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• Optimized methods of purification and
GC–MS/MS were used to characterize
PM2.5-BTRs.

• The concentration of PM2.5-BTRs in
Taiyuan was the highest in three
Chinese cities.

• Computational and experimental
screening indicated 4TTR was the most
harmful to NRCM.

• 4TTR activated the ROS-mediated mito-
chondrial apoptosis signaling pathway
in NRCM.

• Metabolomics revealed that 4TTR dis-
turbed mitochondrial energy metabo-
lism in NRCM.
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Benzotriazole and its derivatives (BTRs), classified as high-volume production chemicals, have been widely de-
tected in various environmental media, including the atmosphere, water, soil and dust, as well as organisms.
However, studies on the pollution characteristics and health impact of PM2.5 related BTRs are so far limited.
This study is the first to demonstrate the regional scale distribution of PM2.5-bound BTRs and their potential
cardiotoxicities. Optimized methods of extraction, purification and GC-EI-MS/MS were applied to characterize
and analyze PM2.5-bound BTRs from three cities in China during the winter of 2018. The concentration of
∑BTRs in Taiyuan (6.28 ng·m−3) was more than three times that in Shanghai (1.53 ng·m−3) and Guangzhou
(1.99 ng·m−3). Benzotriazole (BTR) and 5-methyl-1H-benzotriazole (5TTR) contributed more than 80% of
∑BTRs concentration as the major pollutants among three cities. The correlation analysis indicated that there
was a positive correlation between temperature and concentration of BTR and a negative correlation between
temperature and concentration of 5TTR. In addition, the risk of BTRs exposure to toddlers should be paid more
attention in Taiyuan by the human exposure assessment. Furthermore, toxicity screening by experimental
methods indicated that 4-methyl-1H-benzotriazole (4TTR) was the most harmful to cardiomyocytes. The west-
ern blot assay showed a ROS-mediated mitochondrial apoptosis signaling pathway was activated after exposure
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to 4TTR in neonatal rat cardiomyocytes (NRCMs). On the other hand, metabolomics revealed that exposure of
4TTR to NRCMs disturbed mitochondrial energy metabolism by disturbing pantothenate and coenzyme A syn-
thesis pathway. Our study not only clarifies the contamination profiles of PM2.5-bound BTRs in typical Chinese
cities but also reveals their cardiotoxicities associated with mitochondrial dysfunction.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

PM2.5, particles with an aerodynamic diameter ≤ 2.5 μm, is a
heterogeneous mixture with varying size and chemical composition
depending on source, weather conditions, space and time. Due to the
extremely small size and excellent adsorption capacity, PM2.5 may be
a dangerous carrier of affiliated chemicals owing to its rapid
distribution throughout the body, including the brain, heart and
other extrapulmonary organs (Qi et al., 2020). Organic matter of PM2.5

has received increasing attention because of its environmental
persistence, bioaccumulation and significant health risk. Although
organic components are a major part of PM2.5, only approximately
5–10% of them have been identified and quantified (Amrani et al.,
2019; Turpin and Lim, 2001; Wu et al., 2018).

Benzotriazole and its derivatives (BTRs) are heterocyclic compounds
with a basic structure of two fused rings and three nitrogen atoms. BTRs
have excellent corrosion resistance, antifungal and UV absorption ca-
pacities, which makes them advantageous for many applications rang-
ing from aircraft deicing/anti-icing fluids, washing powders and
textiles to drugs and plastic products (Herrero et al., 2014; Janna et al.,
2011; Liu et al., 2017; McNeill and Cancilla, 2009; Pena et al., 2012).
Therefore, BTRs are widely used in our daily production and lives and
are classified as high-volume production chemicals. Hundreds of tons
of BTRs are produced and used annually in the USA and Australia, and
global production and usage of BTRs will likely continue to grow in
the future as economies further develop (Hart et al., 2004; Jia et al.,
2019; Loi et al., 2013). However, the increased production of BTRs has
also led to widespread accumulation in various environmental media,
including the atmosphere, water, soil and dust, as well as organisms
(Jia et al., 2019; Li et al., 2020; Loi et al., 2013; Loos et al., 2009; Shi
et al., 2019; Weiss et al., 2006; Zhang et al., 2011). Worryingly, BTRs
have been detected in human samples fromaround theworld, including
urine, amniotic fluid and adipose tissue (Asimakopoulos et al., 2013b;
Asimakopoulos et al., 2013c; Garcia-Gomez et al., 2015; Wang et al.,
2015). Recent studies have reported that 4-methyl-1H-benzotriazole
(4TTR) and 5-methyl-1H-benzotriazole (5TTR) are the most prevalent
BTRs in human samples (Li et al., 2018;Wang et al., 2015). Nevertheless,
the specific ways in which BTRs enter the human body and their contri-
bution remain unknown. In a recent review, Shi et al. suggested that
more attention should be paid to BTRs exposure routes (Shi et al., 2019).

Exposure to BTRs might occur via multiple exposure routes, such as
ingestion, dermal absorption and inhalation. Its main exposure sources
to humans are contaminated food and water, textiles, and indoor and
outdoor dust (Liu et al., 2017; Trabalon et al., 2017; Wan et al., 2016).
BTRs usually suspend in the air via vapor and particulate phases. Xue
et al. investigated the distribution differences of BTRs between vapor
and particulate phases and found that air particulates have a strong ad-
sorption capacity, especially for 5,6-dimethyl-1H-benzotriazole (XTR)
(Xue et al., 2016). Additionally, the estimated daily intake (EDI) of
BTRs for humans might depend on the size of particles. It has been hy-
pothesized that PM2.5-bound BTRs may be more harmful to human
health by virtue of their adsorption and transport advantages, especially
in Asia, where PM2.5 is heavily polluted. However, previous studies
aimed at monitoring PM2.5-bound BTRs and their derivatives have
mainly focused on limited areas, and few data are available regarding
the regional and/or global scale distribution of PM2.5-bound BTRs.

