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Abstract: Dithiothreitol-measured oxidative potential (OPDTT) can chemically quantify the adverse
health effects of atmospheric aerosols. Some chemical species are characterized with DTT activities,
and the particle diameter and surface area control DTT oxidizability; however, the physical contribu-
tion to OPDTT by atmospheric aerosols is controversial. Therefore, we performed field observations
and aerosol sampling at urban and rural sites in Japan to investigate the effect of both physical and
chemical properties on the variation in OPDTT of atmospheric aerosols. The shifting degree of the
representative diameter to the ultrafine range (i.e., the predominance degree of ultrafine particles)
was retrieved from the ratio between the lung-deposited surface area and mass concentrations. The
chemical components and OPDTT were also elucidated. We discerned strong positive correlations
of K, Mn, Pb, NH4

+, SO4
2−, and pyrolyzable organic carbon with OPDTT. Hence, anthropogenic

combustion, the iron–steel industry, and secondary organic aerosols were the major emission sources
governing OPDTT variations. The increased specific surface area did not lead to the increase in the
OPDTT of atmospheric aerosols, despite the existing relevance of the surface area of water-insoluble
particles to DTT oxidizability. Overall, the OPDTT of atmospheric aerosols can be estimated by the
mass of chemical components related to OPDTT variation, owing to numerous factors controlling
DTT oxidizability (e.g., strong contribution of water-soluble particles). Our findings can be used to
estimate OPDTT via several physicochemical parameters without its direct measurement.

Keywords: oxidative potential; dithiothreitol; atmospheric aerosols; chemical composition; particle
size; specific lung deposited surface area; urban and rural sites; source estimation

1. Introduction

Atmospheric aerosol particles cause various adverse effects on human health, espe-
cially by triggering respiratory diseases [1–3]. The potential effects of particulate matter
(PM) on a human body are determined by a combination of particle properties such as
number, size, surface area, mass, and chemical composition. To this end, numerous physic-
ochemical parameters of aerosol particles have been extensively studied and monitored
worldwide to evaluate their toxicity [4–6]. Among these parameters, many current controls
for health protection have been formulated based on the mass concentration of PM2.5,
regardless of their size distribution and chemical composition, associated with aerosol
emission sources. Although the mass of PM typically exhibits a strong correlation with
adverse health effects [7], it is necessary to assess its toxicity using indicators that are more
intrinsically related to human health, due to the complexity of the actual mechanisms
inducing the adverse effects.
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In principle, PM is deposited in a respiratory tract after inhalation, while reactive
oxygen species (ROS), including singlet oxygen, hydroxyl radicals, superoxide radicals,
hydrogen peroxide, and organic radicals, are considered to be generated in situ by redox-
active PM components [8–10]. An imbalance between ROS and antioxidants (i.e., oxidative
stress) is recognized as one of the main mechanisms behind the adverse health effects of
inhaled particles [11–14]. Hence, oxidative potential (OP), which represents the ability of
PM to deplete antioxidants and to generate ROS, has been proposed as a useful indicator.
Specifically, it can comprehensively and realistically reflect the properties related to PM-
induced health effects [15–17]. The dithiothreitol (DTT) assay is an acellular technique that
has been widely applied to quantify the OP of aerosol particles [18,19]. DTT consumption
rate, which is also known as DTT activity (OPDTT), is associated with the expression of
intracellular oxidative stress and inflammation markers, as well as with the cytotoxic
responses, thereby proving the biological relevance of this assay [20–22].

