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• Oxidative potential of 132 PM2.5 samples
covering winter and summer were mea-
sured.

• Seasonal weather condition change exerts
huge impacts on PM2.5 and its OP.

• Long-range transport biomass burning
and ship emissions dominate the PM2.5

OP.
• Dithiothreitol depletion and •OH genera-
tion can complementarily assess the
PM2.5 OP.
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Reactive oxygen species (ROS) play a central role in health effects of ambient fine particulate matter (PM2.5). In this
work, we screened for efficient and complementary oxidative potential (OP)measurements by comparing the response
values of multiple chemical probes (OPDTT, OPOH, OPGSH) to ambient PM2.5 in Shenzhen, China. Combined with me-
teorological condition and PM2.5 chemical composition analysis, we explored the effects of different chemical compo-
nents and emission sources on the ambient PM2.5 OP and analyzed their seasonal variations. The results show that
OPmDTT(mass-normalized) and OPmGSH−SLF were highly correlated (r= 0.77). OPDTT was mainly influenced by organic
carbon, while OPOHwas highly dominated by heavymetals. The combination of OPDTT and OPOH provides an efficient
and comprehensive measurement of OP. Temporally, the OPs were substantially higher in winter than in summer (1.4
and 4 times higher for OPmDTT andOPmOH, respectively). The long-distance transported biomass burning sources from the
north dominated the OPDTT in winter, while the ship emissions mainly influenced the summer OP. The OPm

DTT in-
creased sharply with the decrease of PM2.5 mass concentration, especially when the PM2.5 concentration was lower
than 30 μg/m3. The huge differences in wind fields between the winter and summer cause considerable variations
in PM2.5 concentrations, components, and OP. Our work emphasizes the necessity of long-term, multi-method,
multi-component assessment of the OP of PM2.5.
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1. Introduction

Epidemiological and toxicological studies have shown that ambient
PM2.5 (particles with aerodynamic diameters <2.5 μm) can cause adverse
health problems such as respiratory and cardiovascular diseases (Bates
et al., 2015; Abrams et al., 2017; Maikawa et al., 2016; Pope et al., 2015;
He et al., 2021; Liu et al., 2018; Crobeddu et al., 2020). PM2.5 causes 7 mil-
lion premature deaths globally each year (He and Zhang, 2022). However,
the mechanisms of the toxic effects of particulate matter on human health
are not fully understood. Growing evidence shows that exposure to partic-
ulatematter induces oxidative stress in the body (Li et al., 2003; Strak et al.,
2012; Saffari et al., 2014), providing a potential mechanism of toxicity for
PM, and oxidative stress is the most widely accepted theory (Li et al.,
2003; Donaldson et al., 2001; Bates et al., 2019). Oxidative stress occurs
when the concentration of ROS (e.g., H2O2, •OH, •O2

−) increases. Excessive
ROS will break the balance of the oxidation-antioxidant system and induce
inflammation that, in turn, can cause peroxidation on proteins or phospho-
lipids, resulting in cell and tissue damage or death (Li et al., 2003; Baulig
et al., 2003; Prahalad et al., 2001). ROS can be directly inhaled into the
body by binding to particulate matter (particle-bound ROS) or catalyzed
generation in vivo by stimulating cellular redox reactions through inhala-
tion of components of PM (ROS-generation potential, OP). PM with higher
OP tends to have more harmful health effects (He and Zhang, 2022; He
et al., 2021; Crobeddu et al., 2017; Robinson, 2017; Weichenthal et al.,
2016a). The OP reflects the PM2.5 ROS generation capacity and could be
used as a PM2.5 cytotoxicity indicator.

The measurement method of OP can be divided into cellular analysis
and acellular analysis. The cellular OP method can account for biological
reactions involving ROS production and reflects the real situation of expo-
sure in organisms (Landreman et al., 2008) However, cellular methods are
less reproducible, making it difficult to achieve analysis with huge sample
volumes, and the choice of cell type or cell line can significantly affect the
OP results (He et al., 2020). Comparedwith the cellular method, the acellu-
lar method has the advantages of fast speed, easy operation, high reproduc-
ibility, and low cost. Common acellular assays include dithiothreitol assay
(OPDTT), ascorbic acid assay (OPAA), glutathione detection (OPGSH), and
electron spin (or paramagnetic) resonance (OPESR). OPESR measures the
generation of •OH via electron spin resonance, while OPDTT, OPAA, and
OPGSH measure the depletion rate of chemical proxies for cellular reduc-
tants (DTT) or antioxidants (AA, GSH) which is proportional to the genera-
tion rate of ROS. OPDTT is the most widely used method currently available
and has been shown to be closely associatedwithmultiple health endpoints
(Bates et al., 2015; Abrams et al., 2017; Fang et al., 2016). OPGSH and OPAA

has also been associated with various health endpoints (Maikawa et al.,
2016; Weichenthal et al., 2016b,c). Calas et al. (2017) emphasized the im-
portance of simulated lung fluid (SLF) for assessing the OP of PM. Different
acellular assays focused on different redox reactions. For example, the ESR
assay was more sensitive to H2O2 and •OH (Bates et al., 2019), while the
DTT assay wasmore sensitive to hydrogen peroxide (H2O2) and superoxide
radical (•O2

−) (Bates et al., 2019; Xiong et al., 2017). Some studies have
used multi-OP methods to compensate for the specificity of a single probe
for ROS response (Puthussery et al., 2020; Calas et al., 2018; H. Yu et al.,
2021; Xu et al., 2021). Xu et al. (2021) used three probe methods (OPDTT,
OPAA, OPGSH) to estimate Canadian annual mean OP and found large differ-
ences in the sensitivity of the three methods to different components. Yu
et al. (2018) demonstrated that HULIS, three transition metals (Fe, Mn,
and Cu), and their interactions explain well the DTT depletion capacity of
ambient PM, but the generation of •OH involves the contribution of other
compounds (∼50 %). Choosing multiple methods for OP measurement
will certainly bring more comprehensive results, but it will also lead to a
great increase of workload. So far, there is no consistent conclusion on
the selection of OP methods, and it is essential to screen for an efficient
and relatively comprehensive OP measurement system.

