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• Ambient PM2.5 showed significant sea-
sonal variations in Hangzhou city in
2017.

• The annualmean of volume-normalized
DTT activity (DTTv) was 0.62 ± 0.24
nmol/min/m3.

• The mass-normalized DTT activity
(DTTm) showed seasonal and diurnal
variations.

• The oxidative potential (OP) of PM2.5

was dominated mainly by the compo-
nents rather than mass concentration.

• Secondary inorganic aerosol (SIA) spe-
cies were correlated prominently with
DTTv (p b 0.05).
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The exposure to ambient fine particulate matter (PM2.5) can induce oxidative stress, contributing to global bur-
den of diseases. The evaluation of the oxidative potential (OP) of PM2.5 is thus critical for the health risk assess-
ment.We collected ambient PM2.5 samples inHangzhou city, China for four consecutive quarters in the year 2017
and investigated the oxidation property of PM2.5 components by the dithiothreitol (DTT) assay. The annualmean
of ambient PM2.5 mass concentrations in 2017 was 63.05 μg m−3 (median: 57.34, range: 6.67–214.33 μg m−3)
with the significant seasonal variations ranking as winter N spring N summer N autumn. Secondary inorganic
aerosol (SIA) species including SO4

2−, NO3
− and NH4

+ totally account for N50% of PM2.5 mass. The annual mean
volume-normalized DTT activity (DTTv) showed a relatively high value of 0.62 nmol/min/m3 (median: 0.62,
range: 0.11–1.66 nmol/min/m3) and DTTv of four seasons was roughly at the same level, indicating a high annual
exposure level of ambient PM2.5. SIA species were correlated well with the corresponding DTTv and showed sig-
nificant diurnal variationswith strong ormoderate correlations at day andweak correlations at night, suggesting
strong secondary formation in daytime with contribution to the particulate OP. The annual mean mass-
normalized DTT activity (DTTm) had a relatively low value of 6.39 pmol/min/μg (median: 5.63, range:
1.99–22.70 pmol/min/μg), indicating low intrinsic oxidative toxicity. The DTTm of four seasons ranked as
autumn N winter N spring N summer, indicating seasonal variations of the DTT-active components. The PM2.5
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mass concentration ismore related to exposure levels than intrinsic properties of components, while OP is deter-
mined by the components rather than PM2.5 mass concentration. Our results provide an insight into reactive ox-
ygen species-induced health risk of PM2.5 exposure and decision for subsequent emission control.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The fine particulate matter (PM2.5) contributes significantly to
the ambient air pollution occurred frequently in many regions and
countries, arising public health concern. Exposure to PM2.5 contrib-
utes to the global burden of diseases and PM2.5 was ranked among
the top five global mortality risk factors (Cohen et al., 2017). Nu-
merous epidemiological studies have revealed the association be-
tween PM2.5 and increasing morbidity and mortality from various
diseases, including cardiovascular diseases, respiratory system dis-
orders, and lung cancer (Cao et al., 2012; Sun et al., 2010). The expo-
sure to fine PM with a 10-μg/m3 elevation was reported to cause 8%
to 18% increase in mortality risk for ischemic heart disease, dys-
rhythmias, heart failure, and cardiac arrest (Pope et al., 2004). The
long-term residential exposure to air pollution with a ten-unit in-
crease in PM2.5 (μg/m3) led to the increase of 1.29 (95% confidence
interval = 0.95–1.76) for lung cancer incidence in eight Canadian
provinces from 1994 to 1997 (Hystad et al., 2013). Although the
underlying pathological mechanisms for these diseases are yet in-
completely understood, PM2.5-induced oxidative stress is consid-
ered one of the major biochemical pathways (Rui et al., 2016;
Valavanidis et al., 2013). The exposure to PM2.5 may stimulate
cells to produce excessive reactive oxygen species (ROS) and dis-
turb redox homeostasis, thereby triggering a cascade of down-
stream episodes such as systemic inflammation, DNA damage and
cell death (Becker et al., 2005; Soberanes et al., 2009; Vattanasit
et al., 2014; Xu et al., 2018).

