tail intensity and inflammatory mediators
in all the PM samples (Fig. S2–5, J-L). There were significant negative asso-
ciations between DNA tail intensity and inflammatory mediators in all the
PM samples (Fig. S2–5, M-O).

Fig. S6–9 show the associations of PI viability (cell membrane integrity)
with other toxicological endpoints across the four size-segregated particu-
late samples. PI viability was significantly negatively associated with cell
cycle Sub G1/G0 phase in PM10–2.5 and PM2.5–1 (Fig. S6C, S7C). PI viability
was negatively associated with inflammatory mediators in PM2.5–1 and
PM1–0.2 (Fig. S7, 8, E-F). PI viability was significantly negatively associated
with DNA tail intensity (Fig. S8A), and positively associated with MTT
(Fig. S8D) in PM1–0.2. PI viability was significantly negatively associated
with DCF in PM0.2 (Fig. S9B).
Table 3
Associations of PM organic components PAHs with cytotoxic responses, oxidative dama

Items PM10–2.5 PM2.5–1

MTT DCF TNF-α MIP-2 MTT DCF TNF-α MIP-2

PAHs 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.33 −0.69⁎ 0.29 0.18
NA −0.47 −0.07 0.21 0.95⁎⁎ 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
AC 0.24 −0.60 0.54⁎ 0.47 0.33 −0.69⁎ 0.29 0.18
ACL 0.47 −0.07 −0.21 −0.95⁎⁎ 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
FL 0.24 −0.60 0.54⁎ 0.47 0.33 −0.69⁎ 0.29 0.18
PHE 0.24 −0.60 0.54⁎ 0.47 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
AN 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
FA 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
PY 0.79⁎⁎ −0.67⁎ 0.30 −0.47 0.74⁎ 0.05 0.85⁎⁎ 0.80⁎
B(a)A 0.47 −0.07 −0.21 −0.95⁎⁎ 0.33 −0.69⁎ 0.29 0.18
CHR 0.79⁎⁎ −0.67⁎ 0.30 −0.47 −0.33 −0.74⁎ −0.56⁎ −0.6
B(b)FA −0.24 0.60 −0.54⁎ −0.47 −0.33 −0.74⁎ −0.56⁎ −0.6
B(k)FA 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.6
B(j)FA 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.6
B(e)P −0.79⁎⁎ −0.67⁎ −0.30 0.47 −0.33 −0.74⁎ −0.56⁎ −0.6
B(a)P 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.6
IP 0.47 −0.07 −0.21 −0.95⁎⁎ −0.33 −0.74⁎ −0.56⁎ −0.6
DB(a,h)A −0.24 0.60 −0.54⁎ −0.47 −0.33 −0.74⁎ −0.56⁎ −0.6
B(g,h,i)P −0.24 0.60 −0.54⁎ −0.47 −0.33 −0.74⁎ −0.56⁎ −0.6

The values are Spearman's correlation coefficients (ρ). Asterisks indicate statistical signi
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4. Discussion

In this study, it was discovered that PM10–2.5 and PM1–0.2 concentrations
were relatively higher in the four size-segregated PM samples collected
form Guangzhou. For the chemical components in PM, PM0.2 contained
most ions and PAHs, and PM10–2.5 contained most metallic elements. As
to the sources of PM, soli dust contributed more approximately two thirds
to coarse particles, while coal combustion and biomass burning/
petrochemical served as the major sources to fine particles including
PM2.5–1, PM1–0.2, and PM0.2. PM10–2.5 resulted in the strongest reduction
of cell mitochondrial activity, increase of intracellular oxidative potential
and upregulation of inflammatory mediators, while PM1–0.2 led to the
most distinct generation of sub G1/G0 phase population, induction of
DNA damage and destruction of cell membrane integrity. The majority of
single chemical components measured across the four size-segregated PM
ge and inflammatory in the 100 μg/mL group cells.