Various components of ambient PM2.5 have been linked with OP
(Verma et al., 2015a; Lyu et al., 2018; Wei et al., 2019) and quantifying
the contribution of different components to OP has been the focus of
2

research. Water-soluble fractions identified with ROS activity include
HULIS (Verma et al., 2015a; Ma et al., 2019; Xu et al., 2020; Gonzalez
et al., 2017; Huo et al., 2021), oxygenated quinones (Verma et al., 2015a;
Lyu et al., 2018; Charrier and Anastasio, 2015), and water-soluble metals
(Xu et al., 2021; Wei et al., 2019; Lin and Yu, 2020; Lin and Yu, 2019).
Verma et al. (2015a) extracted HULIS of different polarities from PM2.5

bymulti-step fractionation to quantify their contribution toOP. In addition,
Water-insoluble substancesmay also be a critical fraction of PMredox activ-
ity (McWhinney et al., 2013; Gao et al., 2017). McWhinney et al. (2013) re-
ported that 89–98 % of the redox activity of diesel exhaust particles (DEPs)
were water-insoluble. Jin et al. (2019) reported the decisive role of polycy-
clic aromatic hydrocarbons (PAHs) in the PM2.5 OP in Beijing which re-
sulted in a substantially higher per-mass PM2.5 toxicity effect than in
Guangzhou. Assessing the contribution of multi-component of ambient
PM2.5 to OP helps us to better understand the mechanisms of ROS genera-
tion. However, there are relatively few studies on the multi-component
OP of ambient PM. The combination of multiple probes and multi-
component (total, water-soluble, HULIS) for OP analysis is more limited,
which is a great challenge in terms of workload alone.

A number of factors, including emission source (Verma et al., 2009;
Kelly and Fussell, 2012; Al Hanai et al., 2019), secondary processes (Fang
et al., 2017; Wei et al., 2022), meteorological conditions (Ming et al.,
2017), could affect the chemical composition of ambient PM and further af-
fect the PM OP. Highly time-resolved and long-term observations can usu-
ally collect more information on PM changes (emission sources or
chemical composition), helping us better understand the driving factors
influencing PM2.5 OP and improving the reliability of statistical results
(H. Yu et al., 2021; Yang et al., 2021; S. Yu et al., 2019; Jain et al., 2020).
Jeong et al. (2020) conducted a 13-year (2004–2017) long-term ambient
PM2.5 sampling in Toronto and analyzed the interannual changes in emis-
sion sources and OPs. H. Yu et al. (2021) analyzed the OP of one-year
PM2.5 samples (N = 241) from five sampling sites in the Midwest region
of the United States using OPAA, OPGSH, OPDTT, and OPOH, and found that
most OP endpoints showed similar spatiotemporal trends across different
sites and seasons. At present, the time resolution ofmost long-termobserva-
tions is relatively low (H. Yu et al., 2021; Jeong et al., 2020; Borlaza et al.,
2022), inwhich interannual and seasonal variability can be captured, while
short-term pollution events and diurnal variation are ignored.

In this study, we take Shenzhen, a typical megacity city in the Pearl
River Delta (PRD), as the research object to conduct a long-term analysis
of the OP of PM2.5. Based on multiple chemical probe methods (OPDTT,
OPGSH, OPOH), we attempt to quantitatively and comprehensively assess
the OP of multi-components. Combined meteorological conditions and
PM2.5 chemical composition analysis, we also analyzed the seasonal and di-
urnal variations of OP and identified the components and sources that have
a significant impact on the OP of PM2.5 in Shenzhen.

2. Materials and methods

2.1. Sample collection and gravimetric analysis

Sampling was conducted on the rooftop of the administrative building of
the Southern University of Science and Technology (22.604°N,114.006°E) in
an urban area of Shenzhen from November 2020 to February 2021 (winter,
84 samples) and August 2021 to October 2021 (summer, 48 samples). Mete-
orological data during the sampling period were obtained from monitoring
stations next to the sampling site. An XT-1025 high-volume intelligent sam-
pler (XT1025, Shanghai XTrust Analytical Instruments Co., Ltd., China)
with a flow rate of 1m3/min was used to collect PM2.5 samples on 8 × 10
in quartz filters (WhatmanQMA, 1851-865) for about 11 h (daytime is
07:30–19:00 local standard time (LST); nighttime is 19:30–06:00 LST of the
next day). Detailed sampling information over the two seasons in Shenzhen
is summarized in Table S1 of the supporting information (SI). All samples
were collected on prebaked (500 °C for 5 h) quartz fiber filters; the PM2.5-
loaded filters were wrapped in aluminum foils and stored at −20 °C until
analysis.
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Before and after the collection, the filters were weighed under the con-
stant temperature and humidity (22± 2 °C, 50± 2%) for 48 h. Gravimet-
ric analysis was conducted using a microbalance with an accuracy of
0.01 mg (MCE-C, Sartorius, Germany). Each filter was weighed at least
three times, and the acceptable deviations among the repetitions were <5
× 10−4 g; the average of the readings was used for statistical analysis.
All the resulting PM mass had been corrected by blanks. The PM2.5 mass
concentration was calculated using the weight difference divided by sam-
pled air volume before and after sampling. Each PM2.5-loaded filter was
punched into small square pieces (1 cm2) for subsequent chemical and OP
analysis.

