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Abstract. Oxidative stress is a key mechanism that contributes to the toxicity of atmospheric aerosol parti-
cles. We investigated the mass-normalized oxidative potential (OP) of fine particles collected at three sites in
Japan: Yokohama (an urban background site in the Greater Tokyo Area), Fukuoka (an urban background site in
western Japan), and Noto (a rural site on the Noto Peninsula facing the Sea of Japan). The OP was evaluated
using two assays: a cell-free dithiothreitol (DTT) assay (OPDTT

m ) and a cell-based assay employing 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) with alveolar epithelial
cells (OPDCFH

m ). Both OP metrics exhibited significant spatial variation, with the highest values in Yokohama,
followed by those in Fukuoka and Noto. This spatial pattern suggests that fine particles influenced by local urban
emissions have higher intrinsic OP than those affected by long-range transport from continental Asia. Secondary
particle formation during atmospheric transport likely alters the chemical composition of the particles, providing
a plausible explanation for the lower intrinsic OP compared to locally emitted urban aerosol particles. OPDCFH

m
was correlated with carbonaceous components derived from fuel combustion and transition metals (Cu, Mn, and
Fe) (r = 0.47–0.84), whereas OPDTT

m was associated mainly with the transition metals (r = 0.67–0.82). These
results indicate different pathways for reactive oxygen species (ROS) generation in the two assays. Despite these
differences, OPDTT

m and OPDCFH
m were positively correlated (r = 0.81), indicating that DTT reactivity can rea-

sonably predict the anthropogenic fine particle-induced increase in intracellular oxidative activity.

1 Introduction

Epidemiological studies have demonstrated associations be-
tween exposure to fine particles in the atmosphere and var-
ious adverse health outcomes, including increased risks of
premature mortality, and of respiratory and cardiovascular
diseases (Dockery et al., 1993; Pope et al., 2002; Laden et
al., 2006; Hoek et al., 2013; Lelieveld et al., 2015; Cohen
et al., 2017; Michikawa et al., 2019). Although the mech-

anisms underlying of the aerosol particle toxicity have not
been fully elucidated, oxidative stress is widely recognized
as a major toxicological pathway (Li et al., 2003; Nel, 2005;
Xia et al., 2006; Michael et al., 2013). Oxidative stress refers
to a state of imbalance between reactive species including
reactive oxygen species (ROS) and antioxidant defenses in
biological system, favoring the presence of reactive species.
Inhaled aerosol particles can transport ROS such as super-
oxide radical (O−2 ), hydrogen peroxide (H2O2), or hydroxyl
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radical ( qOH) into the respiratory system (Venkatachari et al.,
2005), or induce their formation in the respiratory system via
redox-active components bounding to aerosol particles (Shi-
raiwa et al., 2017). Therefore, whereas aerosol particles are
currently regulated by mass concentrations, the oxidative po-
tential (OP) of aerosol particles, defined as their capacity to
generate ROS or deplete antioxidants, has been proposed as
a more health-relevant metric than particle mass (Molina et
al., 2020).

To quantify the OP of aerosol particles, various cellular
and acellular assays have been used over the years. Among
them, the dithiothreitol (DTT) assay, a widely used acellular
assay, is favored for its simplicity, low cost, and high repro-
ducibility (Kumagai et al., 2002; Cho et al., 2005; Shiraiwa et
al., 2017; Jiang et al., 2019). The assay uses DTT as a surro-
gate for cellular antioxidants and simulates electron transfer
from antioxidants (e.g., nicotinamide adenine dinucleotide
phosphate (NADP) and nicotinamide adenine dinucleotide
(NAD)) to molecular oxygen (O2), catalyzed by redox-active
components in aerosol particles, leading to the production of
O−2 and H2O2 (Li et al., 2009; Jiang et al., 2019). In this as-
say, DTT is oxidized to its disulfide form. The rate of DTT
consumption is used as a proxy for the OP of aerosol par-
ticles. One limitation of the DTT assay is its insensitivity
to the generation of qOH, which is the most reactive ROS
(Xiong et al., 2017). Another limitation is its inability to cap-
ture ROS generated via intracellular metabolic processes in-
volving particle components. For example, polycyclic aro-
matic hydrocarbons (PAHs), which themselves are not DTT-
active (Charrier and Anastasio, 2012), can induce intracel-
lular ROS production through their conversion to quinones
via enzymatic pathways involving cytochrome P450-1A1,
epoxide hydrolase, and dihydrodiol dehydrogenase (Penning
et al., 1999; Jiang et al., 2019). Nevertheless, several epi-
demiological reports have described that DTT-measured OP
exhibits a stronger association with respiratory and cardio-
vascular outcomes than particle mass (Bates et al., 2019).
Pure reagents that have been identified as DTT-active com-
ponents include water-soluble transition metals (e.g., Cu and
Mn; Charrier and Anastasio, 2012), transition metal oxides
(Nicolas et al., 2015), and quinones (Kumagai et al., 2002;
Charrier and Anastasio, 2012). Other chemical species such
as soot-bound quinones (Antiñolo et al., 2015), humic-like
substance (HULIS) (Lin and Yu, 2011; Verma et al., 2012;
Verma et al., 2015), and mineral components (Nishita-Hara
et al., 2019; Nishita-Hara et al., 2023) are also suggested to
contribute to DTT consumption by aerosol particles.

A cellular assay using 2′,7′-dichlorodihydrofluorescein di-
acetate (DCFH-DA) is also employed widely to assess intra-
cellular ROS production induced by aerosol particles (e.g.,
Hu et al., 2008; Landreman et al., 2008; Verma et al., 2009;
Fushimi et al., 2017; Park et al., 2018a; Al Hanai et al.,
2019; Fang et al., 2025). DCFH-DA is a cell membrane-
permeable probe that is deacetylated by intracellular es-
terases to form 2′,7′-dichlorodihydrofluorescein (DCFH),

a membrane-impermeable and non-fluorescent compound.
Then DCFH is oxidized by several ROS to produce the flu-
orescent product 2′,7′-dichlorofluorescein (DCF). Recently,
the chloromethyl DCFH-DA (CM-H2DCFDA) and the car-
boxylated DCFH-DA (carboxy-H2DCFDA) have been used
as alternative probes (e.g., Liu et al., 2020a; Honda et al.,
2023; Jin et al., 2023; Liu et al., 2023). These alterna-
tive probes are not direct derivatives of DCFH-DA, but are
structurally related compounds intended to improve intra-
cellular retention and to reduce background fluorescence
(Thermo Fisher Scientific, 2025). Although these DCFH-
based probes are often assumed to be specific for H2O2, that
supposition is not accurate. In fact, DCFH-based probes lack
specificity for individual reactive species and instead pro-
vide a comprehensive assessment of intracellular oxidative
activity, including enzyme-mediated, metabolic, and other
cellular redox processes (Kalyanaraman et al., 2012; Halli-
well and Gutteridge, 2015; Murphy et al., 2022). However,
they are sensitive to those generated downstream of H2O2 in
the ROS generation cascade. The observed fluorescence pri-
marily reflects the oxidative capacity of ROS such as qOH,
peroxynitrite (ONOO−), and peroxyl radical (ROO q) rather
than that of H2O2 or O−2 (Halliwell and Gutteridge, 2015;
Thermo Fisher Scientific, 2025).