PM1–0.2 PM0.2

MTT DCF TNF-α MIP-2 MTT DCF TNF-α MIP-2

−0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
−0.33 −0.05 0.28 0.89⁎⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
−0.33 −0.05 0.28 0.89⁎⁎ 0.53 −0.16 0.94⁎⁎ 0.58⁎
0.36 0.69⁎ 0.92⁎⁎ 0.53⁎ 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
−0.33 −0.05 0.28 0.89⁎⁎ 0.37 0.79⁎ −0.60⁎ 0.21
−0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
−0.73⁎ −0.74⁎ −0.50 0.37 0.90⁎⁎ 0.63 0.48 0.77⁎⁎
0.33 0.05 −0.28 −0.89⁎⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
0.33 0.05 −0.28 −0.89⁎⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
−0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21

2⁎ −0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21
2⁎ 0.36 −0.69⁎ −0.92⁎⁎ −0.53⁎ −0.37 −0.79⁎ 0.60⁎ −0.21

ficance * (P < 0.05) and ** (P ≤ 0.001). PAHs: polycyclic aromatic hydrocarbons.



Table 4
Associations of PM inorganic components with DNA replication and damage in the 100 μg/mL group cells.

Items PM10–2.5 PM2.5–1 PM1–0.2 PM0.2

Sub G1/G0 DNA Tail-I Sub G1/G0 DNA Tail-I Sub G1/G0 DNA Tail-I Sub G1/G0 DNA Tail-I

Ions 0.95⁎⁎ −0.59⁎ 0.47 −0.58⁎ −0.57 −0.94⁎⁎ −0.47 −0.11
Na+ 0.95⁎⁎ −0.59⁎ 0.47 −0.58⁎ −0.57 −0.94⁎⁎ 0.47 0.66⁎
NH4

+ 0.47 −0.67⁎ −0.47 0.58⁎ −0.57 0.47⁎ −0.95⁎⁎ −0.76⁎⁎
K+ 0.95⁎⁎ −0.59⁎ 0.47 −0.58⁎ −0.57 −0.94⁎⁎ 0.47 0.66⁎
Ca2+ −0.95⁎⁎ 0.59⁎ −0.95⁎⁎ 0.84⁎⁎ −0.57 −0.94⁎⁎ 0.47 0.66⁎
Cl− 0.95⁎⁎ −0.59⁎ 0.47 −0.58⁎ 0.95⁎⁎ 0.47⁎ 0.47 0.66⁎
NO3

− 0.47 −0.67⁎ 0.47 −0.58⁎ 0.95⁎⁎ 0.47⁎ 0.47 0.66⁎
SO4

2− 0.95⁎⁎ −0.59⁎ 0.47 −0.58⁎ −0.57 −0.94⁎⁎ −0.47 −0.11
TE −0.47 0.67⁎ 0.95⁎⁎ −0.84⁎⁎ 0.95⁎⁎ 0.47⁎ −0.47 −0.11
Al −0.47 0.67⁎ 0.47 −0.26 0.57 0.94⁎⁎ 0.95⁎⁎ 0.76⁎⁎
Si −0.47 0.67⁎ 0.95⁎⁎ −0.84⁎⁎ 0.95⁎⁎ 0.47⁎ 0.47 0.11
Cr 0.47 0.08 0.47 −0.26 0.95⁎⁎ 0.47⁎ −0.47 −0.11
Mn −0.47 0.67⁎ 0.47 −0.26 0.57 0.94⁎⁎ 0.47 0.66⁎
Fe −0.47 0.67⁎ 0.47 −0.26 0.95⁎⁎ 0.47⁎ 0.47 0.66⁎
Ni 0.47 0.08 0.95⁎⁎ −0.84⁎⁎ 0.57 −0.47⁎ 0.47 0.66⁎
Cu −0.47 0.67⁎ 0.47 −0.26 0.57 0.94⁎⁎ 0.47 0.11
Zn 0.47 0.08 0.47 −0.26 0.57 0.94⁎⁎ 0.95⁎⁎ 0.76⁎⁎
As −0.47 0.67⁎ 0.47 −0.26 −0.57 0.47⁎ −0.47 −0.66⁎
Sr −0.47 0.67⁎ 0.47 −0.58⁎ 0.57 −0.47⁎ 0.47 0.66⁎
Cd −0.47 0.67⁎ −0.47 0.58⁎ −0.57 0.47⁎ −0.47 −0.66⁎
Sn 0.47 0.08 0.47 −0.26 0.57 0.94⁎⁎ 0.47 0.11
Sb −0.47 0.67⁎ 0.47 −0.26 0.57 0.94⁎⁎ −0.47 −0.66⁎
Ba 0.47 0.08 0.47 −0.26 0.57 −0.47⁎ 0.95⁎⁎ 0.76⁎⁎
Pb −0.47 0.67⁎ −0.47 0.58⁎ −0.57 0.47⁎ −0.47 −0.66⁎