2.2. PM2.5 extraction and chemical composition analysis

2.2.1. Multiple substances extraction

2.2.1.1. Total PM2.5. PM2.5-loaded filters were extracted via sonication for
40 min in deionized water (DI; Milli-Q; resistivity = 18.2 MΩ/cm) and
used directly for subsequent OP analysis (Gao et al., 2017). The filter
punch was also left in the extracts.

2.2.1.2. Water-soluble fraction extraction. PM2.5-loadedfilters were extracted
via sonication for 40 min in deionizedwater; the sonicated solution was fil-
tered through polytetrafluoroethylene membranes (0.22 μm) to remove in-
soluble particles, and the extracts were used for OP and water-soluble
fraction chemical analysis.

2.2.1.3. HULIS fraction extraction. The segregation of HULIS was performed
by a one-step solid phase extraction procedure, which has been applied in
many studies (Huo et al., 2021; Lin and Yu, 2020; Fan et al., 2016). Briefly,
30 cm2

filter samples were ultrasonically extracted with 25 ml of deionized
water, and the extracted solutions were filtered with polytetrafluoroethyl-
ene (PTFE) membranes (0.22 μm) to remove solid impurities and filter de-
bris. The pH value of the filtrate was adjusted to 2 with 2.4 MHCl and then
introduced into a preconditioned solid-phase extraction cartridge (Oasis
HLB, 30 mm, 60 mg/cartridge, Waters, USA). The SPE cartridge was pre-
rinsed with two portions of 1 ml deionized water to remove soluble impu-
rities. Finally, the remaining organics were eluted 4 times with 3 ml of
methanol, and the eluate was evaporated to dryness under a gentle stream
of nitrogen. The HULIS samples were redissolved in 20 ml of deionized
water for the OP measurement.

2.2.2. Chemical composition analysis
The elemental and organic carbon content of the PM2.5 was measured

on a small section (0.5 cm2) of the filters as per NIOSH (National Institute
for Occupational Safety and Health) protocol (Birch and Cary, 1996)
using a thermal/optical Carbon analyzer (DRI Model 2015). Nine water-
soluble inorganic ions (SO4

2−, NO3
−, Cl−, F−, Na+, NH4

+, K+, Ca2+, and
Mg2+) were analyzed using Ion Chromatography (Dionex Aquion IC,
Mexico); water-soluble organic carbon was measured using a Total Organic
Carbon analyzer (TOC, Multi N/C 3100, Germany), and twelve typical
water-soluble metals (V, Mn, Fe, Cu, Co, Ni, Ti, Cr, Zn, As, Cd, and Pb)
were detected by Inductively Coupled Plasma Mass Spectrometer (ICP-
MS, Thermo Fisher ICAP RQ). The extracts were acidified by HNO3 (2 %
final concentration) before analyzing thewater-solublemetals; each sample
was analyzed in three times. For every twelve samples, one filter blank so-
lution was used as the control group, the relative standard deviations (RSD)
for most metals were below 2 %, indicating good analytical precision.

2.3. Oxidative potential analysis

In thiswork,we used three different chemical probemethods to analyze
the OP of various components of PM2.5. Including OPDTT, OPOH and OPGSH
−SLF. The reaction mechanism is shown in Fig. S1. Each sample was ana-
lyzed three times. For every 12 samples, two parallel samples and one filter
blank solution was used as the control group.
3

2.3.1. OPDTT assay
OPDTT is a commonly used chemical assay. In this study, the assay was

modified from the DTT assay of H. Yu et al. (2019). Briefly, 3.5 ml of the
sample, 1 ml of potassium phosphate buffer (K-PB, pH ∼ 7.4, Chelex
resin-treated), and 0.5 ml of 2 mM DTT were added to the reaction vial in
a 37 °C water bath. At fixed time intervals (5, 15, 25, and 35 min), 500 μl
of the reaction mixture was withdrawn and mixed with 0.5 ml of 0.2 mM
DTNB, which forms a yellow-colored complex, 2-nitro-5-thiobenzoic acid
(TNB); the absorbance of this complex was measured at a wavelength of
412 nm using a UV–visible spectrophotometer (T2600, Shanghai Yoke In-
strument). Linear regressionwas applied to the data pointsmeasured at var-
ious time, and the slope was used to estimate the overall DTT consumption
rate. Lin et al. (2022) reported a decaying DTT consumption rate with time
due to the low DTT concentration and long reaction time. In this study, the
average ratio of consumed DTT was 46.50 % ± 16.17 %. Hence, we
achieved a strong linearity in OPDTT (rmean = −0.9933). Multiple field
blanks and positive controls (9,10-phenanthraquinone) were also analyzed
along with the samples.