Owing to their frequent detection in environmental media and the
human body, the toxicity of BTRs has attracted considerable interest in
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the past few years. A growing number of studies have reported the po-
tential risks of BTRs to various organisms, e.g., microorganisms, plants,
invertebrates and vertebrates, including hepatotoxicity, neurotoxicity,
metabolic toxicity, reproductive and developmental toxicity, and carci-
nogenicity (Fent et al., 2014; Liang et al., 2017; Wang et al., 2017; Zhou
et al., 2020). A recent study by Chen et al. demonstrated mitochondrial
DNA copy number alternation in newborn babies' cord blood after preg-
nant women had been exposed to BTRs (Chen et al., 2020). Although,
the heart possesses the highest content of mitochondria of any tissue
to meet the enormous energy requirements and is a direct target
organ for PM2.5-bound organic components (Qi et al., 2020), the adverse
effects of PM2.5 related BTRs on cardiomyocytes and underlying
mechanisms remain poorly investigated.

To address this knowledge gap, this study aimed to (a) identify con-
tamination profiles of BTRs in urban PM2.5 by establishing a set of
analysis methods, (b) screen for potential exposure risks of PM2.5 related
BTRs, and (c) investigate the cardiotoxicities and underlying
mechanisms by multiple approaches, including apoptosis analysis,
untargeted metabolomics and mitochondrial function analysis.

2. Materials and methods

2.1. Chemicals and reagents

In this study, the target standards of five BTRs were investigated: 1H-
benzotriazole (BTR), 1-methyl-1H-benzotriazole (1TTR), 4TTR, 5TTR,
XTR. Detailed information on the analytes was provided in the Supple-
mentary Material (Table S1). 5TTR and XTR were purchased from the
Tokyo Chemical Industry (Shanghai, China), 1TTR was acquired from
CNW (ANPEL Laboratory Technologies Inc., Shanghai, China), BTR and
the instrument internal standard of HMB (hexamethylbenzene) were ob-
tained from Dr. Ehrenstorfer (Augsburg, Germany), and 4TTR and BTR-d4
were bought from Toronto Research Chemicals (Toronto, Canada). Indi-
vidual stock solutions of the above compounds were prepared in acetone,
and then aworking standard solutionwas prepared bymixing the individ-
ual standard solutions and diluting in acetone to the required concentra-
tion. All solutions were stored at−20 °C.

Acetone, methanol, acetonitrile and dichloromethane in chromato-
graphic grade solvents were purchased from Merck (Munchen,
Germany). Sigma-Aldrich (St. Louis, MO, USA) supplied anhydrous so-
dium sulfate and silica gel (70–230 mesh). Both were of analysis purity
grade and were heated at 400 °C for half an hour before use.

2.2. PM2.5 sample collection and treatment

Sampling was carried out in the winter during November 2018
to January 2019. PM2.5 samples were collected from Guangzhou
(South China), Shanghai (East China) and Taiyuan (North China)
(Fig. S1). The PM2.5 sampling apparatuses were installed on the rooves
of buildings at Shanxi University (Taiyuan), South China Normal
University (Guangzhou) and Fudan University (Shanghai). No obvious
sources of industrial pollutionwere found near the three sampling loca-
tions. Thus, the samples were considered to reflect the status of urban
air particulate matter pollution. A total of 26 PM2.5 samples were
collected at the three locations for quantitative analysis. During the
sampling period, temperature, pressure and humidity were recorded;
detailed sampling information is listed in the Supplementary Material
(Table S2). Ultrasonic extraction was used to extract BTRs from the
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PM2.5 samples. The pretreatment of samples wasmodified slightly from
our previous publication (Liao et al., 2021).

2.3. Instrument method for BTRs quantitation

Separation and determination of the targets were performed on a
Thermo TRACE™ 1300 gas chromatograph coupled to a TSQ 8000 Evo
triple quadrupole mass spectrometer (Thermo Scientific, USA) with an
electronic ionization (EI) source (GC-EI-MS/MS). A Thermo TG-5MS
(5% phenyl-95% dimethylpolysiloxane; 30 m × 0.25 mm i.d.; 0.25 μm
film thickness) capillary column (Thermo Scientific, USA) was used for
the chromatographic separation. The detailed parameters of GC and
MS conditions were supplied in the supplementary material.

2.4. Quality assurance and quality control (QA/QC)

Calibration curves, recoveries, precision and detection/quantifica-
tion limits were considered to verify the performance of the analytical
method. Calibration curves of BTRs were constructed with six or more
points to determine the linear range and regression coefficient. The re-
coveries of five BTRs were determined by spiking a blank quartz filter
sample with a mixed standard at a concentration of 1 μg·mL−1. A
signal-to-noise ratio (S/N) of 3 and 10 was considered to correspond
to the detection limit and limit of quantification, respectively (Ma
et al., 2013; Van den Eede et al., 2011). As in our previous study (Liao
et al., 2021), instrument detection limits (IDLs) were determined from
the lowest standard concentrations, whereas method quantitation
limits (MQLs) of each compound were calculated from the lowest con-
centration of PM2.5 samples.

For quality control, programblanks and solvent blankswere used for
the evaluation of potential background interference. A set amount of in-
strument internal standard hexamethylbenzene (HMB) was added to
eliminate instrument errors in each sample before analysis. All glass-
ware was heated at 450 °C for 5 h and then rinsed with dichlorometh-
ane (DCM) before use and between the sample treatment processes.
The entire sample treatment process was carried out in a fume hood
to avoid contamination.

2.5. Human exposure assessment

The health risks of exposure to pollutants may vary depending on
the age group of the population. In this study, preliminary exposure
riskswere calculated for toddlers and adults in anoutdoor environment.
The concentration of BTRs in each region was used to estimate the daily
intake EDIαp (ng kg-bw−1 day−1) of various human exposures
according to Eq. (1):

EDIαp ¼ Cαp � IR� RR� ABSα � ET � EF � ED
BW � AT

ð1Þ

where Cαp is the environmental concentration of the target α at the
sampling point p (ng·m−3), IR is the inspiratory rate (m3·h−1), RR is
the retained air retention rate (%), ABSα is the percentage of target α
in the air absorbed into the blood (%), BW is the body weight (kg), ET
and EF are the exposure time (h·d−1) and exposure frequency
(d·yr−1), respectively, and ED is the duration of continuous exposure
(years). AT is the averagenumber of exposure days (days) calculated ac-
cording to 365 days·yr−1 asAT=365×ED.Detailed parameter settings
can be obtained in the Table S3.