The values are Spearman's correlation coefficients (ρ). Asterisks indicate statistical significance * (P < 0.05) and ** (P ≤ 0.001). TE: total elements; DNA Tail-I: DNA Tail-
Intensity.
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samples were strongly correlated with nearly all the toxicological re-
sponses, and also with diverse toxicological endpoints. Our study provides
novel and essential insights for subsequent studies on risk assessment of
PM-induced toxicological endpoints and how these outcomes vary across
PM of different sizes.

Ambient PM concentrations were comparatively high from December
2017 to March 2018 in Guangzhou; the average PM2.5 concentration was
72 μg/m3, which far exceeded air quality standard released by World
Health Organization in 2021 (Who, 2021). The mean concentration of
PM2.5 in Guangzhou varies with the seasons, with the highest concentra-
tions are observed in winter and the lowest in summer. Rainfall is the
main reason for the low PM2.5 concentration in summer (Griffith et al.,
2015; Lai et al., 2016). High winter PM2.5 concentrations are observed
due to infrequent precipitation, which fails to clear aerosols that accumu-
late because of local emissions and the transfer of PM2.5 from other cities
Table 5
Associations of PM organic components PAHs with DNA replication and damage in the

Items PM10–2.5 PM2.5–1

Sub G1/G0 DNA Tail-I Sub G1/G0 DNA Tai

PAHs 0.47 0.08 0.47 −0.26
NA 0.47 −0.67⁎ 0.95⁎⁎ −0.84⁎
AC 0.95⁎⁎ −0.59⁎ 0.47 −0.26
ACL −0.47 0.67⁎ 0.95⁎⁎ −0.84⁎
FL 0.95⁎⁎ −0.59⁎ 0.47 −0.26
PHE 0.95⁎⁎ −0.59⁎ 0.95⁎⁎ −0.84⁎
AN 0.47 0.08 0.95⁎⁎ −0.84⁎
FA 0.47 0.08 0.95⁎⁎ −0.84⁎
PY 0.47 0.08 0.95⁎⁎ −0.84⁎
B(a)A −0.47 −0.67⁎ 0.47 −0.26
CHR 0.47 0.08 −0.47 0.58⁎
B(b)FA −0.95⁎⁎ 0.59⁎ −0.47 0.58⁎
B(k)FA −0.47 0.67⁎ −0.47 0.58⁎
B(j)FA −0.47 0.67⁎ −0.47 0.58⁎
B(e)P −0.47 0.08 −0.47 0.58⁎
B(a)P −0.47 0.67⁎ −0.47 0.58⁎
IP −0.47 0.67⁎ −0.47 0.58⁎
DB(a,h)A −0.95⁎⁎ 0.59⁎ −0.47 0.58⁎
B(g,h,i)P −0.95⁎⁎ 0.59⁎ −0.47 0.58⁎