2.3.2. OPOH assay
We followed the procedure of Xiong et al. (2017) for the OPOH experi-

ments. Briefly, 3.5 ml of the sample, 1 ml of K-PB buffer, 2 ml of 60 mM
Disodium terephthalate (TPT), and 1 ml of 1.2 mM DTT were added to
the reaction vial and kept at a 37 °C water bath. TPT captures •OH and gen-
erates a fluorescent product, 2-hydroxyterephthalic acid (2-OHTA), with a
yield of 35 % at pH = 7.4 (Li et al., 2019; Saran and Summer, 1999;
Linxiang et al., 2004). At fixed time intervals (10, 20, 30, and 40 min),
200 μl of the reaction mixture was withdrawn and mixed with 0.5 ml of
100 mM DMSO (kept in a separate vial) to quench the •OH generation.
The fluorescence intensity of 2-OHTA was measured three times by a Fluo-
rescence Spectrophotometer (RF6000, SHIMADZU) at excitation/emission
wavelengths of 310 nm/425 nm, and the mean value of the results was
taken as the final concentration, respectively. The concentration of 2-
OHTA was determined by calibrating the instrument with standards of
known concentrations, and the generation rate of ·OH was calculated
after dividing the formation rate of 2-OHTA by 0.35.

2.3.3. OPGSH−SLF assay
The OPGSH−SLF assay in this study largely followed the protocol of H. Yu

et al. (2019). Briefly, 3.5ml of the sample, 1ml of 0.1MK-PB, and 0.5ml of
SLF (concentrations of ascorbic acid (AA), L-ascorbic acid (GSH), uric acid
(UA), and citric acid (CA) as 200 μM, 100 μM, 100 μM, and 300 μM)
were added to the reaction vial and kept at 37 °C water bath (Charrier
and Anastasio, 2015; Charrier et al., 2014). At fixed time intervals (5, 15,
25, and 35 min), 400 μl of the reaction mixture was withdrawn and
mixed with 1.6 ml of 2 mM OPA, which forms a fluorescent product (GS-
OPA) (Godri et al., 2011; Bohmer et al., 2011). It can be detected by a Fluo-
rescence Spectrophotometer (RF6000, SHIMADZU). The fluorescence in-
tensity was measured three times at the excitation/emission wavelength
of 310 nm/427 nm. The mean value of the results was taken as the final
concentration of GS-OPA.

The final OP measure was blank-corrected and normalized by the vol-
ume of sampled air (OPv, units of μmol/min/m3). The mass-normalized
OP (OPm) was further obtained by dividing the OPv by the particle mass
concentration (expressed in μmol/min/μg). OPv is useful for toxicological
and epidemiologic studies, while OPm is more relevant for comparing OP
of PM with different compositions (Bates et al., 2019).

2.4. Backward trajectory analysis with HYSPLIT

Wemodeled the origins and transport pathways of airmasses arriving at
the Shenzhen sampling site (22.604°N, 114.006°E) for 48 h backward tra-
jectories using the HYSPLIT model version 4.0 provided by the National
Oceanic and Atmospheric Administration (NOAA) Air Resources Labora-
tory (Wang et al., 2020). The backward trajectories of the air masses were
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calculatedwith a height of 50m above ground level and began at 06:00 LST
and 19:00 LST each day during summer and winter.

3. Results and discussion

3.1. Comparison of OP measurements

DTT is used as a chemical substitute for biological reducing agents (ad-
enine dinucleotide (NADH) and nicotinamide adenine dinucleotide phos-
phate (NADPH)) to reduce oxygen to superoxide anion (•O2−), and the
rate of DTT consumption is proportional to the concentration of redox-
active species in the PM sample. The GSH method measures the rate of de-
pletion of antioxidants (GSH) in SLF (AA, GSH, UA, and CA) exposed to PM
and is more indicative of realistic human PM exposure conditions. OPDTT

and OPGSH−SLFare widely used methods that have been shown to be associ-
ated with a variety of health endpoints (e.g., fractional exhaled nitric oxide
(Maikawa et al., 2016), lung cancer mortality (Weichenthal et al., 2016b),
myocardial infarction (Zhang et al., 2016), myocardial infarction
(Weichenthal et al., 2016c), etc.). We believe that the combination of
OPDTT and OPGSH−SLF could be a good choice for comprehensive assess-
ment of the PM OP.

Hydroxyl radical (•OH) is the most reactive and destructive of the ROS
catalyzed by PM (Son et al., 2015; Tong et al., 2016). The redox-active spe-
cies in PM eventually generate •OH via Fenton-like reactions, quinone auto-
trophic cycles, or organic hydroperoxide decomposition (Tong et al., 2016,
2018; Hwang et al., 2021). Son et al. (2015) developed a specific probe
(disodium terephthalate, TPT) analysis method for the detection of •OH
and the TPT probe was also applied to capture •OH in different systems.
Xiong et al. (2017) applied the TPT probe to the DTT system (OPDTT−OH)
and found that DTT was more sensitive to H2O2 and •O2

− but could not rep-
resent •OH production. Therefore, we plan to add OPDTT−OH to our OP
probes to further enhance the detection of •OH production.

Here, we employed the OPDTT, OPOH, and OPGSH−SLF to quantify the OP
of total PM2.5 (OPtotal−DTT, OPtotal−OH, OPtotal−GSH). Fig. 1a shows the
time series of OPmtotal−DTT, OPmtotal−GSH, and OPmtotal−OH. OPmtotal−DTT is
highly correlated with OPmtotal−GSH (Fig. S2a, r = 0.77), suggesting that
they are in agreement in assessing the results of PMOP andmight be driven
Fig. 1. The time series of (a) OPmtotal−DTT, OPmtotal−GSH, and OPtotal−OH; (b) OPmtotal−DTT an
during the winter sampling period.