The oxidative potential (OP) of PM2.5 is a versatile indicator
suitable for the evaluation of the oxidation property of PM compo-
nents (Crobeddu et al., 2017; Perrone et al., 2016). Determination
of ambient fine particulate OP can be used as a promising and inte-
grative metric for preliminary screening. ROS were produced
through transferring electron from cellular reductants, such as
NADPH, to molecular oxygen (Kumagai et al., 1997; Liu et al.,
2017). Dithiothreitol (DTT) was used reportedly as a substitute of
cellular reductants and chemical components of PM2.5 can catalyze
electronic transport from DTT to oxygen, generating superoxide
radical. The ambient particulate OP can be evaluated by the deter-
mination of DTT consumption rates (Cho et al., 2005; Kumagai
et al., 2002). The measured volume-normalized DTT activities
(DTTv) and mass-normalized DTT activities (DTTm) can facilitate
to characterize the exposure-relevant levels and intrinsic proper-
ties of PM2.5. This cell-free DTT assay is used frequently to measure
the ambient particulate OP with the advantages of fast results read-
ing and strong environmental controllability (Rattanavaraha et al.,
2011; Vreeland et al., 2017).

The DTT assay can effectively assess the temporospatial variation
trend of ambient particulate OP at long-term, low-dose exposure
levels. Such seasonal and diurnal variation is crucial for the predic-
tion of ROS-induced regional health risks. The significant seasonal
variations of ambient particulate OP were observed in Atlanta and
Los Angeles Basin that higher DTT activities occurred in colder
months than in warmer periods (Fang et al., 2015b; Saffari et al.,
2014). The significant diurnal variation was also observed in coastal
cities of the Bohai Sea with higher DTT activities in summer night-
time than in daytime (Liu et al., 2018). The temporospatial variation
of OP is contributed by different components. Certain metals and or-
ganic components were reported to be associated with ROS or OP
(Fang et al., 2015a; Verma et al., 2015). Copper and manganese
were the most DTT-active compounds among the soluble transition
metals of PM2.5, and quinones were moderately contributed to DTT
loss (Charrier and Anastasio, 2012). Secondary organic aerosol was
also reported to be a major contributor associated with DTT activity
(Ma et al., 2018; Tuet et al., 2017). Secondary inorganic aerosol
(SIA, including SO4

2−, NO3
− and NH4

+) contributes a large amount of
PM2.5, however their relations to the OP of PM2.5 need to be clarified
(Jansen et al., 2014; Xu et al., 2017). SIA-abundance ambient PMmay
produce acidic environment, possibly inducing oxidative stress and
inflammation through synergistic action with other components
(e.g. transition metals) (Fang et al., 2017a). Therefore, it is necessary
to emphasize the relation of SIA to ambient particulate OP, which is
essential to better assess the adverse health effects of different
PM2.5 components.

In the present study, we collected ambient PM2.5 samples in
Hangzhou city, China for four consecutive quarters in 2017 and
monitored online their components. The seasonal and diurnal varia-
tions of the exposure-relevant level and intrinsic properties of PM2.5

were investigated by the measurements of DTTv and DTTm via the
DTT assay. The relation of SIA to the observed OP of ambient PM2.5

was further identified. Our results indicated ROS-induced external
exposure risk at long term and deciphered the components contrib-
uting to the adverse effect. Such information is critical to the eluci-
dation of downstream molecular mechanism and beneficial to
subsequent emission control decisions.

2. Materials and methods

2.1. Site description and PM2.5 sampling

The PM2.5 samples were collected at the environmental monitor-
ing station of Zhejiang University in Hangzhou city, China (30.31°N,
120.08°E). There is a two-way six-lane highway about 700 m away
from the north side of the station and a construction site 500 m
away from the west site. The combined influence of residential, traf-
fic, and construction emissions makes it as a well representative of
urban emission levels. The ambient air PM2.5 sampler was put on
the roof of the station, about 5 m above ground level without visible
tall buildings and pollution source around. Ambient PM2.5 samples
were continuously collected in winter (December 20, 2016–January
20, 2017), spring (March 20, 2017 to April 20, 2017), summer (May
25, 2017–June 29, 2017), and autumn (October 9, 2017–November
11, 2017). The sampling collection last for 23 h each day during win-
ter and spring, while in summer and autumn, sampling times for day
and night samples were 09:00 to 20:30 h and 21:00 to 08:30 h, re-
spectively. The meteorological data during sampling periods were
listed in Table 1.