The OP of aerosol particles varies among locations and
source environments. OP is commonly expressed as either
volume-normalized OP (OPv), which reflects oxidative ca-
pacity per unit air volume, or mass-normalized OP (OPm),
which represents intrinsic oxidative activity per unit particle
mass. Because particles from different sources can have sub-
stantially different OPm, OPv is not necessarily explained by
particle mass concentration alone. Previous studies in Europe
have shown that secondary inorganic aerosol often accounts
for a large fraction of particle mass, whereas DTT-based OP
is generally more closely related to traffic-related emissions,
biomass burning, and metal-rich sources (Daellenbach et al.,
2020; Weber et al., 2021; Borlaza et al., 2022; Dominutti
et al., 2023). This source dependence is also supported by
a source-specific toxicity study showing relatively high ox-
idative activity for combustion-derived particles, particularly
traffic-related emissions, compared with particles such as
ammonium sulfate, ammonium nitrate, and road dust (Park et
al., 2018b). In East Asia, DTT-based OP has been examined
in relation to source characteristics and spatial variability in
urban and source-influenced environments, including sites in
Korea and China (Borlaza et al., 2018; Yu et al., 2019; Liu et
al., 2020b; Wang et al., 2020; Xing et al., 2023; Cheung et al.,
2024; Koo et al., 2025). However, how regional-scale inter-
site variations in mass-normalized OP across East Asia are
related to local emissions, transboundary transport, chemi-
cal composition, and air-mass history remains insufficiently
understood.

Aerosol particles in Japan are supplied by local anthro-
pogenic activities and transboundary transport from conti-
nental Asia (e.g., Kaneyasu et al., 2014; Shimada et al., 2021;
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Figure 1. Locations of the Yokohama, Fukuoka, and Noto sampling
sites in Japan.

Yoshino et al., 2021). The relative contributions of these
sources vary across the country, depending on geographic
location and the extent of local urbanization (Yim et al.,
2019; Chatani et al., 2020). A Japanese nationwide epidemi-
ological report described a positive association between the
mass concentration of fine particles and mortality in eastern
Japan, but no clear association in western Japan, suggesting
that the toxicity of fine particles might differ among regions
within Japan (Michikawa et al., 2019). To elucidate the re-
lationship between oxidative toxicity and emission sources
of fine particles in Japan, we evaluated the OP of fine parti-
cles collected using a cyclone sampler for approximately one
year (May 2022–June 2023) at three sites representing differ-
ent relative source contributions: Yokohama, Fukuoka, and
Noto. We further examined the relationship between OP val-
ues measured using the cell-free DTT assay and intracellular
ROS production measured using the CM-H2DCFDA assay.

2 Experiment Methods

2.1 Sampling

Fine particles were collected at three sites in Japan: Yoko-
hama, Fukuoka, and Noto sites (Fig. 1). Yokohama is an
urban background site in the Greater Tokyo Area, located
at Keio University (35.555° N, 139.655° E) in Yokohama
City (Honda et al., 2021). Fukuoka is also an urban back-
ground site at Fukuoka University (33.550° N, 130.364° E) in
Fukuoka City, a major city in western Japan (Nishita-Hara et
al., 2019; Hara et al., 2022). Figure A1 in Appendix A shows
land-use and land-cover maps around the sampling sites in
2022, based on a satellite data (High-Resolution Land-Use

and Land-Cover Map for Japan, ver. 23.12, https://www.eorc.
jaxa.jp/ALOS/en/dataset/lulc/lulc_v2312_e.htm, last access:
24 October 2025) provided by the Japanese Aerospace Ex-
ploration Agency (JAXA). Both the Yokohama and Fukuoka
sites are located in typical urban residential areas, approxi-
mately 15 km south–southwest of central Tokyo (Tokyo Sta-
tion) and 5 km southeast of the downtown Fukuoka, respec-
tively. Noto is a rural site located at the tip of the Noto Penin-
sula, facing the Sea of Japan (Iwamoto et al., 2016). It is sit-
uated at the Noto Ground-based Research Observatory (NO-
TOGRO; 37.451° N, 137.359° E), operated by Kanazawa
University. The Noto site is surrounded by the sea, forested
areas, and agricultural land, primarily paddy fields. The near-
est major provincial cities to the Noto site are Kanazawa and
Toyama Cities, respectively located approximately 115 km
to the southwest along the peninsula and 85 km to the south
across the sea.

At the three sites, fine particles were collected continu-
ously from May 2022 through June 2023 using a sampling
system equipped with a cyclone with a cut-off diameter of
0.2 µm and an impactor functioning as a pre-separator with
a cut-off diameter of 2.5 µm (Keio-Transportable Real im-
pactor with Cyclone: K-TRiC), installed on the rooftops of a
six-story building at the Yokohama site, a five-story build-
ing at the Fukuoka site, and a three-story building at the
Noto site. The K-TRiC enables the collection of fine parti-
cles with an aerodynamic diameter of 0.2–2.5 µm in pow-
der form. However, not all particles within this size range
can be collected because complete recovery of particles cap-
tured inside the cyclone is not possible. Therefore, the chem-
ical composition and oxidative potential are reported as mass
fractions and mass-normalized values, respectively, rather
than as atmospheric (air-volume-based) concentrations. The
flow rate of the sampler was maintained at 90 L min−1. The
sampling interval was two to three months. Nishita-Hara
et al. (2024) provide detailed information related to the K-
TRiC. Five samples were collected at both the Yokohama and
Fukuoka sites, and four at the Noto site. Table 1 presents the
sampling sites, seasons, periods, collected particle masses,
and median PM2.5 (aerosol particles with a diameter below
2.5 µm) mass concentrations during sampling periods. The
median PM2.5 mass concentrations were calculated from data
obtained at government-managed monitoring stations near-
est to each site: the Kohoku-ku Mamedocho station (sta-
tion code: 14109040), located 4 km south–southwest of the
Yokohama site; the Nagao station (station code: 40135020),
located 2 km east–northeast of the Fukuoka site; and the
Suzu station (station code: 17205020), located 9 km west
of the Noto site. The monitoring data were obtained from
the National Institute for Environmental Studies, The Envi-
ronmental Observatory, Air Pollution Monitoring Data File
(https://tenbou.nies.go.jp/download/ (last access: 15 Octo-
ber 2025)). The atmospheric PM2.5 mass concentrations at
Yokohama and Fukuoka were comparable, but were signifi-
cantly lower in Noto (Table 1).
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Table 1. Summary of sampling sites, seasons, periods, collected particle masses, and mean PM2.5 mass concentrations in the atmosphere.