4

by the same ROS-active species. There were large fluctuations in PM2.5

mass concentrations during the sampling period. Huge differences in the
ratio of each chemical component in PM2.5 were also found in the subse-
quent analysis, which were caused by changes in emission sources or mete-
orological conditions. Nevertheless, OPmtotal−DTT and OPmtotal−GSH still
showed such a strong correlation, indicating that the reducing abilities of
DTT and GSH under PM exposure were comparable. However, the results
of OPmtotal−DTT and OPmtotal−OH (Fig. 1a) differed dramatically. The OPmOH

method was introduced to compensate for the inability of the DTT probe
to accurately represent •OH. The difference between themmight be caused
by the drive of different ROS-active species. In the subsequent experiments,
we demonstrated that OPmDTT is mainly influenced by OC and OPmOH is more
dominated by heavy metals. Based on the above analysis, we believe that
the combination of OPmDTT and OPmOH could be an effective way to compre-
hensively assess the OP of PM.

3.2. OP of total PM2.5, water-soluble, and HULIS

In addition to the OP of the total PM2.5, we also measured the OP of the
water-soluble fraction (OPWS−DTT, OPWS−OH) and the HULIS fraction (OP-
HULIS−DTT, OPHULIS−OH). Water-soluble fractions have been considered the
main contributors to the OP of PM2.5 (Wang et al., 2020; Verma et al., 2014;
Cheng et al., 2021; Verma et al., 2015b), including water-soluble heavy
metals, oxygenated quinones, and HULIS, all of which have been shown
to have significant OP activities (Verma et al., 2015a; Lyu et al., 2018;
Gonzalez et al., 2017; Charrier and Anastasio, 2015; Lin and Yu, 2011).
We extracted the water-soluble fractions and HULIS fractions separately
to quantify their contribution to the total PM2.5 OP.

3.2.1. Total PM2.5 versus water-soluble extracts
Fig. 1b and c show the time series of OPmtotal−DTT and OPmWS−DTT, OPmtotal

−OH andOPmWS−OH, respectively. OPmWS−DTT andOPmtotal−DTT showed almost
the same value (Fig. S2b, r = 0.90), indicating that the water-insoluble
components of ambient PM2.5 in Shenzhen may have little contribution to
OP. OPmWS−OH and OPmtotal−OH also have a significant correlation (Fig. S2c,
r= 0.86), but different from the DTT assay. The OPmWS−OH value is signifi-
cantly higher than OPmtotal−OHvalue. Part of the generated •OH might
d OPmWS−DTT; (c) OPmtotal−OH and OPmWS−OH (d) OPmWS−DTT, WSOC ratio and K+ ratio
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combine with the non-soluble PM surface or residual quartz filter to form
surface-bound •OH rather than free in solution (Khachatryan et al., 2011;
Khachatryan and Dellinger, 2011), which reduced the capture efficiency
of TPT. Our follow-up research will mainly focus on the analysis of water-
soluble fraction by the OPDTT and OPOH.

3.2.2. WS extracts versus HULIS extracts
HULIS is the hydrophobic fraction of the water-soluble organic (WSOC)

fraction in the ambient PM2.5, accounting for more than half of the total
WSOC (Huo et al., 2021). The HULIS fraction is generally considered to
be related to OP (Verma et al., 2015a; Ma et al., 2019; Xu et al., 2020;
Gonzalez et al., 2017).We separated the HULIS from thewater-soluble frac-
tion to exclude the interference of other components such as heavy metals
to observe the HULIS contribution to the OP. Fig. 2 shows the comparison
between the OPDTT and OPOH results of the water-soluble and HULIS frac-
tion in winter and summer samples, respectively.

For winter samples, the mean OPmHULIS−DTT (10.25 pmol/min/μg) was
approximately 28.34 % of the mean OPmWS−DTT (36.16 pmol/min/μg) and
shows a strong correlation in winter (Fig. S3a, r = 0.69), indicating that
the HULIS component might be critical in determining the OPDTT for winter
samples. OPmWS−OH and OPmHULIS−OH show completely different results; The
HULIS fraction, which was segregated from the water-soluble fraction of
ambient PM2.5, had almost negligible activity in OPmHULIS−OH (Fig. 2b).
The HULIS fraction of the winter samples may not contribute to OPmOH

(Fig. S3b, r=−0.26), or only provide a certain catalytic or synergistic ef-
fect (Yu et al., 2018).

For summer samples, the water-soluble fraction and the HULIS frac-
tion of OPDTT and OPOH of summer samples all showed significant but
not strong correlation (Fig. S3c, r = 0.34, p < 0.05; Fig. S3d, r = 0.39,
p < 0.01), and HULIS may have a partial contribution to both OPDTT

and OPOH. Meanwhile, we find two patterns in summer, OPm
WS−DTT in

August (OPm
WS−DTT

mean = 38.52 pmol/min/μg) was substantially
higher than in September and October (OPm

WS−DTT
mean = 18.45

pmol/min/μg). Therefore, our subsequent analysis will discuss these two pe-
riods separately. OPmHULIS−DTT accounted for about 13.71 % of OPmWS−DTT in
August (OPmHULIS−DTT

mean = 5.28 pmol/min/μg) and approximately 29.59
% in September and October (OPmHULIS−DTT

mean = 5.46 pmol/min/μg).
We believe that OPmWS−DTT in August was dominated by heavy metals, thus
causing such a large difference between OPmWS−DTT and OPmHULIS−DTT, while
in September and October, heavy metals and HULIS together affected the
OPmWS−DTT. The OPmWS−OH in summer was similar to those in winter, and
Fig. 2. Time series of (a) OPmWS−DTT vs OPmHULIS−DTT; (b) OPmWS−OH vs OPmHULIS−OH during
and summer (right of dash line).