2.6. Cardiotoxicity assessment

Toxicity screening on BTRs was examined by computational and ex-
perimental methods. At first, the theoretical LC50 values, cardiotoxicity
and identified metabolites were predicted by using a ACD/Labs
Percepta Platform (ACD/Labs, Toronto, Canada) and the OECD QSAR
3

toolbox (www.qsartoolbox.org), which have been widely accepted
and used in environmental science field. And then, neonatal rat cardio-
myocytes (NRCMs) were used as a model for toxicity assessment
in vitro. Themethods used for NRCMs isolation and culture are detailed
in the Supplementary Material. A MTT assay was used to screen the cy-
totoxicity of five BTRs according to the manufacturer's instructions
(Beyotime Institute of Biotechnology, China). A concentration series of
100, 200, 500, 1000, 2000 and 4000 μM of each BTRs was prepared on
a microwell plate to whichwere added NRCMs, and the plate was incu-
bated for 48 h. The half lethal concentration (LC50) of each substance
was calculated based on the dose-response curve and used for toxicity
assessment. The OECD QSAR Toolbox was used to predict the primary
metabolites of 4TTR and 5TTR based on in vivo metabolism.

Based on the results of theMTT assay, 4TTRwas found to be themost
harmful substance of the five BTRs. To further investigate its toxic ef-
fects, an intracellular quantitative analysis, cell morphological analysis,
intracellular reactive oxygen species (ROS) and apoptosis analysis, and
mitochondrial function analysis after 48 h exposure. Detailed informa-
tion of the methods was supplied in the Supplementary Material.

2.7. Western blot analysis

Mitochondrial apoptosis signaling pathway was examined by west-
ern blot assay. NRCMs were divided into control group, 4TTR (LC50)
group, 4TTR(LC50)+N-acetylcysteine (NAC, 2mM) group, respectively.
After 48 h incubation, NRCMs were collected and the total protein ex-
traction and western blot was performed as previously described (Qi
et al., 2021). Briefly, 50 μg total proteins for each group were applied
in this study and Anti-Bcl-2 antibody (SANTA CRUZ BIOTECHNOLOGY,
INC), Anti-Bax antibody (Servicebio, Wuhan, China), Anti-Cytochrome
C antibody (Servicebio), Anti-Caspase-9 antibody (Servicebio), Anti-
Caspase-3 antibody (Servicebio), Anti-Cleaved Caspase-9 antibody
(Cell Signaling Technology, CST,MA, USA), Anti-Cleaved Caspase-3 anti-
body (CST) and Anti-β-Actin antibody (CST) were used at 1:200, 1:500,
1:1000, 1:800, 1:500, 1:1000, 1:1000 and 1:1000, respectively. The
targeted bands were analyzed using Image-Pro Plus 7.0 software
(Media Cybernetics, Rockville, MD, USA).

2.8. Metabolomics analysis

2.8.1. Quenching of cells and metabolite extraction
NRCMs were exposed to 4TTR at the LC50 concentration to generate

a treatment group and 0.1% dimethyl sulfoxide (DMSO) for a control
group, with 9 replicates of each group. After 48 h exposure, the
culture medium was removed, and the NRCMs were washed twice
with phosphate-buffered saline (PBS), harvested by 0.5% trypsin diges-
tion, and then collected and counted. The cells were rapidly quenched
by addition of 1 × 107 cells to 5 volumes of 60%methanol supplemented
with 0.85% (w/v) ammonium bicarbonate (pH 7.4) at −40 °C
(Christopher et al., 2009; Sellick et al., 2011). Addition of the cells to
the quenching solution increased the temperature by no more than
15 °C. The cell suspension was then centrifuged at 1000g for 1 min
and the supernatant was removed.

The extraction method of metabolites was modified slightly from
previous publications (Dietmair et al., 2010; Sellick et al., 2011). Each
cell sample was resuspended in 500 μL extraction solution (80%metha-
nol in water) and then incubated on ice for 10 min after vortex mixing
for 30 s. The centrifuge tubes containing the samples were transferred
to liquid nitrogen and snap-frozen for 10 min, then the samples were
thawed and vortex mixing for another 30 s. This process was repeated
once more to rupture the cells completely. Afterwards, the samples
were centrifuged at 15000g for 5min and the supernatantwas collected
and transferred to a fresh tube in an ice bath. Next, 500 μL of extraction
solutionwas added to the pellet in the centrifuge tube and the above ex-
traction process was repeated. The resulting extracts were combined
and dried by a gentle stream of nitrogen. 120 μL of 50% methanol-

http://www.qsartoolbox.org
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water was used to reconstitute the sample for HPLC analysis. A quality
control (QC) sample was prepared by pooling 20 μL from each sample
in the treatment and control groups.

2.8.2. Instrumental analysis
Untargeted metabolomics analysis was performed on an Agilent

1290 Infinity II ultrahigh performance liquid chromatograph, and a
6545 iFunnel quadrupole-time-of-flight (Q-TOF) mass spectrometer
was coupled to the liquid system. A Waters HSS T3 column
(2.1 mm × 100 mm, 1.8 μm) was used for metabolites separation.
Targeted analysis of CoA and acetyl-CoA were analyzed by an Agilent
1260 Infinity II ultrahigh performance liquid chromatograph coupled
to a 6470 Triple quadrupole mass spectrometer. A Waters XBridge
BEH column (2.1 mm × 100 mm, 2.5 μm) was used for targets separa-
tion. The detailed parameters of UPLC andMS conditions were supplied
in the Supplementary material.

2.9. Data analysis

One-way analysis of variance (one-way ANOVA) and principal com-
ponent analysis (PCA) were performed to identify the contamination
patterns of BTRs in PM2.5 samples. Spearman's rank correlation
analysis was used to evaluate possible relationships of BTRs detected
at three sampling locations. Unpaired two-tailed t-test was applied to
study the significant differences between exposure and control group.
The variability and statistical significance of each variable were exam-
ined (p ≤ 0.05). Multivariate statistics (PLS-DA and OPLS-DA) were per-
formed to identify potential makers for untargeted metabolomics.
Details of the untargeted metabolomics analysis methods were pro-
vided in the Supplementary Material. All data analyses were performed
usingGraphpadPrism (version 8.1), SPSS (version 22.0), Origin (version
8.1) and SIMCA (version 14.1) for Windows.