A high-volume sampler (model KC-1000, Laoshan Mountain
Electronic Instrument Factory Co., Ltd.) equipped with a PM2.5

selective-inlet head was employed to collect particles with the nom-
inal flow rate of 1.05 m3/min using prebaked 8 × 10 inch quartz fiber
filters (Peta Instrument Co., Ltd., Guangzhou, China). The filters
were equilibrated (72 h at 39% RH, room T) and weighed with a mi-
crobalance (100 μg precision) before and after the sampling and all
sampled filters were immediately wrapped in aluminum foil and
stored in the refrigerator at −20 °C until analysis. The blank filters
were prepared by operating the sampler for 10s at the beginning



Table 1
The concentration of PM2.5 and relevant meteorological data in four seasons of 2017.a

Item Component Winter (n = 32) Spring (n = 32) Summer (n = 29) Autumn (n = 31)

PM2.5 PM2.5 88.83, 76.23, 26.83–214.33 66.02, 63.48, 22.67–135.12 50.30, 45.83, 19.50–93.54 47.03, 47.79, 7.89–109.54
Meteorological data T (°C) 6.9, 6, 2–12 14.2, 13.5, 8–21 24.1, 24, 21.5–28.5 17.4, 17.5, 12.5–28

BP (kPa) 102.2, 102.2, 100.9–103.4 101.2, 101.2, 99.9–102.2 100.3, 100.4, 99.7–100.9 102.2, 102.2, 101.5–103.2
RH (%) 82, 81, 42–98 76, 81, 46–95 73, 72, 43–96 72, 75, 40–88
WS (m/s) 2.2, 2.0, 0.1–8.2 4.1, 3.8, 1.5–10.2 3.0, 2.6, 0.9–5.6 3.0, 3.1, 1.1–5.7
VIS (km) 4.2, 3.1, 0.3–13.6 7.1, 7.4, 1.7–17.6 10.6, 9.3, 3.8–22.0 10.9, 10.5, 4.8–16.1

a Data were obtained from the central meteorological observatory (http://www.nmc.cn/) and represented as mean, median and range.

Fig. 1. Box plots of the concentrations of PM2.5 sampled in Hangzhou city in 2017.
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and end of each sampling period and totally eight field filter blanks
were used to guarantee the quality of PM measurements and
analysis.

2.2. Filter extraction protocol

The filters were punchedwith a 16mm-diameter hole for winter and
spring samples or a 25mm-diameter hole for summer and autumn sam-
ples. The separated circular filters were soaked in 10 mL of deionized
water (18.2 MΩ, Millipore, Bedford, MA) and were further sonicated by
an Ultrasonic Cleaner (model KQ-400E, Kunshan Ultrasonic Instrument
Co., Ltd., Jiangsu, China) for 30 min. The extracts were filtered to remove
insoluble components and any filter fibers using 0.45 μmPTFE syringe fil-
ters (Whatman, USA).

2.3. Real-time online monitoring

The concentrations of PM2.5 and sulfur dioxide (SO2), nitrogen diox-
ide (NO2), carbon monoxide (CO), and ozone (O3), were measured by a
colocated real-time monitor equipped with the module TEOM 1405-
PM2.5, 43i-SO2, 42i-NO2, 48i-CO and 49i-O3 (Thermo Fisher Scientific,
USA). In total eight major water-soluble inorganic ions, including chlo-
rine (Cl−), nitrate (NO3

−), sulfate (SO4
2−), ammonium (NH4

+), sodium
(Na+), potassium (K+), magnesium (Mg2+), and calcium (Ca2+), were
obtained from a colocated aerosol real-time online monitor (MARGA,
model ADI 2080, Metrohm Applikon, Holland). The instruments were
routinely calibrated for the quality control before the measurements.