Sampling site Season Period Sample mass Mean PM∗2.5
(mg) (µgm−3)

Yokohama

Early summer 10 May 2022–5 Jul 2022 30.6 10.2 [6.0]
Summer 11 Jul 2022–13 Sep 2022 24.2 8.8 [5.0]
Autumn 13 Sep 2022–28 Nov 2022 41.9 8.7 [4.7]
Winter 1 Dec 2022–20 Feb 2023 50.4 9.7 [7.0]
Spring 21 Feb 2023–16 May 2023 95.6 11.3 [6.0]

Fukuoka

Early summer 12 May 2022–13 Jul 2022 46.9 10.8 [6.4]
Summer 14 Jul 2022–26 Sep 2022 19.1 8.8 [4.7]
Autumn 26 Sep 2022–7 Dec 2022 35.1 9.6 [5.3]
Winter 7 Dec 2022–1 Mar 2023 42.0 11.6 [9.0]
Spring 3 Mar 2023–25 May 2023 88.6 14.0 [8.3]

Noto

Summer 26 May 2022–1 Sep 2022 40.4 5.7 [6.0]
Autumn 2 Sep 2022–14 Dec 2022 33.7 2.4 [5.5]
Winter 15 Dec 2022–25 Mar 2023 41.7 3.2 [6.2]
Spring 27 Mar 2023–8 Jun 2023 52.9 7.1 [5.4]

∗ The mean PM2.5 mass concentrations were calculated from hourly data obtained from the government-managed
monitoring stations nearest to each site. Values in square brackets represent the standard deviation.

2.2 DTT and CM-H2DCFDA assays

The OP of sample particles was assessed using two methods:
DTT and CM-H2DCFDA assays. The DTT assay, a cell-free
method, quantifies the OP of aerosol particles based on the
depletion of DTT in the sample suspension. The assay was
conducted in accordance with the procedures described by
Cho et al. (2005), with minor modifications. Briefly, the loss
of 100 µM DTT in 0.10 M phosphate buffer (composed of
NaH2PO4 and K2HPO4; pH 7.4) at 37 °C was measured. To
prepare the sample particle suspension, 2 mg of sample par-
ticles were suspended in 19 mL of 0.10 M phosphate buffer.
A 1.9 mL aliquot of the particle suspension was mixed with
100 µL of 2 mM DTT solution (final DTT concentration in
the reaction mixture= 100 µM) and incubated at 37 °C for
6 min in a dry bath incubator (ND-M01; Nissin Rika). Subse-
quently, 20 µL of 25 mM 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB) was added to the reaction mixture. After centrifuga-
tion at 5000 rpm for 5 min, 200 µL of the supernatant was
transferred to a 96-well microplate. Residual DTT reacts
with DTNB to form 2-nitro-5-thiobenzoic acid (TNB), the
concentration of which was found by measuring absorbance
at 415 nm using a microplate reader (MPR-A100; AS ONE
Corp.). A calibration curve was generated using DTT stan-
dard solutions (10, 25, 50, and 100 µM), which were ana-
lyzed in parallel with the samples. A procedural blank was
also included. Its DTT consumption was subtracted from that
of the samples. The experiment was performed once with
three independent replicates (n= 3). The final OP data mea-
sured by DTT assay are presented as the DTT loss rate nor-
malized by the particle mass (OPDTT

m ) with units of picomole
per minute per microgram.

The CM-H2DCFDA assay quantifies the increase in in-
tracellular ROS production in response to particle expo-
sure using a fluorescent probe, 5-(and-6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA; catalog number C6827; Thermo Fisher Scien-
tific), in human alveolar basal epithelial adenocarcinoma
cells (A549). The A549 cells were obtained from the
Japanese Collection of Research Bioresources (JCRB) Cell
Bank, National Institute of Biomedical Innovation, Health
and Nutrition. To prepare the particle suspension for expo-
sure, 2 mg of particles were suspended in 20 mL of phe-
nol red-free minimum essential medium (MEM) amino acid
solution supplemented with 1 % penicillin-streptomycin,
yielding a final particle concentration of 100 µgmL−1, and
the suspension was sonicated for 30 min at 15 °C. A549
cells were seeded in black 96-well plates at a density of
100 000 cells per well and were incubated for 24 h at 37 °C
in a humidified atmosphere of 5 % CO2. After 24 h incuba-
tion, the cells were incubated with 5 µM CM-H2DCFDA so-
lution for 30 min to allow intracellular dye uptake. The 5 µM
CM-H2DCFDA solution was prepared by dissolving 50 µg of
CM-H2DCFDA in 17.3 µL of dimethyl sulfoxide with subse-
quent dilution in 17.3 mL of phenol red-free MEM amino
acid solution containing 1 % penicillin–streptomycin. After
incubation with the dye, cells were washed to remove extra-
cellular CM-H2DCFDA, and were then exposed to 100 µL
of the particle suspension or control medium. Fluorescence
intensity was measured at 6 h post-exposure using an exci-
tation wavelength of 485 nm and an emission wavelength of
530 nm. The results were expressed relative to the fluores-
cence intensity measured immediately after particle expo-
sure. This normalization reduces well-to-well variability due
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to differences in probe loading and cell number and mini-
mizes particle-related optical interference such as absorption
or scattering of excitation or emission light. OPDCFH

m val-
ues were calculated as the fluorescence intensity at 6 h post-
exposure expressed as a percentage of that immediately after
exposure. Experiments were conducted twice independently,
each with four replicate wells (n= 8 in total).

To assess potential cytotoxicity under the exposure condi-
tions used for the CM-H2DCFDA assay, including the same
cell density, particle concentration, and exposure duration,
cell viability was also evaluated using a water-soluble tetra-
zolium salt-1 (WST-1) assay, which measures mitochondrial
metabolic activity in viable cells. The results are presented in
Fig. A2 in Appendix A. Mean cell viability remained above
80 % for all particle samples under the exposure conditions
used for the CM-H2DCFDA assay, suggesting that the con-
tribution of cytotoxic effects to the measured OPDCFH

m values
was likely limited. Additionally, to confirm the responsive-
ness of the CM-H2DCFDA assay to ROS generation, cells
were exposed to hydrogen peroxide (H2O2, 100 µM) in com-
bination with iron ions (100 or 200 µM, added as FeCl2),
which promote qOH generation through the Fenton reac-
tion. This treatment resulted in a concentration-dependent in-
crease in fluorescence intensity compared with the control,
with the maximum value reaching approximately 300 % of
the initial value (Fig. A3 in Appendix A).