3. Results and discussion

3.1. BTRs detection by GC-EI-MS/MS

Most previous studies have determined BTRs by liquid chromatogra-
phy coupled tomass spectrometry or tandemmass spectrometry owing
to their high water solubility and low volatility (Asimakopoulos et al.,
2013a; Li et al., 2018; Wang et al., 2016). However, for the analysis of
environmental samples, LC-MS/MSmethods based on ESI are hampered
by strong ion enhancement or inhibition, causing a strong matrix effect
and making quantitative analysis difficult. Provided a suitable chro-
matographic column is selected, GC–MS/MS based on EI offers an effec-
tive and alternative detection method (Herrero et al., 2014). A fused-
silica column coated with 5% diphenyl/95% polydimethylsiloxane has
been applied for the separation of BTRs and shown to have a high sepa-
ration efficiency (Liu et al., 2011; Loi et al., 2013; Naccarato et al., 2014).
In the present study, a Thermo TG-5MS column (5% phenyl-95%
dimethylpolysiloxane; 30 m × 0.25 mm i.d.; 0.25 μm film thickness)
was used to separate the analytes. The long column length and gradient
heating process enabled efficient separation of the substances. The sep-
aration of 4TTR and 5TTR allowed accurate quantitative analysis
(Fig. 1a). We simultaneously optimized mass spectrum parameters
such as quantitative, qualitative ions and collision energy of five BTRs
(Table 1).

The standard curve linear range of BTRs was from 1 to 1000 ng·mL−1

except for BTR and BTR-d4. All regression coefficients(R2)exceeded 0.99
(Fig. S2), indicating a good linear relationship. In spiked blank quartz
microfiber filters (n = 6), the recoveries of BTRs ranged from 66.3%
(1TTR) to 89.2% (XTR), with an average recovery of 76.4% for BTRs and
relative standard deviation of 4.44%, confirming the repeatability and
reproducibility of the analytical method (Fig. 1b). BTRs were not
detected in solvent blanks and procedural blanks. The IDLs and MQLs of
the analytes were in the ranges 0.0020–1.2706 ng·mL−1 and
4

1.60–10.80 pg·m−3, respectively (Table S4). The IDLs and MQLs were
reduced by more than 10 and 5 times in comparison with previous
studies (Maceira et al., 2018; Nunez et al., 2020), respectively. The
optimized method was efficient in real PM2.5 samples (Fig. 1c).

3.2. Contamination profiles of BTRs in PM2.5

The contamination profiles of PM2.5-bound BTRs in three typical
Chinese cities were identified using the optimized purification method.
As shown in Table S5, BTRs were found with 100% detection ratio
among three cities, indicating that they are widely distributed in the at-
mosphere as a consequenceof their huge global production and applica-
tion. A high mean concentration of ∑BTRs was found in Taiyuan
(6.28 ng·m−3), followed by Guangzhou (1.99 ng·m−3) and Shanghai
(1.53 ng·m−3), consistent with the PM2.5 concentration in these three
cities. In a previous study, the mean concentrations of PM10-sourced
∑BTRs reported in Spain at Constantí (2.80 ng·m−3, range:
0.93–5.50 ng·m−3) and Tarragona harbour (2.20 ng·m−3, range:
0.69–4.10 ng·m−3) (Maceira et al., 2018) were above those at Guang-
zhou and Shanghai but significantly lower than that of Taiyuan. Nunez
et al. also reported the mean concentrations of ∑BTRs associated
with PMcoarse (range: 0.49–0.78 ng·m−3) and PM2.5 (range:
0.26–0.49 ng·m−3) in the port of Tarragona (Nunez et al., 2020),
which were far below the results of the present study. Our findings
indicate that pollution contamination of ∑BTRs in China should be of
concern, particularly in Taiyuan.

Significant differences were found in the environmental concentra-
tions of BTR, 1TTR, 4TTR, 5TTR and XTR among the three cities.
(p < 0.05, one-way ANOVA) (Fig. 2a). As shown in Fig. 2b and Fig. S3,
BTR and 5TTR were the major pollutants among the BTRs, which
accounted for more than 80% of the total BTRs concentration in the
three cities. Wang et al. reported that BTR and TTR (4TTR and 5TTR)
were the predominant compounds of total BTRs in indoor dust (Wang
et al., 2013). BTR and TTR were also reported as predominant com-
pounds among five BTRs detected in the vapor phase and bulk air in
the USA (Xue et al., 2016). Not only were BTR and TTR the dominant
compounds of ∑BTRs in the abovementioned air/particles but similar
occurrences have been reported in other environmental or biological
matrices, e.g., indoor dust from an e-waste dismantling area (Li et al.,
2020), tap water, surface water and wastewater treatment plant efflu-
ents (Wang et al., 2016), wastewater (Asimakopoulos et al., 2013a), tex-
tiles (Liu et al., 2017), maternal urine and amniotic fluid (Li et al., 2018;
Zhou et al., 2018), fish (Yao et al., 2018) and mollusks (Jia et al., 2019).
Overall, we concluded that BTR and TTR are major components of
total BTRs during production and application.

However, the distribution of BTR and 5TTR was strikingly different,
showing opposite trends in the three cities. Mean concentrations of
5TTR in Taiyuan, Shanghai, Guangzhou were 5.32, 1.01, 0.67 ng·m−3,
accounting for 85%, 66%, and 28% of the total BTRs concentration, re-
spectively. According to previous research, 4TTR and 5TTR are widely
used as aircraft deicing/anti-icing fluids (ADAFs), and hence their con-
sumption increases in the winter, especially in regions of cold climate
(Alotaibi et al., 2015; Steven et al., 2003; Steven et al., 2006; Walter
et al., 2006). During sampling in the winter, the average temperature
in Guangzhou, Shanghai and Taiyuan was 18.6 °C, 5.6 °C and −0.4 °C,
respectively (Table S2). Owing to the low local temperatures, perhaps
more ADAFs were applied to reduce freezing on roads and airports in
Taiyuan. This might be an important reason for the high proportion of
5TTR in total BTRs and high ∑BTRs concentration in Taiyuan. The
correlation between temperature and concentration of BTR and
5TTR was examined in more detail. Fig. 2c, d showed that there
was a positive correlation between temperature and concentration
of BTR and a negative correlation between temperature and concen-
tration of 5TTR.

In order to further analyze the contamination pattern of BTRs in
PM2.5 samples, PCA was conducted. Before PCA analysis, Pareto scaling



Fig. 1. Validation of the analytical methods used in the present study. (a) Extracted ion chromatograph of standard BTRs (1 μg·mL−1). (b) Recoveries of spiked BTRs (1 μg·mL−1).
(c) Application of the optimized method in real PM2.5 samples.
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was performed on the concentration data to make it normally distrib-
uted. Two principal components, PC1 and PC2, were identified that ex-
plained 49.3% and 31% of the total variance, respectively. As shown in
Table 1
Optimized quantitative/qualitative ions for analysis of BTRs by GC–MS/MS with the SRM
mode.