2.4. Oxidative potential (OP) measurement

The DTT assay was performed to evaluate OP of particles following
reported protocols (Text S1) (Charrier and Anastasio, 2012; Cho et al.,
2005). The remaining DTT reacts with 5,5′-dithiobis-2-nitrobenzoic
acid (DTNB) and generates 2-nitro-5-thiobenzoic acid (TNB) with a
high extinction coefficient at 412 nm.

For the OP measurement, 4.55 mL potassium phosphate buffer
(0.1 M, pH = 7.4, Chelex 100 resin treatment) and 1.75 mL PM extract
sample (or blank and positive control) were added in a 10mL glass cen-
trifuge vial and the mixture was incubated at 37 °C for 5 min. The DTT
(1 mM) of 0.7 mL was added to initiate the oxidation reaction. After
the incubation of 0, 10, 20 and 30min, a 0.5mL aliquot from the reaction
mixture was transferred to another centrifuge tube preloaded with
0.5 mL TCA (10% w/v) to terminate the reaction. 2 mL Tris-Base (0.4 M
Tris with 20 mM EDTA, pH = 8.9) and 50 μL DTNB (10 mM) were
then added to the aliquot mixture and DTT can react with DTNB to
form TNB. After 5 min incubation at room temperature, the absorbance
spectrum was measured by a UV–Visible spectrometer (Jasco V-750
Spectrophotometer, JASCO Corporation, Japan) at 412 nm. The deion-
ized water and 9,10-phenanthrenequinone (PQN, 0.24 μM) were used
for blank and positive control, respectively.

The absorbance was calibrated with known concentrations (1, 5, 10,
25, 50, 75 and 100 μM) of DTT, and the calibration curvewas used to cal-
culate the residual amount of DTT in themixture (Fig. S1). The DTT con-
sumption rate was normalized by the total volume of air passing
through the filter (volume-normalized DTT activities, DTTv) and the
total mass of PM participating in the reaction (mass-normalized DTT
activities, DTTm) following a reported protocol (Fang et al., 2017b).

DTTv nmol min−1m−3
� �

¼
rs nmol min−1

� �
−rb nmol min−1

� �

Vt m3ð Þ � Ah cm2
� �

At cm2ð Þ �
Vs mLð Þ
Ve mLð Þ

DTTm nmol min−1 ug−1
� �

¼
rs nmol min−1

� �
−rb nmol min−1

� �

Mt ugð Þ � Ah cm2
� �

At cm2ð Þ �
Vs mLð Þ
Ve mLð Þ

where rs and rb are the DTT consumption rates of sample and blank, re-
spectively. Vt andMt are the total sampling air volume and the total par-
ticle mass (with filter blank correcting), respectively. Ah and At are the
area of hole and total filter, respectively. Vs and Ve are the sample vol-
ume participating in reaction and extraction volume, respectively. All
measurements were performed in triplicate with the filters and reagent
blanks correcting. At least one blank control and one positive control
were guaranteed for each test.

2.5. Statistical analysis

Seasonal and diurnal variability of aerosol OP and concentrations of
individual components were analyzed by one-way analysis of variance
(ANOVA) using LSD's multiple comparisons by SPSS 20.0. The correla-
tion between OP and water-soluble components were analyzed using
Spearman rank correlation coefficients (rs) by SPSS 20.0. The significant
difference is considered with p b 0.05.

3. Results and discussion

3.1. PM2.5 mass concentration and chemical components

Wemonitored online the concentration of PM2.5 for four consecutive
quarters in 2017 (Fig. 1). The annual mean of PM2.5 mass concentration