5

the HULIS had little contribution to OPmWS−OH(Fig. 2b), which might be
driven by heavy metals.

3.3. PM2.5 and chemical composition

Fig. S4a shows the mean, median, and interquartile range of PM2.5, EC,
OC, WSOC, and OC/EC ratio analyzed from PM samples collected in our
study. The mean values of PM2.5, OC, EC, WSOC, and OC/EC in winter
were all higher than those in summer (Table S2). The PM2.5 concentration
varies greatly in winter, and pollution events occur more frequently
(Fig. S4a). The PM2.5 concentration in summer was generally low, espe-
cially in August (PM2.5mean = 20.39 μg/m3), which was substantially
lower than that in September (PM2.5mean = 40.19 μg/m3) and October
(PM2.5mean = 32.42 μg/m3). The Asian monsoon influences the synoptic-
scale meteorology of the PRD. In winter, the north and northeast winds
prevailed (Fig. S5a, b), and the PM2.5 could be influenced by the inland am-
bient pollutants via long-distance transport. In summer, the Asianmonsoon
brings clean and humid air over the South China Sea (Fig. S5c, d,
e) resulting in low PM2.5 mass concentrations.

3.3.1. OC/EC ratio
The ratio of OC/EC is commonly used to estimate the relative contribu-

tions of primary and secondary sources (Zhang et al., 2011; Cao et al., 2006;
Na et al., 2004). In typical urban areas, the primary OC/EC value is usually
considered to be 2, derived from tunnel studies in urban areas (Mancilla
et al., 2012; Zhu et al., 2010; Mancilla et al., 2015a; Hao et al., 2019).
The minimumOC/EC values (OC/ECmin= 2.51) of ambient PM2.5 samples
are consistent with the characteristics of urban sources. The OC/EC value in
both winter (OC/ECmean = 7.47) and summer (OC/ECmean = 5.36) were
higher than the primary OC/EC. We followed the protocol of Mancilla
et al. (2015b) to estimate the concentration of secondary organic carbon
(SOC, OC/ECprim = 2), as shown in Fig. S6. The results showed that SOC
concentration was strongly correlated with ozone concentration (Fig. S6b,
r = 0.77) in summer, the high oxidative atmospheric conditions were
more conducive to secondary organic aerosols (SOA) formation (Yuan
et al., 2018; Yang et al., 2022) (SOC/OCmean= 64.35 %). On the contrary,
the photochemical oxidation is not the leading cause of the elevated OC/EC
ratio (r = 0.47) in winter, probably due to the influence of primary emis-
sions from transported non-urban sources. Fig. 1d shows the time series
of WSOC ratio and K+ ratio for ambient PM2.5 samples in winter. K+ ratios
and WSOC ratios show similar temporal trends (Fig. S2e, r = 0.5), and
the winter (left of dash line, 8:00 for daytime samples, 20:00 for nighttime samples)
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water-soluble K+ is often regarded as a tracer for biomass burning (Pachon
et al., 2013; Zong et al., 2016). Therefore,much of theWSOC inwinter sam-
ples might come from the contribution of biomass burning. The biomass
burning sources transported by long-distance transmission from the north
significantly increase primary OC/EC ratios (typically biomass combustion
OC/EC = 4 to 8), which leads to the use of OC/ECprim = 2 seriously
underestimating the percentage of primary organic aerosol (POA) in ambi-
ent PM2.5.

3.3.2. Water-soluble metals
Fig. S4b shows the results of variouswater-solublemetals over 132 sam-

ples in winter and summer. Zn, Fe, Mn, and Cu were the most abundant
metals (Znmean = 203.83 ng/m3, 59.75 ng/m3, Femean = 64.19 ng/m3,
31.68 ng/m3, Mnmean = 18.2 ng/m3, 9.31 ng/m3, and Cumean = 9.30
ng/m3, 5.16 ng/m3 in winter and summer, respectively), followed by Pb,
Ti, As, Cr, Ni, and V. Cd and Co were in very low concentrations in both
winter and summer (Table S2). Most metals show higher concentrations
in winter than in summer, except for V (0.86 ng/m3 in winter and 2.02
ng/m3 in summer) and Ni (1.04 ng/m3,1.74 ng/m3). Note that V, Ni, and
high V/Ni ratio are usually used as ship emissions traces (Agrawal et al.,
2009; Zhang et al., 2019; Liu et al., 2017; G. Yu et al., 2021). Although G.
Yu et al. (2021) found that stepwise marine fuel oil regulations resulted
in a sharp decrease in ambient V concentration and V/Ni ratio in Shanghai,
relatively high V concentration and V/Ni ratio can still be used as indicators
of ship emissions. Summer PM2.5 was significantly affected by the sea
breeze (Fig. S5c, d), which leads to higher V concentrations and V/Ni ratios
(V/Nimean = 1.16, 0.83 in winter and summer, respectively). The most
abundant metals of Fe, Cu, and Mn, are generally considered to be ROS-
active metals (Wei et al., 2019; Charrier and Anastasio, 2015; Fang et al.,
2017; Charrier et al., 2014; Olechnowicz et al., 2018), the average mass
concentration of Fe, Mn, and Cu in winter was about twice that in summer.
Traffic emissions are considered to be the main source of heavy metals in
PM, tire abrasion, lubricants, and the corrosion of vehicular parts lead to
Fe, Cu, and Zn pollution (Duan and Tan, 2013; Hou et al., 2019). Industrial
activities (e.g., power plants, mining activities, metal-smelting industry,
and chemical plants) are the minor source of heavy metal pollution.