Compound Retention time
(min)

Transition 1 Transition 2

Quantitative ion
(m/z)

C.E.c Qualitative ion
(m/z)

C.E.c

BTR 6.20 119 > 63 25 119 > 52 20
1TTR 5.46 133 > 105 5 133 > 90 15
4TTR 6.59 133 > 104 10 133 > 78 10
5TTR 6.90 133 > 104 10 133 > 132 10
XTR 8.01 118 > 91 10 118 > 65 20
BTR-d4

a 6.17 123 > 95 5 123 > 67 15
HMBb 6.14 162 > 147 10 147 > 119 10

a Surrogate standard.
b Internal standard.
c Collision energy (eV).
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the two-dimensional PCA score chart in Fig. 2e, most data points were
clearly separated according to the three different sampling locations,
suggesting different sources for the BTRs. The corresponding PCA load-
ing plot in Fig. 2f showed that 1TTR, 4TTR and 5TTR had similar high
loadings on PC1, indicating source-related characteristics of 3
monomethyl benzotriazole derivatives. To further study the pollution
source of BTRs in PM2.5, Spearman's rank correlation was performed
between the concentration of individual BTRs (Table S6). Positive
correlations between the concentration of 1TTR and 4TTR (R2 =
0.895, p < 0.01), 1TTR and 5TTR (R2 = 0.604, p < 0.01), and 4TTR and
5TTR (R2 = 0.631, p< 0.01) were found, in agreement with the PCA re-
sults, indicating a potential common source.

3.3. Human exposure assessment

For comprehensive assessment of human exposure doses for BTRs,
including BTRs concentrations, average body weight, average lifetime
exposure period, inhalation rate and frequency were examined, as
shown in Table S3. In the calculations, we assumed values (100%) for re-
tention rate of inhaled air (RR) and the percentage of chemical absorbed

Image of Fig. 1


Fig. 2. Contamination profile of BTRs from urban PM2.5. (a) Concentration of BTRs in Taiyuan, Guangzhou and Shanghai. (b) Relative abundance of BTRs in Taiyuan, Guangzhou and
Shanghai. (c) Positive correlation of BTR concentration and temperature. (d) Negative correlation of 5TTR concentration and temperature. (e) Two-dimensional PCA score diagram.
(f) Two-dimensional PCA loading diagram. *p < 0.05, **p < 0.01, ****p < 0.001.
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into the bloodstream (ABSα). Owing to the potentially different
influences of BTRs exposure in different age groups, we calculated
separate EDIs for toddlers and adults in the three cities. The mean and
95th percentile doses value represented a “typical” and “high”
exposure scenario, respectively.

Table 2 shows that among the three cities, the mean EDI of
individual BTRs ranged from 0.0157–1.9441 ng kg-bw−1 day−1

and 0.0055–0.6793 ng kg-bw−1 day−1 for toddlers and
adults, respectively, whereas the 95th percentile EDI ranged
from 0.0269–3.3276 ng kg-bw−1 day−1 for toddlers and
0.0094–1.1628 ng kg-bw−1 day−1 for adults. Thus, we found that
the inhalation doses of BTRs in toddlers were 2 to 3 times higher
6

than in adults. Similar results showing that inhalation doses de-
creased with age of population exposure to BTRs have been re-
ported (Xue et al., 2016; Maceira et al., 2018). The mean EDI of
∑BTRs in Taiyuan (0.8018, 2.2946 ng kg-bw−1 day−1) were 2 to
4 times higher than in Shanghai (0.1952, 1.281 ng kg-bw−1 day−1)
and Guangzhou (0.2549, 0.9961 ng kg-bw−1 day−1) for adults and
toddlers, which might be explained by the higher concentration of
BTRs in Taiyuan. In general, the calculated values of EDI in the pres-
ent study were of the same order of magnitude as those reported by
Xue et al. for BTRs in indoor PM10 samples (0.91–3.23 ng kg-
bw−1 day−1) (Xue et al., 2016). Maceira et al. and Nunez et al.
reported inhalation of particles of 0.28–0.99 ng kg-bw−1 day−1

Image of Fig. 2


Table 2
Estimated daily intake (EDI, ng kg-bw−1 day−1) of BTRs through inhalation of outdoor air (PM2.5) in three Chinese cities for different age groups (toddlers and adults).

Compound EDI(G) EDI(S) EDI(T)

Toddlers Adults Toddlers Adults Toddlers Adults

Mean 95th percentile Mean 95th percentile Mean 95th percentile Mean 95th percentile Mean 95th percentile Mean 95th percentile

BTR 0.3767 0.9063 0.1316 0.3167 0.0936 0.1510 0.0327 0.0528 0.1230 0.2603 0.0430 0.0906
1TTR 0.0157 0.0291 0.0055 0.0102 0.0167 0.0269 0.0058 0.0094 0.0652 0.1420 0.0228 0.0496
4TTR 0.0296 0.0473 0.0104 0.0165 0.0485 0.0798 0.0169 0.0279 0.1062 0.1910 0.0371 0.0667
5TTR 0.2440 0.3350 0.0853 0.1171 0.3687 0.5606 0.1288 0.1959 1.9441 3.3276 0.6793 1.1628
XTR 0.0632 0.0904 0.0221 0.0316 0.0317 0.0491 0.0110 0.0172 0.0561 0.0907 0.0196 0.0317
∑BTRs 0.7292 1.4081 0.2549 0.4921 0.5592 0.8674 0.1952 0.3032 2.2946 4.0116 0.8018 1.4014
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and 0.03–0.49 ng kg-bw−1 day−1 in Spain, respectively, whereas a
median EDI value of 0.28 ng kg-bw−1 day−1 has been reported for
Chinese urban adult residents from indoor dust ingestion (Li et al.,
2020; Maceira et al., 2018; Nunez et al., 2020). These values are
close to the EDIs of Guangzhou and Shanghai but below those of
Taiyuan. Thus, more attention should be paid to the BTRs exposure
risk in Taiyuan.