http://www.nmc.cn/
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is 63.05 μgm−3 (median: 57.34, range: 6.67–214.33 μgm−3), exceeding
the Chinese National Ambient Air Quality Standards' Grade II at 35
μgm−3. The significant seasonal variationswere observed with the sea-
sonal pattern ranking as winter (average: 88.83, median: 76.23, range:
26.83–214.33 μg m−3) N spring (average: 66.02, median: 63.48, range:
22.67–135.12 μg m−3) N summer (average: 50.30, median: 45.83,
range: 19.50–93.54 μg m−3) N autumn (average: 47.03, median:
47.79, range: 7.89–109.54 μg m−3). Heavy pollution often erupted in
winter with the individual values exceeding 200 μgm−3.We further in-
vestigated the averaged 48-hour air mass back trajectories using the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model. The source of air masses in different color varied significantly
in different seasons (Fig. 2). The mixed oceanic, terrestrial and local or-
igins may partly contribute to the ambient particle concentrations. The
air pollution episodes in Hangzhou were possibly the synergistic effects
of regional transport and local pollution accumulation caused by in-
creased anthropogenic emission under stagnant meteorological condi-
tions (Li et al., 2015; Zhang et al., 2018).

We recorded the major inorganic ions (Cl−, NO3
−, SO4

2−, NH4
+, Na+,

K+, Ca2+, Mg2+) in summer and autumn (Table S1). Secondary inor-
ganic aerosol (SIA) species including SO4

2−, NO3
− and NH4

+ totally
accounted for N50% of PM2.5 mass and their averaged concentrations
were 7.95 (median: 6.77, range: 0.72–22.71), 9.44 (median: 8.08,
range: 1.09–44.21) and 5.73 (median: 5.21, range: 0.63–18.34)
μg m−3, respectively. SIA contributed significantly to the PM2.5 pollu-
tion, in line with the measured PM2.5 in 2013 (Wu et al., 2016), indicat-
ing the strong secondary formation occurred in Hangzhou. The
concentration of remaining ions accounted for ~5% of PM2.5 mass and
ranked as Cl− N K+ N Ca2+ N Na+ N Mg2+, showing the nonnegligible
impact of biomass burning to air pollution (Xu et al., 2017).

3.2. Oxidative potential of water-soluble PM2.5

The DTT consumption rate was calculated by the linear regression
slope of the 4 time points (Fig. S2). All samples had a good linearity
and parallelism (R2 N 0.95, p b 0.05). Multiple control groups (n = 34)
were performed simultaneously with PM samples to verify the
Fig. 2. The averaged 48-hour air mass backwa
reproducibility of different batches of experiments (Table S2). The aver-
age rate of positive control was 1.096 nmol/min with a coefficient of
variation (CV %) of 8.6%, comparable with the reported 1.02 nmol/min
at same PQN concentration (Gao et al., 2017). The CV % of all samples
was within acceptable limits, indicating that the assay was highly con-
sistent with a moderately small-scale variability (Fang et al., 2015b).

Our calculated annual mean DTTv based on one year-long period
dataset (n = 124, Table S3) was 0.62 nmol/min/m3 (median: 0.62,
range: 0.11–1.66 nmol/min/m3), higher than reported values of Beijing
(mean, 0.19 nmol/min/m3) (Liu et al., 2014), Shanghai (0.13 nmol/min/
m3) (Lyu et al., 2018), Atlanda (0.31 nmol/min/m3) (Fang et al., 2016),
Lecce (0.40 ± 0.26 nmol/min/m3) (Chirizzi et al., 2017), andwas signif-
icantly lower than that measured in Baohai Sea (0.16–14.47 nmol/min/
m3) (Liu et al., 2018) and Indo-Gangetic Plain (3.8 ± 1.4 nmol/min/m3)
(Patel and Rastogi, 2018). The measured DTTm at 6.39 pmol/min/μg
(median: 5.63, range: 1.99–22.70 pmol/min/μg) was generally lower
than reported values. There is a remarkable association between OP
and multiple cardiorespiratory outcomes as indicated by the
population-level health effects (Abrams et al., 2017; Bates et al., 2015).
Our calculated relatively high annual mean DTTv and low DTTm indi-
cate a relatively high exposure risk and low intrinsic oxidative toxicity.

The daily PM2.5 concentrations with the corresponding water-
soluble oxidative potential were further presented in time series
(Fig. 3). Although the day-to-day sampling mode may reduce the diur-
nal variation of emission sources, therewere still significant changes be-
tween adjacent days. The PM2.5 and DTTv showed similar variation
tendency (Fig. 3a, b), while the DTTm had no such pattern (Fig. 3c).
Our results indicated that the exposure levels to PM2.5 is more related
to its mass concentration rather than the intrinsic properties of compo-
nents, and the relevant OP is dominated mainly by the components
rather than PM mass concentration. Therefore, both the mass concen-
tration and its internal components are necessarily needed to be fully
considered for comprehensive evaluation of PM toxicity.