2.3 Airmass backward trajectory analysis

Five-day backward trajectories of air masses arriving at
500 m above ground level at the Yokohama, Fukuoka, and
Noto sites during the sampling period were calculated ev-
ery 6 h. Calculations were performed using the NOAA HYS-
PLIT model (Stein et al., 2015) with the GDAS1 meteoro-
logical data archive in vertical velocity mode.

2.4 Chemical analysis

The concentrations of water-soluble ions in the sample par-
ticles were analyzed using the following procedure. 2 mg
of the sample was extracted by shaking it for 15 min in
20 mL of ultrapure water. The concentrations of Cl−, NO−3 ,
SO2−

4 , Na+, NH+4 , K+, Mg2+, and Ca2+ in the water extracts
were measured using ion chromatography (ICS-2100/1100;
Thermo Fisher Scientific Inc., Waltham, USA). Analytical
conditions of the ion chromatographs were set as described
for our earlier work (Nishita-Hara et al., 2024). Concentra-
tions of non-sea-salt (nss) SO2−

4 , K+, Mg2+, and Ca2+ were
derived from their total concentration using seawater ratios
(Seinfeld and Pandis, 2016) and Na+ concentrations as a sea
salt tracer.

The concentrations of carbonaceous components, elemen-
tal carbon (EC) and organic carbon (OC), in the sample par-
ticles were measured using an ECOC analyzer (Sunset Labo-
ratory Inc.). For analysis of powder-form samples, 300 µg of

particles were weighed and deposited onto 10 mm× 10 mm
quartz fiber filters (Okuda, 2013). Following the IMPROVE
protocol (Chow et al., 1993), OC1–OC4 represent OC frac-
tions volatilized respectively at 120, 250, 450, and 550 °C,
under a pure helium atmosphere. EC1–EC3 correspond to
EC fractions combusted at 550, 700, and 800 °C, respec-
tively, in a 2 % oxygen and 98 % helium atmosphere. Ac-
cording to the IMPROVE protocol, pyrolyzed organic carbon
(OCP) is defined as the carbon evolved at 550 °C in the oxi-
dizing phase before the OC / EC split point, which is identi-
fied as the moment at which the laser reflectance returns to its
initial value following the introduction of O2. However, for
this study, because of the non-uniform distribution of sample
particles on the filters, the split point could not be identified
optically. It was instead fixed at the midpoint between the
end of OC4 and the start of EC2.

The concentrations of metals in the sample particles were
ascertained using inductively coupled plasma mass spec-
trometry (ICP-MS, 7700x; Agilent Technologies Inc.). Sam-
ples were digested in a modified polytetrafluoroethylene
(TFM) container using a microwave-assisted digestion sys-
tem (Titan MPS; PerkinElmer Inc.) with a mixture of 3 mL
hydrofluoric acid (46 %–51 %) and 5 mL nitric acid (96 %).
Following digestion, the solution was transferred to a per-
fluoroalkoxy alkane (PFA) beaker evaporated on a hot plate
until near solidification to remove hydrofluoric acid. The
residue was diluted using nitric acid (4.8 %) and an internal
standard to a final volume of 20 mL. The concentrations of
Mg, Al, K, Ca, Ti, V, Mn, Fe, Cu, Zn, As, Se, and Cd in the
solution were quantified using an ICP-MS instrument.

2.5 Statistical analysis

Using analysis of variance (ANOVA) followed by post-hoc
multiple comparison tests in R ver. 4.3.1, tests of significance
were conducted to evaluate site-to-site differences in the OP
values and mass fractions of chemical species.

3 Results and Discussion

3.1 Site-to-site and seasonal variations in the OPDTT
m

and OPDCFH
m of fine particles

Figure 2a and c respectively present the OPDTT
m and OPDCFH

m
values observed for fine particles collected at the Yokohama,
Fukuoka, and Noto sites. Figure 2b and d show average
OPDTT

m and OPDCFH
m values at each site. Both OP metrics dif-

fered significantly among the three sites (p < 0.05), with the
highest values observed at Yokohama and the lowest at Noto.
The median (25th–75th percentile) OPDTT

m values were 73
(62–79), 56 (51–60), and 35 (29–48) pmolmin−1 µg−1, re-
spectively at Yokohama, Fukuoka, and Noto (Fig. 2b). Simi-
larly, the median (25th–75th percentile) OPDCFH

m were 236
(227–243), 175 (164–178), and 148 (140–155) %, respec-
tively, at Yokohama, Fukuoka, and Noto (Fig. 2d).
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Figure 2. Mass-normalized oxidative potential values of fine par-
ticles collected at the Yokohama, Fukuoka, and Noto sites. Pan-
els (a) and (c) show OPDTT

m and OPDCFH
m values for individual sam-

ples, respectively. Panels (b) and (d) show the average OPDTT
m and

OPDCFH
m values at each site, respectively. In each box plot, the thin

black line represents the median, while thick red lines represent the
mean. The lower and upper edges of the boxes correspond to the
25th and 75th percentiles, respectively.

The OPDTT
m values observed for the three sites fall

within the range described in reports of earlier studies
for fine atmospheric aerosol particles (approximately 5–
80 pmolmin−1µg−1; Shiraiwa et al., 2017). The OPDTT

m val-
ues observed at the Fukuoka site in this study were sim-
ilar to those measured by Nishita-Hara et al. (2019) for
fine particles collected at the same site but during a differ-
ent period, using fundamentally the same DTT assay condi-
tions (measuring the loss of 100 µM DTT in 0.10 M phos-
phate buffer at pH 7.4; 45± 11 pmol min−1 µg−1). Kuri-
hara et al. (2022) reported mean OPDTT

m values of 14.9 and
22.6 pmolmin−1 µg−1 for fine particles collected using filters
at the Yokohama and Noto sites, respectively, which were
significantly lower than our results. The lower OPDTT

m values
observed by Kurihara et al. (2022) might have been caused
by the lower initial DTT concentration used in their DTT
assay (50 µM; Lin and Yu, 2019) and a different extraction
method (water suspension extracted from the filter sample by
sonication without filtration). The OPDTT

m values for aqueous
extracts of fine particles collected at the Fukuoka site were
reported by Fujitani et al. (2023), which was much higher
(approximately 140–190 pmolmin−1 µg−1) than the OPDTT

m

values observed at the Fukuoka site during this study, which
is attributable to the higher pH (8.9) of the buffer solution
used in their DTT assay because the DTT consumption rate
is highly pH-dependent (Kumagai et al., 2002).