3.4. Toxicity screening by using computational and experimental methods

To evaluate the toxicities of BTRs, the predicted LC50 and adverse
effects on main biological systems were calculated with the ACD/Labs
Percepta software, a widely used platform for toxicity prediction
based on molecular's chemical structure. Gastrointestinal and
circulation system (Blood and cardiovascular) were the main targeted
sites affected by BTRs and minimum LC50 of BTR (6.6 × 10−4, RI =
0.72) and 1TTR (2.4 × 10−4, RI = 0.43) calculated by oral and subcuta-
neous injection, respectively (Table 3). It is noteworthy that 5TTR and
4TTR, having extremely similar structure and chemical and physical
properties, such as log KOW and log KOA, were predicted with the same
toxic ratio for different organ systems. However, the calculated values
of LC50 for 5TTR and 4TTR were different in the oral and subcutaneous
injection groups.

Although in silico prediction of chemical toxicity based on powerful
databases have the advantages of fast, simple and low cost, considering
the complexity and diversity of organisms as well as the huge variation
in metabolic pathways, cell or animal-based experiments are still re-
quired to confirm the toxicity of chemical compounds. Therefore,
NRCMs were used as a model for cardiovascular toxicity assessment
in vitro. An initial cytotoxicity screening was conducted by MTT assay
among five single BTRs. The LC50 values for BTR, 1TTR, 4TTR, 5TTR and
XTR were calculated as 876.5 μM, 758.0 μM, 694.8 μM, 806.9 μM and
757.1 μM, respectively (Fig. 3a, b; Fig. S4). 4TTR demonstrated the
highest cytotoxicity than other four benzotriazoles, which is consistent
with previous study on zebrafish larvae reported by Damalas et al.,
2018. Based on previous studies, the highest toxicity of 4TTR compared
to benzotriazole and its other derivatives could be explained by 1) The
internal concentration (Cint) of 4TTR in organisms was higher than
that of BTR, 1TTR, XTR and was similar with 5TTR (Damalas et al.,
Table 3
Probability of health effects predicted using ACD/I-Lab 2.0.

Tissue BTR 1TTR

Blood 0.41 0.14
Cardiovascular 0.17 0.03
Gastrointestinal 0.89 0.64
kidney 0.35 0.10
Liver 0.46 0.08
Lungs 0.17 0.16
LC50 (mg·L−1) Rat/Intraperitoneal 6.6 × 10−4 (RI = 0.63) 2.4 × 10−4 (RI = 0.4

Rat/Oral 6.6 × 10−4 (RI = 0.72) 6.8 × 10−4 (RI = 0.5

7

2018; Brox et al., 2016). Cint can determine the toxicity to some extent
(Escher et al., 2005). 2) 4TTR has more biochemical reactions (N\\S,
O\\S coupling) in organisms, inducing more chemical stresses, which
may be the reason why 4TTR is more toxic than 5TTR (Damalas et al.,
2018). Subsequently, the potential metabolites of 4TTR and 5TTR were
predicted by OECD QSAR Toolbox, simulating the primary process of
rat in vivo metabolism of 4TTR and 5TTR (Table S7). Five primary me-
tabolites were obtained by simulation of 4TTR, and only four metabo-
lites were obtained by simulation of 5TTR. The simulation results were
consistent with the conclusion of the above study and the results of
our MTT experiments, suggesting 4TTR was the most toxic among five
BTRs. Based on the present results, 4TTR was selected as a representa-
tive for further toxicity assessment at its LC50 value (694.8 μM).

3.5. 4TTR-induced mitochondrial-dependent apoptosis in NRCMs through
ROS-mediated signaling pathways

At first, the concentration of 4TTR in NRCMs was monitored. After
48 h exposure 4TTR (694.8 μM),we detected 4TTR, and itsmass concen-
tration reached 31.65 ± 3.3 μg/g w/w in NRCMs (Fig. S5). This result
suggested that 4TTR could pass through cell membranes and accumu-
late in NRCMs even with short-term exposure (48 h), which provided
a prerequisite for exerting its toxic effects intracellularly. Liang et al. il-
lustrated the neurotoxicity induced by BTRs in fish via neuroproteomics
analysis (Liang et al., 2017). The results showed that BTRs exerted neu-
rotoxicity tofishmainly by disturbing energy homeostasis in the central
nervous system. Cardiac cells, belonging to the excitable cell type that
similar to neural cells, are in great need of energy from mitochondria.
Therefore,mitochondria play a key role inmaintaining the cardiac func-
tion and deregulated mitochondrial activity has been implicated in the
pathogenesis of several major cardiovascular diseases. As shown in
Fig. 3c and d, the ratio of green/red fluorescence was markedly higher
in the 4TTR treatment group compared to control group (3.60 ± 0.27
versus 2.21 ± 0.39, p = 0.0058), which indicated that exposure to
4TTR could induce the mitochondrial dysfunction under the condition
of low mitochondrial membrane potential.

Dropped mitochondrial membrane potential, associating with the
opening of themitochondrial permeability pores and loss of the electro-
chemical gradient, is also an important indicator for the apoptotic
4TTR 5TTR XTR

0.39 0.39 0.37
0.14 0.14 0.11
0.89 0.89 0.89
0.34 0.34 0.33
0.40 0.40 0.42
0.15 0.15 0.12

3) 6.5 × 10−4 (RI = 0.62) 7.0 × 10−4 (RI = 0.62) 6.1 × 10−4 (RI = 0.61)
0) 7.2 × 10−4 (RI = 0.70) 7.8 × 10−4 (RI = 0.70) 7.8 × 10−4 (RI = 0.70)