3.4. Relationship between PM2.5 components and OP

3.4.1. PM2.5 mass concentration and OP
Fig. 3a and b show the correlation between PM2.5 mass concentration

and OP in winter and summer, respectively. We observed negative correla-
tions between PM2.5 mass concentration and OPmWS−DTT in both winter and
summer. When the PM2.5 mass concentration was <30 μg/m3, the OPmWS

−DTT increased sharply with the decrease of PM2.5 mass concentration.
For OPmWS−OH, we observed a similar pattern only in summer when the
PM2.5 concentration was <30 μg/m3. Some previous studies have reported
similar trends. Xu et al. (2020) analyzed OP in Shanghai PM and found that
samples with higher OPm occurred when PM2.5 concentrations were lower.
Li et al. (2019) found a negative correlation between OPm and PM2.5 mass
concentrations in Beijing and Wangdu, and the change rate of OPm in-
creased with the decrease of PM2.5 mass concentration and is significantly
slower in heavy pollution weather(PM2.5 mass concentration ≥ 75 μg/
m3). They attributed this negative correlation to SO4

2−, NO3−, and NH4
+

dominating the increase of PM2.5 mass concentrations, while these second-
ary inorganic components do not contribute to the generation of ROS. How-
ever, our results showed that the inorganic ion per unit mass concentrations
(μg/μg PM2.5) did not increase significantly with the increase of PM2.5 mass
concentration, which could not explain the sharp change trend of OPmWS

−DTT we observed. We compared the trends of the per unit mass concentra-
tions of other components in PM2.5 and found that OC and SOC (Fig. 3c) in
winter samples and OC, SOC, V, Ni, Fe, Na+, and Mg2+ (Fig. 3d, e, f) in
summer samples showed similar negative correlations with PM2.5 mass
concentrations. The K+ ratio did not show a consistent negative correlation
when the PM2.5 mass concentration was <30 μg/m3, suggesting that bio-
mass burning source was not the dominant factor of OP during the low
6

pollution period. SOC (r = −0.53) might be the main contributor to the
low concentration of PM2.5 OPmWS−DTT in winter. V, Ni, Na+, and Mg2+

are typical indicators of marine sources (Agrawal et al., 2009; Zhang
et al., 2019; Liu et al., 2017; G. Yu et al., 2021) (ship sources and sea
salt), and ship emissions are also an important source of Fe. The summer pe-
riod with PM2.5 mass concentrations <30 μg/m3 was more influenced by
clean air masses from the South China Sea with ship emissions. The high
ROS-active species contained in ship sources and atmospheric secondary
oxidation processes enhance the PM2.5 OPm.

3.4.2. PM2.5 components and OP
Table S3 shows the Pearson correlation coefficients between the twoOP

methods (OPDTT, OPOH) and PM2.5 components. We observed unique pat-
terns in August different from September and October, and we discuss Au-
gust separately from the summer sample.

3.4.2.1. Winter. The OPmWS−DTT of winter samples showed a strong correla-
tion with OC (r = 0.64), which was consistent with Samara (2017) and
Shang et al. (2022); OPmWS−OH showed a medium correlation with Fe (r =
0.49). When we separated the HULIS fraction from the water-soluble frac-
tion, the OPmHULIS−OH activity was negligible (Fig. 2b), suggesting that
heavy metals might dominate OPmWS−OH. Yu et al. (2018) confirmed the
dominance of heavy metals such as Fe, Cu, and Mn for •OH generation by
comparing the OPDTT and OPOH values of various ROS-active species. Be-
sides, we found a strong correlation between OPmWS−OH and Zn (r = 0.63)
as well. Zn is a non-redox active species with few contribution to OP
(Charrier and Anastasio, 2012). Lovett et al. (1994) and Cheung et al.
(2010) found a significant correlation between Zn and OP, and they attri-
bute the association with OP to their collinearity with other same source
substances. The sources of Zn in PM2.5 mainly include waste incineration,
steelmaking, vehicle emission, non-tailpipe emissions (rubber tire wear
and lubricating oil) (Querol et al., 2006; Hjortenkrans et al., 2007;
Aucélio et al., 2007).

Fig. 1d shows the time series of OPmWS−DTT, WSOC ratio, and K+ ratio.
During the winter sampling period. The temporal trends of OPmWS−DTTand
WSOC ratio were similar (Fig. S2d, r = 0.57), suggesting that DTT was
WSOC-driven in winter. We have discussed in Section 3.3 that biomass
burning from long-range transport in the north dominates the trend of
WSOC in the winter samples. Therefore, the OPmWS−DTT of PM2.5 in
Shenzhenwinter might be dominated by the long-distance transported bio-
mass burning from the north.