The values are Spearman's correlation coefficients (ρ). Asterisks indicate statistical signi
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(Fan et al., 2015; Gu and Yim, 2016). Evidence from epidemiological stud-
ies indicate that high levels of PM induced are associated with increased
mortality in cardiopulmonary diseases in Guangzhou, despite the fact that
PM concentrations in Guangzhou are comparatively low in China (Bhatia-
Barnes et al., 2017; Li et al., 2021). Previous studies on PM have mainly fo-
cused on PM2.5 and PM10. In recent years, some studies indicated that PM0.5

or the smaller particles may be the main cause of the adverse health effects
of PM pollution (Feng et al., 2021a; Feng et al., 2021b; Guo et al., 2021; He
et al., 2021; Meng et al., 2013; Yang et al., 2022a). At present, national
monitoring data on atmospheric concentrations of small particles are lack-
ing. Hence, further research on small particle sizes and their impact on
human health is required to provide a basis for informing air quality
standards.

PM composition is extremely complex and can induce a variety of toxi-
cological effects. Similar to previous researches (Rönkkö et al., 2020;
100 μg/mL group cells.

PM1–0.2 PM0.2

l-I Sub G1/G0 DNA Tail-I Sub G1/G0 DNA Tail-I

−0.57 0.47⁎ 0.47 0.11
⁎ −0.57 −0.94⁎⁎ 0.47 0.66⁎

−0.57 −0.94⁎⁎ 0.95⁎⁎ 0.76⁎⁎
⁎ 0.57 −0.47⁎ 0.47 0.66⁎

−0.57 −0.94⁎⁎ −0.47 −0.11
⁎ −0.57 0.47⁎ 0.47 0.11
⁎ −0.95⁎⁎ −0.47⁎ 0.47 0.66⁎
⁎ 0.57 0.94⁎⁎ 0.47 0.11
⁎ 0.57 0.94⁎⁎ 0.47 0.11

−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11
−0.57 0.47⁎ 0.47 0.11

ficance * (P < 0.05) and ** (P ≤ 0.001). PAHs: polycyclic aromatic hydrocarbons.



Fig. 4. Associations of PM components (total ions, metals, PAHs) with toxicological endpoints in size-segregated particulate samples.

M. Yang et al. Science of the Total Environment 865 (2023) 161092
Rönkkö et al., 2018a), our results showed that the larger-diameter PM
contained more metallic elements, the smaller-diameter PM contained
more ions and PAHs. In this study, SO4

2− and NO3
−were relatively enriched

ions across the four size-segregated PM samples. Long-term exposure to
PM2.5-NO3

− and PM2.5-SO4
2− led to an impaired respiratory system in

C57BL/6 mice, with toxicological effects of PM2.5-SO4
2− considerably

weaker than PM2.5-NO3
−(Zhang et al., 2021). A nationwide case-control

study in Denmark revealed that exposure to PM-NO3
− was related to an in-

creased persistent wheezing and asthma (Holst et al., 2020), while the ef-
fect of PM-SO4

2− is equivocal (Reiss et al., 2007). PM-NO3
− and PM-SO4

2−

were positive regulators of inflammation and oxidative damage in this
study. However, in a study of PM toxicity in Helsinki, it was found that
PM-NO3

− and PM-SO4
2− negatively regulate the inflammatory effect of

large particles, and positively regulate the inflammatory effect of small par-
ticles (Jalava et al., 2015a). Therefore, toxic effects caused by similar com-
ponents in PM can vary geographically. In this study, K was the amplest
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metallic element in PM0.2, while Si was the dominant metallic element in
PM10–2.5, PM2.5–1, and PM1–0.2., K is mainly emitted from biomass burning,
and is closely related to cardiovascular diseases, such as high blood pres-
sure, stroke and coronary heart disease (Weaver, 2013; Yang et al.,
2017). The main sources of Si are soil dust and traffic exhaust, and chronic
occupational exposure to Si via inhalation give rise to severe respiratory
diseases (Bhattacharjee et al., 2016; Reff et al., 2009). Most single PAHs
were more prevalent in the smaller-diameter PM, while FA was relatively
high in all PM samples in this study. Toxicological evidence suggests that
FA is a potent mutagen and carcinogen, is not easily degraded in the envi-
ronment, it easily deposited in soil, and its cytotoxicity is stronger than B
(a)A in seven species of marine algae (Ben et al., 2012; Kadri et al.,
2017). Therefore, the environmental hazards of FA deserve more attention.