The seasonal variability in DTTv andDTTmwere further investigated
(Table S4). The DTTv values at winter and autumn were roughly at the
same level (p = 0.243). There is a significant mean difference of 0.127
for DTTv measured in spring and summer (p= 0.042). DTTm exhibited
rd trajectories of Hangzhou city in 2017.



Fig. 3. Seasonal variations in daily PM2.5 concentrations (a) with the corresponding water-soluble oxidative potential (b:DTTv; c:DTTm).
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strong seasonality (p = 0.002) and ranked as autumn (average: 7.50,
median: 6.73, range: 3.97–13.08 pmol/min/μg) N winter (average:
6.53, median: 5.95, range: 3.83–13.01 pmol/min/μg) N spring (average:
6.49, median: 5.77, range: 1.99–22.70 pmol/min/μg) N summer (aver-
age: 4.92, median: 4.74, range: 2.45–9.37 pmol/min/μg), indicating
that the DTT-active components changed in different seasons. DTT ac-
tivitiesweremuchhigher in autumnandwinter, and the lowest in sum-
mer, in line with the other reported sites (Saffari et al., 2014; Verma
et al., 2014). A possible explanation is that the redox-active components
(e.g. volatile and semivolatile organic compounds) are produced in-
creasingly during the heating period for the fuel combustion (Biswas
et al., 2009; Ntziachristos et al., 2007; Verma et al., 2011).

3.3. The diurnal variation trend of DTTv and DTTm

To identify diurnal variability of particulate OP, the sequence dia-
grams of DTTv and DTTm during summer day and night and autumn
day and night were plotted (Fig. 4). The DTTv and DTTm in summer
was basically consistent and had no significant diurnal variations
(Fig. 4a, c). A previous report conducted in Bohai Sea showed signif-
icantly higher DTTv and DTTm in summer nighttime than in daytime
(nighttime-to-daytime ratios for DTTv: 1.4; for DTTm: 1.9) (Liu et al.,
2018). Our results are affected to some extent by the diurnal ambig-
uous demarcation. More evidence suggested that changes in compo-
sition contribute to the diurnal variation. In autumn, the similar
tendency was also observed in DTTv (Fig. 4b, d). However, the
DTTm in autumn was significantly higher in nighttime than in
daytime, indicating substantial DTT-active components existed at
autumn night.

We further analyzed the corresponding components in term of
Day/Night ratios (Fig. 5) and recorded the diurnal averaged concen-
trations of components (Table S1). NO3

− and NH4
+ showed similar

diurnal patterns with relatively higher concentrations occurred in
summer daytime than in nighttime, however, relatively higher
concentrations were detected in autumn nighttime than in daytime.
This observation is in line with the reported investigation (Galindo
and Yubero, 2017; Jalava et al., 2015), indicating that the thermal
decomposition of particulate NH4NO3 may partly contribute to the
source of nitrate and ammonium salt. The meteorological conditions
may also affect the temporal distribution of components. SO4

2−

exhibited higher concentrations in daytime than in nighttime at
both seasons, indicating that the photochemical process of SO2 to
sulphate was enhanced under relatively higher temperature and
intense sunshine conditions during daytime (Ye et al., 2017). We
found that the dominance of SIA in ambient PM2.5 appeared to
relatively reduce DTTm, in line with reported relationship between
SIA species and DTT activity of ambient fine aerosol in Indo-
Gangetic plain (Patel and Rastogi, 2018). Additionally, the temporal
patterns of Cl−, Na+ and K+ were usually affected by the sea-land
breeze circulation and biomass combustion sources, while Ca2+

and Mg2+were influenced by the road dust resuspension (Fushimi
et al., 2017). Various atmospheric chemical reactions dominated by
photocatalytic process changed chemical properties of ambient
particulate components such as the DTT activity.