3.4.2.2. August. Strong correlations were found among OPmWS−DTT, OPmWS

−OH, OC, WSOC, metals, and most ions of the August samples (Fig. S7c),
which indicates that there were unified emission sources for these compo-
nents. V and Ni are typical tracers for ship sources (Zhang et al., 2019; G.
Yu et al., 2021). The mass concentrations of V and Ni in August samples
(Vmean = 2.20 ng/m3, Nimean = 2.00 ng/m3, V/Ni = 1.10) were substan-
tially higher than those in winter (Vmean = 0.86 ng/m3, Nimean = 1.04
ng/m3). The masses of V and Ni per unit mass of PM2.5 were also higher
in August (Vmean = 0.16 ng/μg, Nimean = 0.15 ng/μg) than in winter
(Vmean = 0.02 ng/μg, Nimean = 0.03 ng/μg). Therefore, ship emissions
likely dominated both PM2.5 mass concentration and OP in August.

3.4.2.3. September and October. In September and October, both OPmWS−DTT

and OPmWS−OH showed strong correlation with WSOC (r=0.51, r=0.88),
and Mn (r=0.46, r=0.73); OPmWS−OH was also strong correlated with Cu
(r=0.71), and Fe (r=0.53), which indicated that the OPm in the Septem-
ber and October samples might be affected by both metals and organics.
Combining with the results of the HULIS fraction in Section 3.2.2, we be-
lieve that OPmWS−OH was dominated by metals in September and October,
and OPmWS−DTT was affected by both metals and organics. While OPm
shows good correlations with a variety of metals (such as Zn, Pb, Cr, Cd,
As), there are extremely high correlations among the metals themselves,
and these correlations can be attributed to collinearity with Fe, and Mn,
which are widely considered to be ROS-active metals. The mass



Fig. 3. Comparison between the ambient PM2.5 mass concentration with (a) OPmWS−DTT and OPmWS−OH in winter; (b) OPmWS−DTT and OPmWS−OH in summer; (c) OC in winter; (d) OC and SOC in summer; (e) Na+ andMg2+ in summer;
(f) V, Ni, and Fe in summer; the dash line represents the PM2.5 mass concentration of 30 μg/m3.
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concentrations of V and Ni in September and October (Vmean = 1.94 ng/
m3, Nimean = 1.64 ng/m3) were comparable to those in August, while the
per unit mass concentrations of V and Ni (Vmean = 0.06 ng/μg, Nimean =
0.04 ng/μg) were much lower than those in August, indicating that ship
sources accounted for a higher percentage in August than in September
and October, this is probably the main reason for the higher OPmWS−DTT in
August.

3.5. Seasonal and diurnal variation of OP

Long-term and high-resolution PM2.5 observations allow us to observe
seasonal and diurnal variations in OP. OPmWS−DTT and OPmWS−OH showed
the same seasonal variation pattern, which was much higher in winter
than in summer (Table S2). The OPmWS−DTT and OPmWS−OH in winter were
about 1.5 and 4 times that in summer, respectively. The change in the pre-
vailing monsoon in winter (north and northeast winds) and summer (south
and southeast winds) caused a difference in the external source.Winter was
significantly influenced by biomass burning sources transmitted from the
north, while summerwasmainly dominated by ship sources. Biomass burn-
ing sources have high toxicity and human health risks (Wu et al., 2022).

Fig. S8 shows the diurnal variations of OPmWS−DTT and OPmWS−OH in win-
ter and summer. We did not find significant diurnal variation in OP in the
winter samples (Fig. S8a, b), and the winter PM2.5 OP was mainly influ-
enced by biomass burning sources with long-range transport, and such
long-range transport sources usually do not have a diurnal variation
trend. For the summer samples (Fig. S8c, d), we observed a regular diurnal
variation (nighttime > daytime) in OPmWS−DTT, especially in August, when
the nighttime OPmWS−DTT was even more than twice as high as the daytime
OPmWS−DTT. Similar diurnal variationwas observed byOPmWS−OH only in Au-
gust. Given the strong correlation between most of the components (Na, V,
and Ni, etc.) in August (Fig. S7c), and at the same time showing a consistent
diurnal variation pattern (Fig. S9, nighttime > daytime). We attribute the
diurnal variation in August to the influence of emission sources (ship emis-
sion dominated). The higher temporal resolution helps us to identify the
contribution of specific emission sources to the OP.

4. Conclusions

In this study, we carried out a long-term analysis of the OP of 132 ambi-
ent PM2.5 samples in Shenzhen based on multi-component and multi-probe
assays. Comparing theOP results of multi-probe assays, we found that using
bothOPDTT andOPOH could lead to effective and comprehensive results. Al-
though previous studies (Xiong et al., 2017) reported the insensitivity of the
DTT method to •OH, this is the first demonstration for large number of am-
bient environmental sample. This study also reveals different driving fac-
tors of OP in winter and summer in Shenzhen. Winter usually had higher
PM2.5 mass concentrations, and the long-range transported pollutants
from the north such as biomass burning emissions, causing the elevated
OP. The change in monsoon made the summer mainly influenced by ma-
rine sources, and ship emissions dominated the OP. Themonsoonal climate
in the PRD region caused distinct external source influences in winter and
summer, which was further reflected in the components and OPs. In addi-
tion, we found a significant negative correlation between PM2.5 mass con-
centration and OP. Our work demonstrates that the OP of ambient PM2.5

was sensitive to the changes in meteorological condition, emission source,
and atmospheric secondary process, which requires multi-method, multi-
component and long-term investigations.
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