The sources of PM are numerous and are easily influenced by human ac-
tivities and environmental policies. PM samples in this studywere collected
at the North campus of Sun Yat-sen University. There are several hospitals
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and schools nearby, coupled with residential buildings and restaurants
around the campus at the major and minus roads. Furthermore, the
Guangzhou Petrochemical Company is roughly 19 km from the PM sam-
pling point in this study. These factors inevitably contribute to excessive ve-
hicle exhausts, and cooking and fuel combustion. In addition, the weather
in Guangzhou from December 2017 to March 2018 was less rainy and
dry; this coupled with dust carried by vehicles, led to soil dust being the
main contributing source to PM10–2.5, which could also explain why Si
was themost abundantmetals in PM10–2.5 (Reff et al., 2009). Indoor heating
that utilizes coal-burning in winter in northern Chinese cities resulted in a
large fraction of PM2.5–1 and PM1–0.2 coming from coal combustion in this
study. The main sources of PM0.2 were biomass burning/petrochemical
and traffic exhaust in this study. Biomass burning is mainly classified into
four types in China: forest fire, wood and straw combustion as fuel, agricul-
tural straw open burning, and co-firing with coal or municipal solid waste
(Chen et al., 2017). There are still many rural households in the Pearl
River Delta (PRD) and surrounding areas in Guangdong Province, which
use biofuels (agricultural residues and firewood) as domestic fuel for
cooking (Zhang et al., 2010). Remarkably, the contribution of biomass
burning to PM2.5 has been confirmed in Guangzhou via organic tracers
(acetonitrile and levoglucosan), in which the frequency of PM2.5 pollution
events involved biomass burning for suburban and downtown areas was
100 % and 58 %, respectively (Wang et al., 2007). For example, while the
annual PM2.5-SO4

2− and PM2.5-NO3
− concentrations in urban Guangzhou

were reduced from 2010 to 2014 because of the implementation of high-
efficiency desulfurization and dust removal technology for large and
medium-sized industrial boilers in Guangdong Province (Tao et al.,
2017), PM2.5-SO4

2− and PM2.5-NO3
− concentrations in Guangzhou suburbs

were elevated due to biomass burning, secondary aerosol formation, and
long-range transport form PRD region and the northern provinces of
Hunan and Jiangxi (Lai et al., 2016). The importance of traffic exhaust to
the formation of smaller-diameter PM has been verified (Jalava et al.,
2007; Papa et al., 2021). Vehicular exhaust, coal-fired power generation
and incomplete combustion of coal and petrol are major sources of PAHs
(Famiyeh et al., 2021). In particular, PM0.2 showed the highest fractions
of total contents of PAHs and ions.

The link between oxidative stress and PM-induced lung disease has
been well established (Li et al., 2008). Toxicological analysis revealed
that, among four different-sized PM samples collected from Nanjing,
PM10–2.5 led to the greatest oxidative stress in human adenocarcinomic al-
veolar basal epithelial cells (Rönkkö et al., 2018b). In this study, PM10–2.5