For both OPDTT
m and OPDCFH

m , seasonal variations were
smaller than the differences observed among the three sites.
Regarding OPDTT

m , the highest values were observed in au-
tumn for all three sites, whereas lower values were gener-
ally observed in early summer, summer, or winter (Fig. 2a).
By contrast, OPDCFH

m exhibited no consistent seasonal pat-
tern across the sites. For example, the highest OPDCFH

m
values were observed in summer at Yokohama, in winter
at Fukuoka, and in spring at Noto (Fig. 2c). The autumn
enhancement in OPDTT

m might partly reflect the influence
of biomass-burning-related aerosols associated with post-
harvest crop residue burning in East Asia. Consistent with
this possibility, nssK+ mass fractions were elevated during
autumn at all sites, with the highest levels observed in Yoko-
hama and Noto and relatively high levels also observed in
Fukuoka (Fig. A4 in Appendix A), although the contribution
of biomass burning could not be quantitatively evaluated in
this study.

Air masses arriving in Japan are transported predomi-
nantly by synoptic-scale westerlies, although contributions
from the Pacific Ocean increase during summer. Conse-
quently, major sources of atmospheric aerosols in Japan can
be categorized broadly into transboundary transport from
continental Asia and local anthropogenic emissions near the
observation sites. To assess the relative influence of the trans-
boundary transport at the Yokohama, Fukuoka, and Noto
sites, we analyzed backward trajectories of air masses dur-
ing the sampling periods. Figures 3 and 4 respectively por-
tray density maps of 5 d horizontal and vertical backward
air-mass trajectories. The vertical trajectories indicate that
almost no air masses were transported below an altitude of
2000 m west of longitude 100° E (Fig. 4). The fractions of
air masses originating from China and Korea were higher
at Fukuoka and Noto than at Yokohama (Fig. 3), indicat-
ing stronger influence from continental Asia at the former
two sites. In contrast, local anthropogenic emissions are ex-
pected to differ markedly among the sites because of varying
levels of urbanization and industrial activity, being highest
around Yokohama, and lowest around Noto (Fig. A1). Con-
sequently, the relative contribution of local anthropogenic
sources to the atmosphere compared to transboundary trans-
port is likely greatest in Yokohama, followed by Fukuoka,
and lowest at Noto. Taken together with the observation that
OPDTT

m and OPDCFH
m were highest at Yokohama, intermedi-

ate at Fukuoka, and lowest at Noto (Fig. 2b and d), these re-
sults suggest that the mass-normalized OP of transboundary-
transported fine particles is lower than that of fine particles
originating from local emission sources in Japan.

In contrast to the modest seasonal variations observed in
OPDTT

m and OPDCFH
m (Fig. 2a and c), the seasonal variations

in air mass origin were more pronounced than site-to-site
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Figure 3. Density maps of 5 d horizontal backward air-mass tra-
jectories calculated for (a) Yokohama, (b) Fukuoka, and (c) Noto
during the entire sampling period. Red stars respectively represent
the locations of the Yokohama, Fukuoka, and Noto stations in pan-
els (a), (b), and (c).

differences among the observation sites. Figures 5 and 6 re-
spectively depict density maps of the 5 d horizontal and ver-
tical backward air-mass trajectories arriving at Fukuoka dur-
ing the respective sampling periods, as examples. The cor-
responding figures for Yokohama and Noto are shown re-
spectively in Appendix A as Figs. A5–A6 and A7–A8. A
clear and consistent seasonal transportation pattern was ob-
served across all three sites: air masses originated predom-
inantly from continental Asia in autumn, winter, and spring
(Fig. 5c, d, and e), whereas contributions from the Pacific
Ocean and domestic sources within Japan increased during
summer (Fig. 5a and b). The limited seasonal variation in
OPDTT

m and OPDCFH
m (Fig. 2a and c), despite the pronounced

seasonal changes in air mass transport pathways, can be at-
tributed to seasonal variations in the daytime mixing layer
height, which tend to be higher in summer and lower in win-
ter. A higher mixing layer height facilitates the dilution of

Figure 4. Density maps of 5 d vertical backward air-mass trajecto-
ries calculated for (a) Yokohama, (b) Fukuoka, and (c) Noto during
the entire sampling period. The trajectories were calculated from
an altitude of 500 m above grand level (a.g.l.) at each sampling
site. Red stars respectively represent the locations of the Yokohama,
Fukuoka, and Noto stations in panels (a), (b), and (c).

locally emitted air pollutants, thereby reducing their surface
concentrations and their relative contribution to the total par-
ticle mass. In fact, in Fukuoka, a summer decrease and a
winter increase in the morning and evening maxima of di-
urnal variations in surface-level atmospheric concentrations
of black and organic carbons, NOx , and CO were observed
as associated with seasonal variations in the surface inver-
sion layer (Hara et al., 2022). Consequently, the influence
of the seasonal changes in air mass origin on intrinsic OP of
fine particles might be counteracted by opposing effects from
boundary layer dynamics, consequently leading to smaller
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Figure 5. Density maps of 5 d horizontal backward air-mass trajectories arriving at Fukuoka during each sampling period: (a) early summer,
(b) summer, (c) autumn, (d) winter, and (e) spring. Red stars in each panel denote the location of Fukuoka.

seasonal variations in OPDTT
m and OPDCFH

m relative to the dif-
ferences observed among sites.

A toxicological study by Onishi et al. (2018) compared
the pro-inflammatory response in bronchial epithelial cells
(BEAS-2B) after exposure to fine particles collected at Yoko-
hama and Fukuoka: the same sites as those used for this
study, but during a different period. They found that pro-
inflammatory cytokines, interleukin (IL)-6 and IL-8, were
produced at lower levels after exposure to the Fukuoka sam-
ple than to the Yokohama sample. Moreover, a Japanese na-
tionwide epidemiological study by Michikawa et al. (2019)
reported a positive association between the mass concentra-
tion of fine particles and mortality in eastern Japan, but no
clear association in western Japan. These findings suggest
that fine particles in transboundary-transported aerosols are
less toxic than those in locally emitted aerosols in Japan,
which is consistent with our results.

3.2 Chemical composition of fine particles and their
correlations with OPDTT

m and OPDCFH
m

The mass normalized OP of aerosol particles is presumably
governed primarily by their chemical composition, although
physical properties might also play a role. Figure 7 presents
the chemical composition of fine particles collected at the
Yokohama, Fukuoka, and Noto sites. Figure 7a, c, and e re-
spectively show the mass fractions of water-soluble ions, OC
and EC, and metal elements in the sample particles. Fig-
ure 7b, d, and f present the corresponding median mass frac-
tion for each site. Water-soluble ions account for a substantial
fraction of the aerosol mass, approximately 23 %–48 %, with
SO2−

4 and NH+4 being the dominant species across all sam-
ples (Fig. 7a). The mass fraction of NO−3 remained below
5 % in all seasons except winter. In winter, however, the NO−3
concentration increased to approximately 9 % at the Yoko-
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Figure 6. Density maps of 5 d vertical backward air-mass trajectories arriving at Fukuoka during each sampling period: (a) early summer,
(b) summer, (c) autumn, (d) winter, and (e) spring. Trajectories were calculated from an altitude of 500 m above ground level (a.g.l.) at the
Fukuoka site. Red stars in each panel denote the location of Fukuoka.

hama and Fukuoka sites, while remaining low at the Noto site
(< 1.5 %). The median total fraction of water-soluble ions
was lower at Yokohama than at the other two sites (Fig. 7b).
OC and EC contributed approximately 9 %–18 % and 1 %–
3 % of the particle mass, respectively (Fig. 7c). Among OC
species, OC2, OC3, and OCP were predominant, whereas
EC1 and EC2 were the dominant EC fractions in all sam-
ples. The mass fractions of total metal elements were approx-
imately 3 %–10 % (Fig. 7e), with Mg, Al, K, Ca, and Fe as
the main contributors. The median fraction of total metal ele-
ments was highest at Yokohama and lowest at Noto (Fig. 7f).