Fig. 3. Cytotoxic effects of 4TTR on NRCMs. (a) 10×magnification of cellular morphology of control group (DMSO) and treatment group (694.8 μM 4TTR). (b) Logarithmic-concentration
versus response graph (MTT assay at 48 h). The NRCMswere cultured with various concentrations of 4TTR (100, 200, 500, 1000, 2000 and 4000 μM) for 48 h, and the LC50 concentration
was 694.8 μM. (c) The mitochondrial membrane potential in control group (DMSO), treatment group (694.8 μM 4TTR) and positive control group (CCCP)was examined by red/green
fluorescence with JC-1 staning in NRCMs. Scale bar: 50 μm. (d) Quantification of green to red JC-1 fluorescence intensity for DMSO, CCCP and 4TTR treated cells. At least15 cells from
three independent experiments were selected for each group. (e) Apoptotic and necrotic populations were analyzed by FITC-annexin V and PI staining using flow cytometry. (f) The
percentages of early apoptotic and late apoptotic/necrotic cells were calculated from three independent experiments. (g) Fold change of intracellular ROS after DMSO (Control),
different concentrations of 4TTR, 4TTR(LC50) + NAC (2 mM) and Rosup (Positive control) treatment. (h) 4TTR-induced alteration of the expression levels of Bcl-2, Bax, Caspase-3,
Caspase-9, Cytochrome C, activated Caspase-3 and Caspase-9 were examined by western blotting analysis. β-actin was used as a housekeeping protein. The values are expressed as the
mean ± SD of 3–7 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005 versus the control group.
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process of cells. Subsequently, we further investigatedwhether 4TTR in-
duced the apoptosis in NRCMs. After 48 h treatment with 4TTR
(694.8 μM), the cell population of apoptosis had increased significantly
8

in the treatment group (early: 3.13 ± 0.54 versus 1.39 ± 0.38, p =
0.0085; later: 17.58 ± 2.65 versus 3.3 ± 0.76, p = 0.0023) compared
with those in the untreated controls (Fig. 3e and f). At the same time,

Image of Fig. 3
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elevated intracellular ROS was detected in the 4TTR treatment group in
a dose-dependent manner (Fig. 3g).

To investigate whether 4TTR-induced apoptosis was involved in the
ROS-mediated mitochondrial apoptosis signaling pathway, the expres-
sion of a series of proteins in this pathway was detected after treatment
with 4TTR and NAC, a ROS inhibitor. Compared with the control group,
after treatment with 4TTR, the expression level of Bcl-2, Caspase-3 and
Caspase-9were decreased, but the expression of Bax, Cytochrome C, ac-
tivated Caspase-3 and Caspase-9 were increased, which could be signif-
icantly blocked by NAC (Fig. 3h). Bcl-2 and Bax were the anti- and pro-
apoptotic proteins in Bcl-2 family, which were the major regulators of
apoptotic process. Caspases family were the executor of apoptosis pro-
cess (Gross, 2016). In the present study, activated caspase cascade (Cas-
pase 3 and 9), Bcl-2 family and released Cytochrome C reflected that
elevated ROS levels mediated the activation of mitochondrial apoptosis
pathway, which led to NRCMs' apoptosis.

These results revealed that the adverse efforts on cardiac cells may
be involved in inducing the mitochondrial dysfunction, apoptosis and
increasing the intracellular ROS. Previous experimental studies have
emphasized that BTRs can have a significant adverse impact on the
cells, tissues or organisms by inducing mitochondrial dysfunction, apo-
ptosis and altering the ROS generation (Chen et al., 2020; Hemalatha
et al., 2020; Zhang et al., 2020). Here, our results provided a deeper
understanding of the potential risks of BTRs for the environment and
especially for human health. At the same time, PM2.5-triggered mito-
chondrial apoptosis has been reported by numerous studies (Liu et al.,
2020; Liu et al., 2019; Jin et al., 2018). As a mixture, the overall toxicity
of total PM2.5 should be a combination of its components (Qi et al.,
2020). Thus, it is believed that PM2.5-bound BTRs may be an important
effector for PM2.5-triggered mitochondrial apoptosis.

3.6. 4TTR disturbed the mitochondrial energy metabolism in NRCMs by
reducing coenzyme A synthesis and pyruvate metabolism

NRCM samples were analyzed by UPLC Q-TOF-MS to identify sig-
nificantly changed metabolites, SIMCA software (version 14.1) was
used for multivariate statistical analysis. In the PLS-DA diagram
(Fig. S6a), the data points of the 4TTR, DMSO and QC groups were
Table 4
Differential metabolites identified in NRCMs after 48 h exposure to 4TTR.

Compound (ion mode) RT (min) Formula HMDB ID

L-Cysteine (+) 6.42 C3H7NO2S HMDB0000
Pantetheine 4′-phosphate (+) 15.27 C11H23N2O7PS HMDB0001
Glycyltyrosine (+) 4.78 C11H14N2O4 HMDB0028
Tetraethylene glycol (+) 7.81 C8H18O5 HMDB0094
Dephospho-CoA (+) 18.21 C21H35N7O13P2S HMDB0001
Tryptophan (+) 0.96 C11H12N2O2 HMDB0030
Cuscohygrine (+) 14.47 C13H24N2O HMDB0030
Histidyltyrosine (+) 3.93 C15H18N4O4 HMDB0028
Phytyl diphosphate (+) 8.33 C20H42O7P2 HMDB0011
L-Tyrosine (+) 0.95 C9H11NO3 HMDB0000
Docosanamide (+) 18.29 C22H45NO HMDB0000
Pyrrhoxanthinol (+) 9.55 C37H46O5 HMDB0035
5-Aminoimidazole ribonucleotide (+) 0.92 C8H14N3O7P HMDB0001
Alanylphenylalanine (+) 8.68 C12H16N2O3 HMDB0028
Dihomo-gamma-linolenoylethanolamide (−) 18.76 C22H39NO2 HMDB0013
Portensterol (−) 19.35 C28H44O2 HMDB0034
Pyruvic acid (−) 3.43 C3H4O3 HMDB0000
L-Glutamine (−) 0.80 C5H10N2O3 HMDB0003

Creatine (−) 2.56 C4H9N3O2 HMDB0000

a Delta = ((m/z theoretical) − (m/z observed)) / (m/z observed) ∗ 106.
b Variable importance in projection.
⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.005.
⁎⁎⁎⁎ p < 0.001.
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obviously separated and the data points of the QC group were
densely clustered, which not only indicated that the source proper-
ties of the samples after exposure were different but also verified
the stability of the instrument in both the positive and negative ion
modes. To more accurately screen for differential metabolites, we
performed OPLS-DA analysis (Fig. S6b) on the data of the 4TTR and
DMSO groups by calculating the VIP value of each fragment ion.
The permutation validation of PLS-DA and OPLS-DA (n = 200) indi-
cated that the mode had no overfitting and high reliability (Fig. S6c,
S6d). All the differential endogenous metabolites meeting the condi-
tions VIP > 1.0 and p< 0.05 were examined by secondary mass spec-
trometry analysis. A total of 19 metabolites (Table 4) were identified
from the HMDB and METLIN databases and subjected to KEGGmeta-
bolic pathway enrichment analysis.