resulted in the largest oxidative stress, thereby decreasing cell mitochon-
drial activity and increasing intracellular oxidative potential. Organic and
metallic components could lead to direct oxidation from PM, which
would result in oxidative stress via consumption of antioxidants through
a series of biochemical reactions (Ghio et al., 2012). However, the impact
of specific PM components on oxidative stress remains unclear. It has
been shown that transition metals may contribute to the induction oxida-
tive stress via generation of reactive oxygen species (ROS) (Li et al.,
2008). One study of oil fly ash solution, consisting of transition metals Ni
(10.1 %), V (32.4 %) and Fe (57.5 %), revealed that exposure to oil fly
ash increased generation of intracellular ROS in a concentration- and
time-dependent manner in A549 cells (Di Pietro et al., 2009). In addition
to ROS generation, numerous studies have demonstrated that exposure to
PM-metals, such as V, Zn, Ni, Pb, Hg, and As, decreased glutathione levels
in cells and tissues, which resulted in oxidative stress (Stohs and Bagchi,
1995). Mitochondria are a primary source of intracellular ROS, and mito-
chondrial respiration is tightly regulated by redox-mediated processes
that involve glutathione and cysteine thiol (Samet et al., 2020). Environ-
mental PM-metals, including As, Hg, V, Pb, Zn, and Cd, were found to
impair mitochondrial function (Samet et al., 2020). In this study,
intracellular oxidation potential (DCF) and mitochondrial activity (MTT)
were negatively correlated in most PM samples, with the strongest associa-
tion (P < 0.001, ρ = −0.806) observed for PM10–2.5. Nevertheless,
increased PM-PAHs did not lead to more pronounced oxidative stress. In
Taiyuan and Guangzhou, the intracellular oxidative stress induced by
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winter PM2.5-PAHs with higher concentrations was not significantly
more than that of summer PM2.5-PAHs (Song et al., 2020). In this
study, PM-metals (Cr, Ni, Sn, Zn, and Ba) and PM-PAHs (total PAHs, AN,
FA, PY, CHR, B(e)P) were correlated with both DCF and MTT in PM10–2.5.
However, associations between PM-ions and MTT or DCF were not found
in PM10–2.5, but they were observed in other PM, which may account for
the lowest ions in PM10–2.5. It has been reported that water-soluble ions of
PM, such as SO4

2− and NO3
−, could lead to potential toxicity mediated by

PM, with the SO4
2−/NO3

−mixture resulting in rare gene expression patterns
(Park et al., 2022). In addition, we found that strong oxidative stress did not
destroy cell membrane integrity, and a strong correlation between oxida-
tive stress and cell membrane integrity was only seen in PM1–0.2. Impor-
tantly, Cr, CHR, and B(e)P were strongly associated with DCF, while AN
was closely related to MTT in all PM samples. Specifically, Zn, Sn, Ba,
CHR, and B(e)P, were strongly correlatedwithMTTonly in PM10–2.5. An ep-
idemiological study observed higher levels of oxidative stress in shipyard
welders exposed to metal fumes and PAHs, with a strong correlation be-
tween urinary metal (Cr and Cd) and oxidative stress levels (Lai et al.,
2020). Therefore, PM10–2.5 exerted the strongest oxidative effect probably
because of a higher content of metallic elements. Future studies still need
to investigate how these PM components react individually or jointly to
induce oxidative stress.

Numerous toxicological studies have confirmed the role of inflamma-
tion in PM-mediated diseases (Arias-Pérez et al., 2020). TNF-α, produced
mainly by immune cells, is a powerful proinflammatory cytokine involved
in the innate immune response (Zelová and Hošek, 2013). TNF can act as a
regulator of ROS generation, and interaction between TNF and ROS is
observed in inflammatory diseases, such as inflammatory bowel disease,
systemic lupus erythematosus, and rheumatoid arthritis (Blaser et al.,
2016). Therefore, high expression levels of TNF could be accompanied by
increased ROS generation. TNF-α also functions as an effective activator
of chemokine expression in immune and non-immune cells (Driscoll,
2000). Chemokine MIP-2 plays a significant role in regulating inflamma-
tion caused by particles such as quartz and crocidolite in rodent lungs,
and MIP-2 expression can be mediated by transcription factor NF-kappa B
and PM-induced oxidative stress (Driscoll, 2000). In this study, PM10–2.5 re-
sulted in the greatest expression of TNF-α andMIP-2. Moreover, it has been
proven that PM-metals exert proinflammatory responses, and ROS produc-
tion induced by transition metals, such as Fe, V, Cr, Ni, Co, and Cu, may
play a vital role in this effect (Li et al., 2008). It has been demonstrated
that metals, ions and PAHs of PM induce inflammatory responses and re-
duce cell survival (Kermani et al., 2021; Zhang et al., 2021). Nevertheless,
for most PM samples in this study, total ions and metals, and most single
ions, metals and PAHs were positively correlated with TNF-α and/or MIP-
2 expression, while TNF-α/MIP-2 expression was not associated with
total PAHs. We also found that no association between single metals and
TNF-α expression, while the strongest correlations between most single
metals and MIP-2 expression were mostly observed in PM10–2.5. Further-
more, some components (NH4