To identify chemical species exhibiting significant site-to-
site differences in their mass fractions in fine particles col-
lected at the Yokohama, Fukuoka, and Noto sites, signifi-
cance tests were conducted. The analyses revealed significant

differences for OC2, OC3, OC4, EC2, EC3, Fe, Zn, As, Cu,
Mn, and V among the three sites (p < 0.05). Figure 8 shows
the average mass fractions of these species in the sample
particles. Except for As, the mass fractions of these species
were significantly higher (p < 0.05) in the Yokohama sam-
ples compared to those from Noto and/or Fukuoka samples.
In contrast, the mass fraction of As was significantly lower
at Yokohama site than at the other two sites.

Figure 9 presents a correlation matrix of the mass fractions
of all analyzed chemical species, and OPDTT

m and OPDCFH
m

based on hierarchical clustering using the complete linkage
method in R (ver. 4.3.1; pheatmap function). According to
the cluster analysis of the correlation coefficients, the chemi-
cal species, and OP metrics were classified into four groups:
Group 1 – Na+, nssSO2−

4 , S, nssK+, Cd, NH+4 , and As;
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Figure 7. Chemical composition of fine particles collected at the Yokohama, Fukuoka, and Noto sites. Panels (a), (c), and (e) respectively
show the mass fractions of (a) water-soluble ions, (c) organic carbon (OC) and elemental carbon (EC), and (e) metal elements in the sample
particles. Panels (b), (d), and (f) show the median mass fractions of the corresponding components at the respective sites.

Group 2 – Mg, K, Al, Ti, Cl−, and nssCa2+; Group 3 – OC4,
OC3, EC2, EC3, Ca, Mn, V, Fe, OPDTT

m , OPDCFH
m , Cu, and

Zn; Group 4 – NO−3 , OC1, Se, Pb, OCP, EC1, nssMg2+, and
OC2.

Group 1 includes nssSO2−
4 , As, and nssK+. Sulfate

aerosols in East Asia are influenced predominantly by an-
thropogenic emissions from China (Itahashi et al., 2012).
China consumes vast amounts of coal, accounting for ap-
proximately half of global coal consumption (Wang and Li,
2016). As in Group 1 is recognized as a typical marker of
aerosol particles generated by coal combustion, and atmo-
spheric concentrations in Beijing have been reported to be
approximately 20 times higher than those in Tokyo (Okuda
et al., 2004). K+ has also been reported to be emitted in sig-
nificant amounts from coal combustion in Beijing (Yu et al.,
2018). In addition, biomass burning, including agricultural
residue burning, is an important source of K+ in China, par-
ticularly during the post-harvest season (e.g., Zhang et al.,
2015). Therefore, the sources of the Group 1 species are
likely dominated by transboundary transport from China.

Group 2 includes Al and nssCa2+, indicating mineral dust
as the primary contributor to the species included in Group 2.
In contrast, the mass fractions of all species in Group 3, ex-
cept for Ca, were significantly higher in the Yokohama sam-
ples compared to those from the other sites (Fig. 8). More-
over, the Group 3 species exhibited predominantly negative
correlations with the Group 1 species (Fig. 9). These find-
ings suggest that Group 3 species are associated with local
emissions. Group 4 species show positive weak correlations
with both Group 1 and Group 3 species (Fig. 9), implying
that they are influenced both by transboundary transport and
by local anthropogenic emissions.

Group 3 can be divided further into two subgroups accord-
ing to the clustering results: Group 3a (OC3, OC4, EC2, and
EC3) and Group 3b (Ca, Mn, V, Fe, OPDTT

m , OPDCFH
m , Cu,

and Zn) (Fig. 9). Group 3a consists of carbonaceous species
typically associated with fuel combustion-derived aerosols,
such as vehicular exhaust particles (Cao et al., 2006). OC3
and OC4 are refractory organic compounds, whereas OC1
and OC2 are generally classified as volatile and semi-volatile
organic compounds. EC2 and EC3, also known as soot-EC,
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Figure 8. Mass fractions of chemical species that exhibited significant site-to-site differences in fine particles collected at the Yokohama,
Fukuoka, Noto sites: (a) OC2, OC3, OC4, EC2, EC3, Fe, and Zn; (b) As, Cu, Mn, and V. In each box plot, the thin black line within the
box represents the median value. The thick red line represents the mean value. The bottom and top edges of each box respectively denote the
25th and 75th percentiles.

are formed through gas-to-particle conversion processes at
higher combustion temperatures, whereas EC1 is generated
mainly by pyrolysis at low combustion temperatures, such as
those involved in biomass burning (Han et al., 2007).

Group 3b species comprise metal elements. In urban
atmospheres, a wide variety of anthropogenic activities
emit metal-containing fine particles. Although the metals in
Group 3b were classified into the same group based on clus-
tering analysis, their actual sources might vary widely be-
cause of the long sampling periods (2–3 months) in this
study. Cu and Zn exhibited a particularly strong correlation
(r = 0.91), indicating that they might have originated from
similar or co-occurring sources. Possible sources of Cu and
Zn include fly ash from waste incineration and traffic-related
non-exhaust emissions, such as brake wear and tire wear. Ac-
cording to Iijima et al. (2009), Cu/Zn ratios differ markedly
between waste fly ash and brake dust (0.07 and 14, respec-
tively). The average Cu/Zn ratio observed in our samples
was approximately 0.2, which is closer to that of waste fly
ash than to that of brake dust, suggesting that waste fly ash
might be an important contributor to Cu and Zn in these sam-
ples. However, traffic-related non-exhaust emissions cannot
be completely excluded, because this interpretation is based

on elemental ratios and clustering analysis rather than formal
source apportionment.

It should be noted that the source interpretation in this
study was based on chemical composition, hierarchical clus-
tering, and backward trajectory analysis, rather than formal
source apportionment such as positive matrix factorization
(PMF). Given the limited number of samples (n= 14) and
the 2–3 month integration period of each sample, PMF was
not expected to provide robust and interpretable source fac-
tors for this dataset. Therefore, the inferred relationships be-
tween chemical groups and OP should be interpreted quali-
tatively rather than quantitatively.