Fig. 4.The sequence diagrams of volume-normalizedDTT activity andmass-normalizedDTT activity during summerday and night (a and c, respectively) and autumnday and night (b and
d, respectively).
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3.4. The correlation of PM components with DTT activity

To investigate the components responsible for observed OP, the
DTTv was linearly regressed against the measured water-soluble com-
ponents. Most of the components at day or at night in summer (Fig. 6)
Fig. 5. Averaged diurnal ratios of PM2.5, chemical components and DTT activities during
summer (a) and autumn (b). Error bar indicates SD of average and Day/Night
significantly different from 1: *p b 0.05, **p b 0.01.
and autumn (Fig. 7) showed positive correlation with DTTv. There was
a greater relevance and steeper slope during day than during night, in-
dicating that the components are more likely to affect DTT activity in
daytime meteorological conditions.

The PM2.5mass concentrationwas correlatedwith the corresponding
DTTv. The values of rs N 0.7, 0.5 b rs b 0.7 and rs b 0.5 indicate strong cor-
relation, moderate correlation and weak correlation, respectively. It
showed significant diurnal variations with strong or close to strong cor-
relations at day (summer: rs = 0.834; autumn: rs = 0.691) and weak
correlations at night (summer: rs= 0.334; autumn: rs= 0.274). This di-
urnal variationmay bedue to the changes in chemical properties of com-
ponents under different meteorological conditions. Additionally, Ca2+

and Mg2+ only showed significant correlations with DTTv in autumn
day (rs= 0.486 and 0.586, respectively), indicating that road dust resus-
pension plays nonnegligible roles in the contribution of DTT activity.

Although SIA was reported to be DTT-inactive (Patel and Rastogi,
2018), it was produced along with the formation of secondary organic
species, which had synergistic contribution to the OP of PM2.5 (Verma
et al., 2009). Secondary aerosol formation was significantly contributed
to the associated DTT activity (Ma et al., 2018), therefore the relation of
SIA to exposure-relevant DTT activity cannot be ignored. SIA species
showed strong correlations (except NO3

− during summer) with DTTv
during day and weak correlations during night (Figs. 6, c, d and 7, b, c,
d), indicating that strong secondary formation in daytimewere contrib-
uted to the particulate OP. The strong correlations between SIA species
andDTT activity indicated that there is a SIA-relevant oxidation risk. The
sulfate partly contributes to the production of highly acidic aerosols and



Fig. 6. Spearman correlation between DTTv and water-soluble ion components during summer day and night. The symbol * stands for a significant correlation (*p b 0.05, **p b 0.01).
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was reported to improve particulate OP and sulfate-health relation risks
(Fang et al., 2017a; Yu et al., 2018). The evaluation of PM components
rather than mass concentration is thus more responsible for relevant
risk assessment.

4. Conclusions

Our measurement of PM2.5 in Hangzhou city in 2017 showed the
seasonal variation of PM2.5 concentrations. The observed relatively
higher DTTv and lower DTTm suggested a relatively high exposure
risk and low intrinsic oxidative toxicity for ambient PM2.5. The min-
imum of DTT activities occurred in summer and the remarkable sea-
sonal variations might be related to the low emissions and the
conversion of active components under high temperature environ-
ment. No obvious diurnal differences of DTT activities were found
except the values of DTTm during autumn, indicating that the DTT-
active components were changed. The PM2.5 mass concentration
was more significantly associated with DTTv during day than during



Fig. 7. Spearman correlation between DTTv and water-soluble ion components during autumn day and night. The symbol * stands for a significant correlation (*p b 0.05, **p b 0.01).

976 J. Wang et al. / Science of the Total Environment 649 (2019) 969–978
night, suggesting that the PM components rather than mass concen-
tration are more responsible for the particulate OP. Future risk
assessment of PM toxicity should fully consider both the mass
concentration and its internal components of PM. SIA species were
the dominant components of PM2.5 (accounted for N50% of PM2.5

concentration) and were correlated well with DTTv, indicating a
higher SIA-relevant exposure risk. Our results will be beneficial for
the evaluation of the important role of PM2.5 components on adverse
health effects.
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