As shown in Fig. S7, the 19 identified metabolites changed signifi-
cantly between the 4TTR andDMSOgroups: expression of 7metabolites
was upregulated, whereas the other 12 were downregulated in the
4TTR group. According to the type of metabolite and degree to which
it was upregulated or downregulated, corresponding metabolic path-
ways were identified. Among the possible metabolic pathways
(Fig. 4a), coenzyme A (CoA) biosynthesis was severely affected. CoA is
a ubiquitous cofactor in all living cells and plays a vital role inmany bio-
chemical reactions, including the breakdown of sugars, oxidation of
fatty acids, breakdown of amino acids, degradation of pyruvate and ac-
tivation of the tricarboxylic acid (TCA) cycle, which provides 90% of the
body's energy needs for life (Abo Alrob and Lopaschuk, 2014; Bakovi
et al., 2021; Leonardi et al., 2005). In the present study, the concentra-
tion of L-cysteine, dephospho-CoA, and pantetheine 4′-phosphate
were decreased significantly in the 4TTR group. These three compounds
are intermediates in the biosynthesis of CoA. Simultaneously, the con-
centration of pyruvic acid was increased in the 4TTR group. It was spec-
ulated that the degradation of pyruvate might be affected, leading to
reduced acetyl-CoA biosynthesis, which in turn would affect the
whole TCA cycle of NRCMs. For the miss of CoA and acetyl-CoA in the
untargeted metabolomics profiling, we then analyzed the concentra-
tions of CoA and acetyl-CoA in NRCMs by UPLC-MS/MS. Compared
with control groups, CoA and acetyl-CoA significantly decreased
(Fig. S8). We concluded that 4TTR exposure reduced the synthesis of
m/z observed m/z theoretical Deltaa (ppm) VIPb p value Fold change

574 122.0268 122.0270 1.6 1.25 ⁎⁎⁎⁎ 0.61
416 358.0963 358.0964 0.3 2.08 ⁎⁎⁎⁎ 0.64
853 239.1025 239.1026 0.4 2.05 ⁎⁎⁎⁎ 0.67
708 195.1218 195.1227 4.6 1.31 ⁎⁎⁎⁎ 1.48
373 688.5189 688.5180 −1.3 1.16 ⁎ 0.49
396 227.0796 227.0796 0 1.12 ⁎⁎⁎⁎ 0.58
290 225.1961 225.1961 0 2.38 ⁎⁎ 1.27
897 319.1404 319.1401 −0.9 1.07 ⁎⁎⁎ 0.48
116 457.2484 457.2479 −1.1 2.57 ⁎⁎⁎⁎ 0.63
158 182.0812 182.0812 0 1.02 ⁎⁎⁎⁎ 1.30
583 340.3571 340.3574 0.9 2.34 ⁎⁎⁎⁎ 1.21
696 571.3436 571.3418 −3 1.52 ⁎⁎⁎⁎ 0.57
235 296.0661 296.0642 −6 1.18 ⁎⁎⁎⁎ 1.64
694 237.1233 237.1234 0.4 1.22 ⁎⁎⁎⁎ 0.65
625 348.2894 348.2908 4 2.28 ⁎⁎⁎ 0.64
331 411.3299 411.3269 −7.3 11.12 ⁎ 0.70
243 87.0087 87.0088 1.1 1.84 ⁎⁎⁎⁎ 1.52
423 145.0617 145.0619 1.4 2.33 ⁎⁎⁎ 1.66

064 130.0624 130.0622 −1.5 1.30 ⁎⁎⁎⁎ 0.52



Fig. 4. Metabolomicsand mitochondrial function analysis. (a) Pathway analysis of metabolomics data in NRCMs after 4TTR exposure (694.8 μM). (b) Pantothenate and coenzyme A
synthesis pathway and acetyl-CoA in NRCMs were analyzed by metabolomics. (c) showed the mitochondrial energy production function in NRCMs after 48 h of treatment with 4TTR
(694.8 μM) as compared to control. (d) Statistical changes of each value in the process of mitochondrial energy production. Values are mean ± SD of 3–7 independent experiments.
*P < 0.05, **P < 0.01 versus the control group.
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CoA and further affected the synthesis of its acetyl product acetyl-CoA
(Fig. 4b). In our study, the mitochondrial energy metabolism in
NRCMs was also examined by Seahorse XF Assay. Treatment with
4TTR for 48 h obviously decreased the mitochondrial respiration func-
tion and ATP production measured as oxygen consumption rate in
NRCMs (Fig. 4c, d). These results confirmed that 4TTRhas significant po-
tential to exert harmful biologic effects in cardiac cells by disturbing the
energy metabolism.

In the heart, any small change of cardiac energymetabolism can lead
to serious disease, including myocardial infarction, heart failure, hyper-
trophy and other problems after long accumulation (Lopaschuk et al.,
2007; Tuomainen and Tavi, 2017). In addition, several other metabolic
pathways were slightly affected, including tyrosine metabolism and
phenylalanine, tyrosine and tryptophan biosynthesis pathways. In con-
clusion, acute exposure to 4TTR led to a decrease in the concentration of
intracellular mediators involved in CoA synthesis in NRCMs, inability to
synthesize coenzyme A and its acetylated product acetyl coenzyme-A,
inhibition of pyruvate degradation, and effects on energy metabolism
in cardiomyocytes.
10
4. Conclusions

This study was designed to explore the contamination profiles and
exposure risk of PM2.5-bound BTRs in three typical Chinese cities
(Taiyuan, Shanghai and Guangzhou). The concentration of ∑BTRs in
Taiyuan was two times higher than that in Shanghai and Guangzhou,
consistent with the PM2.5 concentration in the three cities. The
distribution of each BTRs varied, with BTR and 5TTR being the dominant
compounds among five BTRs studied in the three cities. In addition,
4TTR demonstrated the highest cytotoxicity of the five benzotriazoles
by using computational and experimental methods.We further investi-
gated the toxic effects of 4TTR using an NRCM model in vitro. After ex-
posure to 4TTR, increased apoptosis was observed and metabolic
pathways such as CoA synthesis and pyruvate metabolism were af-
fected, which could block energymetabolism in cardiomyocytes. There-
fore, long-term exposure to 4TTR may lead to serious cardiovascular
disease. Thus, overall, more attention should be paid to the contamina-
tion profiles of PM2.5-bound BTRs and exposure risk, especially in rap-
idly developing cities such as Taiyuan.

Image of Fig. 4
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