Figure 10 presents correlation coefficients of OPDTT
m and

OPDCFH
m with the mass fractions of individual chemical

species. Both OP metrics exhibited negative correlations with
most Group 1 chemical species (r =−0.57–0.01), suggest-
ing that the mass-normalized OP of fine particles in Japan
tends to decrease as the relative contribution of transbound-
ary transport increases. In Beijing, China, Yu et al. (2019)
measured OPDTT

m of the aqueous extract of fine particles col-
lected over the course of one year using the DTT assay un-
der similar conditions to those used in this study: measur-
ing the loss of 100 µM DTT in 0.10 M phosphate buffer at
pH 7.4. The mean (standard deviation) OPDTT

m value was
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Figure 9. Correlation matrix of the mass fractions of all analyzed chemical species in sample particles, and OPDTT
m and OPDCFH

m with
hierarchical clustering. Numbers in the cells represent correlation coefficients. Cells in the correlation matrix are color-coded: red denotes
positive correlations; blue represents negative correlations.

130 (100) pmolmin−1 µg−1, which was much higher than
the values observed in Japan in this study. Therefore, the
mass-normalized OP of fine aerosol particles transported
from continental Asia might decrease during regional trans-
port to Japan, probably partly because of dilution by sec-
ondary particles, such as sulfate, that increase particle mass
but do not necessarily contribute proportionally to aerosol
OP, consistent with previous source-apportionment studies
showing that secondary inorganic aerosol can contribute sub-
stantially to particle mass, whereas DTT-based OP is more
strongly associated with traffic-related emissions, biomass

burning, and metal-rich or mineral-dust-related sources (We-
ber et al., 2021; Borlaza et al., 2022). Kim et al. (2024)
reported a mean (standard deviation) OPDTT

m value of 27.5
(11.8) pmolmin−1 µg−1 for PM2.5 collected in Chuncheon,
South Korea. Their OPDTT

m value was also determined for
particle suspensions including insoluble components, as in
the present study, although the comparison should be inter-
preted with caution because the particles were extracted from
filter samples using methanol and might not have been com-
pletely recovered from the filters. This value was compara-
ble to the level observed at Noto in this study but lower than
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Figure 10. Correlation coefficients of OPDTT
m and OPDCFH

m with the mass fractions of the chemical species.

those observed at Yokohama and Fukuoka, despite the more
urbanized setting of Chuncheon compared with the Noto site.
The relatively low OPDTT

m value at Chuncheon might suggest
that dilution of redox-active aerosol components had already
occurred before or during transport to South Korea.

In contrast to Group 1, Group 2 species showed weak cor-
relations with both OPDTT

m and OPDCFH
m (r =−0.27–0.35),

suggesting that the mass-normalized OP of fine mineral dust
is comparable with the average mass-normalized OP of fine
particles. This finding is consistent with earlier studies con-
ducted at the Fukuoka site (Nishita-Hara et al., 2019; Fuji-
tani et al., 2023), which found that the DTT-measured mass-
normalized OP of fine particles during Asian dust events is
similar to that on non-event days.

Most Group 3 species exhibited strong positive corre-
lations with OPDTT

m and OPDCFH
m (r = 0.19–0.84), indicat-

ing that the mass-normalized OP of fine particles tends
to increase with the relative contribution of local sources
(Fig. 10). The correlation coefficients of OPDCFH

m with Group
3a species (r = 0.47–0.77) were higher than those of OPDTT

m
with the same group of chemical species (r = 0.19–0.49)
(Fig. 8). This discrepancy might be attributed to the intracel-
lular ROS generation that cannot be captured by DTT assay.
As discussed above, Group 3a species are primarily associ-
ated with aerosols originating from fuel combustion. There-
fore, it is likely that fine particles derived from fuel com-
bustion contain chemical components that contribute sub-
stantially to intracellular ROS generation but not to DTT
consumption. Candidates as such chemical components are
PAHs. Although PAHs do not contribute DTT consumption
in the DTT assay (Charrier and Anastasio, 2012), intracellu-
lar metabolic products of PAHs (e.g., quinones) are known to
enhance intracellular ROS production (Penning et al., 1999).

Both OPDCFH
m and OPDTT

m exhibited strong positive corre-
lations with the mass fractions of Group-3b transition met-
als (Mn, V, Fe, Cu and Zn) (r = 0.67–0.81). According to
Charrier and Anastasio (2012), the DTT reactivity of water-

Figure 11. Comparison of OPDTT
m and OPDCFH

m values. Error bars
represent the 25th and 75th percentiles of replicate measurements.

soluble transition metals follows the order of Cu (II) > Mn
(II)�V (III) > Fe (II) > Fe (III), whereas the DTT con-
sumption by water-soluble Zn (II) is negligibly low. Af-
ter Nicolas et al. (2015) evaluated the DTT reactivity of
metal oxide nanoparticles, including CuO, MnO2, and ZnO,
they reported surface-area-normalized reactivity in the or-
der of CuO > MnO2�ZnO. In our samples, the concen-
trations of these transition metals followed the order of
Fe�Zn�Mn > Cu�V (Fig. 8). Considering both the in-
trinsic DTT reactivities of each metal and measured elemen-
tal concentrations of the transition metals, Cu and Mn are
likely to be significant contributors to OPDTT

m because of their
high intrinsic DTT reactivity. Although water-soluble Fe ex-
hibits low reactivity in the DTT assay, its high mass frac-
tion suggests that it might still contribute considerably to
OPDTT

m . The strong correlations observed between OPDCFH
m

and Group 3b transition metals indicate that they play a ma-
jor role also in intercellular ROS formation.
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Figure 11 portrays a scatter plot comparing the observed
OPDTT

m and OPDCFH
m values. As discussed above, the sources

of aerosol particles contributing to OPDTT
m and OPDCFH

m can
be regarded as not completely identical (Fig. 10). Neverthe-
less, a strong correlation was found between the two OP
metrics when data from all sampling sites were combined
(r = 0.81), suggesting that the increase in intracellular oxida-
tive ability induced by fine particle exposure can be predicted
to some extent from their DTT reactivity in Japan. This over-
all correlation might be associated with the positive correla-
tion between Group 3a and Group 3b species (Fig. 9), both of
which are influenced strongly by local emissions. However,
Fig. 11 also indicates that the relationship between OPDTT

m
and OPDCFH

m was less apparent within individual sites, sug-
gesting that the overall correlation was influenced primarily
by differences among sites rather than by consistent seasonal
covariation within each site. A clear correlation between the
two metrics might be detectable only when the dataset covers
a sufficiently wide range of OP values.