+, Sr, Cd, Pb) and organic components (NA
and ACL) were strongly connected with MIP-2 expression, whereas some
PAHs [PHE, B(b)FA, DB(a,h)A, B(g,h,i)P] correlated with TNF-α expression
across the four size-segregated PM samples in this study. Toxicological ef-
fects cannot be explained simply by PM composition, because combined
toxicological effects of multiple chemicals are difficult to assess. The
aforementioned study by Lai et al. that demonstrated increased oxidative
stress in shipyard welders due to urinary metal and PAH exposure,
suggested that elevated levels of oxidative stress may lead to increased
secretion of inflammatory cytokines (serum IL-6 and TNF-α) (Lai et al.,
2020). Subsequently, we found that markers of oxidative stress were
associated with inflammatory mediators (TNF-α and MIP-2) in most PM
samples with the strongest correlation in PM10–2.5. Therefore, oxidative
stress is an essential step for an upregulated immune response observed
for PM10–2.5, and the role of transition metals in this process cannot be
ignored.

Induction of DNA damage and alterations of the cell cycle has previ-
ously been demonstrated following environmental PM exposure (Rönkkö



M. Yang et al. Science of the Total Environment 865 (2023) 161092
et al., 2018b). In this study, an elevated Sub-G1/G0 population was ob-
served for most PM samples, with the greatest effect seen with exposure
to PM1–0.2. Increased Sub-G1/G0 population in RAW264.7 cells suggests
DNA damage and degradation, and apoptosis induced by excessive DNA re-
pair capacity. Genotoxicity was seen in all PM samples in this study,
with the most evident DNA damage occurring in PM1–0.2. Interestingly,
PM10–2.5 caused high DNA tail intensity but did not upregulate the
Sub-G1/G0 population, which indicates that PM10–2.5 may lead to transient
DNA damage and non-extensive DNA degradation. Previously, A549 cells
exposed PM10–2.5 or CaSO4 particles also generated distinct genotoxicity
and oxidative stress with inconspicuous cell cycle alteration due to elevated
ROS generation (Könczöl et al., 2012; Rönkkö et al., 2018b). Yet, evidence
indicates that increased oxidative stress leads to oxidative DNA damage,
and that formation of oxidative DNA adducts induced by interactions
between DNA and ROS, such as 8-oxoguanine and 8-hydroxy-2-
deoxyguanosine, likely results in genotoxicity (Valavanidis et al., 2013).
Furthermore, we did not find a strong correlation between the destruction
of cell membrane integrity and high Sub-G1/G0 population in RAW264.7
cells exposed to PM1–0.2 or PM0.2. Similar findings were observed in A549
cells exposed to different-sized PM in Nanjing (Rönkkö et al., 2018b). The
importance of PAHs on genotoxicity and cell cycle alteration with exposure
to PM has been demonstrated in human bronchial epithelial BEAS-2B cells
(Abbas et al., 2019). Additionally, PAH-DNA adducts, generated by the
PAH-DNA binding, greatly influence genotoxicity upon PM exposure
(Quezada-Maldonado et al., 2021). In this study, PM0.2 with the highest
PAH contents did not cause the most significant DNA lesion and cell cycle
alterations, but PM1–0.2 did. Experimental evidence suggests that PAHmix-
tures exert the lack of additivity and inhibitory effects on genotoxicity in
A549 cells (Genies et al., 2016). Moreover, in this study, a positive associa-
tion between genotoxicity and cell cycle effects was observed for PM1–0.2

and PM0.2, which suggests that increased Sub-G1/G0 population might be
caused by DNA damage-induced apoptosis. We found that the majority of
single inorganic components were not associated with increased Sub-G1/
G0 population, but were linked with genotoxicity inmost PM samples. Fur-
thermore, all inorganic components were associated with a genotoxic re-
sponse induced by PM1–0.2, and NO3

− (ρ = 0.95), Cr (ρ = 0.95), and Fe
(ρ = 0.95) were positively associated with DNA damage only in PM1–0.2.
Cr and Fe belong to transition metals, and have been demonstrated
to lead to intracellular DNA damage (Terpilowska and Siwicki, 2018).
However, in this study, several organic components only correlated with
cell cycle effects in a few PM samples, while most organic components
were connected with genotoxic effects for most PM samples. Only AN
(ρ = −0.95) was associated with elevated Sub-G1/G0 population, while
all PAHs were associated with DNA tail intensity in PM1–0.2 in this study.
It has been previously demonstrated that total PAHs (ρ = 0.512), B(a)P
(ρ = 0.512), B(k)FA (ρ = 0.816), Al (ρ = 0.706), Cl− (ρ = 0.732), NO3

−

(ρ = 0.791), and Mn (ρ = 0.571) were related to genotoxicity in
A549 cells exposed to PM1–0.2 (Rönkkö et al., 2018a). Here, total PAHs, B
(a)P, B(k)FA, Al, Cl−, NO3

−, Mn also displayed associations with
genotoxicity in RAW264.7 cells exposed to PM1–0.2, while FA, PY, Cu, Zn,
Ba showed more stronger positive correlations with PM1–0.2 induced
genotoxicity. This apparent difference may be caused by variation of PM
components being collected at different times and locations. In addition
to the identified components, the unidentified components of PM may
exert complex toxicological effects as well. Therefore, future studies should
utilize innovate experimental methods to discover unidentified chemical
species, and investigate interactions of PM components on cellular
responses.

The current study has several strengths. First, the main emission
sources of four size-segregated PM were analyzed and the contributions
of emission sources to PM composition was assessed. Second, we mea-
sured, compared and correlated toxicological effects in four size-
segregated PM, providing insights into the adverse health effects experi-
enced by individuals upon exposure to air pollution. Third, associations
between single composition and various toxicological endpoints were
analyzed for all PM samples, this provides a platform for further studies
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and the development of specialized health risk assessments for key
chemicals in the atmosphere. However, we did not simulate real ambi-
ent human PM exposure, and cannot fully evaluate the overall negative
health effects caused by the different PM sizes. Additionally, the gener-
ally high ion concentrations that were detected in this study were pre-
dominantly caused by differences in calculation and calibration
methods. Although a strong association was observed between oxida-
tive stress and genotoxicity in RAW264.7 cells exposed to PM, the con-
tribution of oxidative stress to genotoxicity remains undefined, and
further studies are needed to investigate oxidative DNA damage to bet-
ter understand the underlying mechanisms by which oxidative stress
regulates genotoxicity.

5. Conclusions

PM10–2.5 and PM1–0.2 concentrations were high in four size-
segregated PM samples collected form Guangzhou. The larger-
diameter PM contained more metals, and fewer ions and PAHs, while
the opposite was observed for the smaller-diameter PM. Soil dust, coal
combustion and biomass burning/petrochemical were the major
contributing sources to PM. Traffic exhaust, soil dust, and biomass
burning/petrochemical were the main sources of PAHs, metals and
ions, respectively. PM10–2.5 exposure resulted in the strongest oxidative
stress and inflammatory responses in RAW264.7 cells, while PM1–0.2 ex-
posure led to the most increase in Sub-G1/G0 population, loss of cell
membrane integrity, and genotoxicity. Moderate-to-strong associations
were found between most single chemical components and almost all
toxicological effects as well as between various toxicological endpoints
in the four size-segregated PM categories. Our findings provide novel
and unique insight into various size-segregated PM-induced toxicologi-
cal effects in cells and identify chemical components of PM that play a
key role in adverse intracellular responses.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.161092.
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