Similar to our study, Al Hanai et al. (2019) compared OP
values obtained using both the DTT assay and the DCFH-
DA assay with rat alveolar macrophages for fine particles
collected in Tehran, Iran, an urban area influenced by both
mineral dust and local anthropogenic emissions. They re-
ported a significant positive correlation between the two OP
metrics (r = 0.73). Similarly, Hu et al. (2008) evaluated OP
values using both assays with rat alveolar macrophages for
fine particles collected at five sites in Los Angeles, USA,
and observed a comparable correlation (r = 0.78). By con-
trast, no significant correlation was found between the OP
values measured by the two assays for fine particles col-
lected during a wildfire event in Los Angeles, likely because
of the presence of polar organic compounds in woodsmoke,
which contribute to DTT consumption but which induce low
levels of intracellular ROS production as measured by the
DCFH-DA assay (Verma et al., 2009). However, for fine par-
ticles emitted from the open burning of cereal straw and
rice husk, a strong correlation (r = 0.80) between OP values
measured using the DTT and DCFH-DA assays was reported
(Fushimi et al., 2017). When OP data from aerosols that are
strongly influenced by biomass burning and mainly influ-
enced by anthropogenic air pollution are included in the same
dataset, the correlation between OP values measured using
the two assays might deteriorate. Unlike our study, those ear-
lier studies analyzed water suspensions or aqueous extracts
of aerosol particles collected on filters, used the conventional
DCFH-DA probe rather than CM-H2DCFDA, and employed
rat alveolar macrophages instead of A549 cells. Therefore,
direct comparison of correlation coefficients among stud-
ies should be interpreted with caution, and the specific fac-
tors influencing OP values observed in those studies might
differ from ours. Nonetheless, these previous findings, to-
gether with the significant overall correlation observed in the
present study, suggest that the two assays can respond simi-

larly to differences in aerosol oxidative properties associated
with anthropogenic emissions.

4 Conclusions

This study investigated the mass-normalized OP of fine
particles collected at three sites in Japan: an urban back-
ground site in the Greater Tokyo Area (Yokohama), an
urban background site in a major city in western Japan
(Fukuoka), and a rural site on the Noto Peninsula (Noto).
The mass-normalized OP was analyzed using two assays: an
in vitro alveolar epithelial cell-based CM-H2DCFDA assay
(OPDCFH

m ) and a cell-free DTT assay (OPDTT
m ). Both OPDCFH

m
and OPDTT

m showed significant differences among the sites,
with the highest values observed in Yokohama, followed by
Fukuoka and Noto. This spatial pattern suggests that fine par-
ticles transported from continental Asia exhibit lower intrin-
sic OP than those emitted from domestic sources in Japan.
Secondary particle formation, such as sulfate, during atmo-
spheric transport from the continent likely dilutes the OP-
active components, leading to a lower mass-normalized OP
for long-range transported fine particles. Results show that
OPDCFH

m was correlated positively with the mass fractions
of carbonaceous species derived from fuel combustion and
with transition metals such as Cu, Mn, and Fe. By contrast,
OPDTT

m was found to have strong correlation with the tran-
sition metals but weaker correlation with the carbonaceous
species. This difference indicates that the chemical species
contributing to each OP metric are not completely identical,
and that intracellular ROS production, which cannot be cap-
tured by DTT assay, might occur via cellular metabolic pro-
cesses of the chemical components derived from fuel com-
bustion, such as PAHs, and might contribute strongly to in-
tracellular production of ROS. Despite these mechanistic dif-
ferences, OPDCFH

m and OPDTT
m were found to be strongly cor-

related (r = 0.81), likely because of positive correlations be-
tween the fossil fuel combustion-derived particles and transi-
tion metal containing particles, both of which are influenced
strongly by local anthropogenic emissions in Japan. The cor-
relation suggests that the increase in intracellular oxidative
activity induced by exposure to atmospheric fine particles
dominated by anthropogenic sources can be reasonably pre-
dicted from their DTT reactivity measured in a cell-free sys-
tem.
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Appendix A

Figure A1. Land-use and land-cover maps around the sampling sites: (a) Yokohama, (b) Fukuoka, and (c) Noto. White circles in each panel
denote the locations of the sampling sites. Colored tiles represent the following categories: 1: Water bodies; 2: Built-up; 3: Paddy field;
4: Cropland; 5: Grassland; 6: Deciduous broad-leaved forest (DBF); 7: Deciduous needle-leaved forest (DNF); 8: Evergreen broad-leaved
forest (EBF); 9: Evergreen needle-leaved forest (ENF); 10: Bare land; 11: Bamboo forest; 12: Solar panel; 13: Wetland; and 14: Greenhouse.
Data are based on the JAXA High-Resolution Land-Use and Land-Cover Map of Japan for 2022, released in December 2023 (Version 23.12;
https://www.eorc.jaxa.jp/ALOS/en/dataset/lulc/lulc_v2312_e.htm, last access: 24 October 2025).
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Figure A2. Cell viability of A549 cells exposed to sample particle
suspensions under the same conditions used for the CM-H2DCFDA
assay. Cell viability was evaluated using the WST-1 assay after 6 h
exposure to particles at a concentration of 100 µgmL−1. Values are
expressed relative to the control. (a) Mean cell viability for indi-
vidual particle samples based on four independent measurements.
(b) Mean cell viability grouped by sampling location. The thin black
line represents the median, while thick red lines represent the mean.
The lower and upper edges of the boxes correspond to the 25th and
75th percentiles, respectively.

Figure A3. Responsiveness of the CM-H2DCFDA assay in A549
cells to H2O2 (100 µM) with iron ions (100 or 200 µM as FeCl2).
Control samples are shown for comparison. Data are based on five
independent measurements. The thin black line represents the me-
dian, while thick red lines represent the mean. The lower and upper
edges of the boxes correspond to the 25th and 75th percentiles, re-
spectively.

Figure A4. Mass fraction of nssK+: (a) mass fractions for indi-
vidual particle samples and (b) mean values for the Yokohama,
Fukuoka, and Noto sites. The thin black line represents the me-
dian, while thick red lines represent the mean. The lower and up-
per edges of the boxes correspond to the 25th and 75th percentiles,
respectively.
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Figure A5. Density maps of 5 d horizontal backward air-mass trajectories arriving at Yokohama during each sampling period: (a) early
summer, (b) summer, (c) autumn, (d) winter, and (e) spring. Red stars in each panel represent the location of Yokohama.
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Figure A6. Density maps of 5 d vertical backward air-mass trajectories arriving at Yokohama during each sampling period: (a) early summer,
(b) summer, (c) autumn, (d) winter, and (e) spring. Red stars in each panel represent the location of Yokohama.
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Figure A7. Density maps of 5 d horizontal backward air-mass trajectories arriving at Noto during each sampling period: (a) summer,
(b) autumn, (c) winter, and (d) spring. Red stars in each panel represent the location of Noto.

Figure A8. Density maps of 5 d vertical backward air-mass trajectories arriving at Noto during each sampling period: (a) summer, (b) au-
tumn, (c) winter, and (d) spring. Red stars in each panel represent the location of Noto.
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