Although the information on particle components that can oxidize DTT is somewhat
scanty, the water-soluble transition metals, such as Cu and Mn, quinones, and humic-like
substances (HULIS), have been reported as DTT-active components [19,23]. From the
emission source perspective, some studies (at different locations) have reported that the
OPDTT of atmospheric aerosol particles is strongly correlated with carbonaceous, polycyclic
aromatic hydrocarbons (PAHs), secondary organic aerosols (SOAs), and metals, primarily
originating from anthropogenic combustion, traffic emissions, and vehicle primary par-
ticles [24–26]. The emissions from biomass burning, such as firewood, are also arguably
responsible for the majority of the contribution to OPDTT in rural sites [27]. Moreover,
chemical aging during the transportation of particles, such as photochemical oxidation
of diesel exhaust particles and SOAs, has been reported to significantly enhance DTT
consumption by previous studies [28–31].

Meanwhile, the toxicity of PM can be also characterized by its physical properties,
especially by particle size or surface area [32,33]. Several studies have indicated that
water-soluble constituents account for the majority of the DTT consumption of atmospheric
aerosols [23,25,28]. Meanwhile, other studies have concluded that insoluble particles,
particularly, the traffic- and construction-associated particles (e.g., hydrophobic organic
compounds, BC, and dust) contribute to around 40% of PM consumption [34–36]. It has
been also previously suggested that these insoluble particles oxidize DTT because they
transform their surface to a reaction field or act as catalysts. Moreover, it has been previously
demonstrated that surface reactivity is also important for the redox activity of metal oxide
nanoparticles, given the formation of stable oxidative bonds with their surfaces [37]. What
is more, the insoluble particles can provide a reaction field for the formation of DTT-active
species and more toxic ones, including environmentally persistent free radicals [38,39].
In particular, soot, which originates from the same emission sources as these species and
provides a high surface reaction field, can act as an important carrier of these species [40,41].
Consequently, it has been deduced that the OPDTT of insoluble particles, especially ultrafine
particles (UFPs) including soot, is potentially related to their active surface sites rather than
their mass [14,18].

However, limited studies have investigated the physical contributions on the OPDTT

of atmospheric aerosols, despite some indications regarding such possibility in previous
laboratory studies, which used single-component particles [33,42]. Although a few studies
have already characterized OPDTT by particle size, they merely demonstrated that the par-
ticle species that contribute to OPDTT are predominantly clustered in the fine range [34,43].
Thus, we argue that to elucidate the drivers in the OPDTT variation and estimate the OPDTT

accurately, it is necessary to understand not only the chemical contributions but also the
physical ones to the OPDTT of atmospheric aerosol particles.

For a better estimation of the OPDTT of complicated atmospheric aerosol particles, our
study focused on investigating the importance of both physical and chemical properties
for the OPDTT variation of atmospheric aerosols. We performed field observations of the
mass and lung-deposited surface area (LDSA) concentrations alongside aerosol sampling
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at urban and rural sites in Japan, where the emission sources contributing to OPDTT can
be remarkably different according to a previous simulation [44]. We retrieved the varia-
tion in the shifting degree of the representative diameter to the ultrafine range (i.e., the
predominance degree of ultrafine particles) from the ratio of the LDSA concentration to
the mass concentration (i.e., specific LDSA). Also, the concentration of the main chemical
constituents in the collected samples were elucidated. Considering the relationships be-
tween these parameters and the OPDTT, our study investigates the physical and chemical
contributions to the OPDTT of atmospheric aerosol particles at the two sites. In other words,
we assessed how much the potential contribution of particle properties, especially of the
physical properties, is reflected in the OPDTT of atmospheric aerosol particles by our field
study. Our attempt provides valuable information for a better understanding of the OPDTT

of complicated atmospheric aerosol particles and their estimation, which can pave the way
toward the most effective means of PM control related to the health effects.

2. Materials and Methods
2.1. Sites and Periods of Field Observations and Sampling

Field observations and sampling were performed at the Yokohama (Yagami Campus,
Keio University, 35.56◦ N, 139.66◦ E) and Noto (Noto Ground-Based Research Observatory:
NOTOGRO, Kanazawa University, 36.45◦ N, 137.36◦ E) sites in Japan (Figure 1). We
continuously measured the physical and chemical parameters of atmospheric particles,
such as the LDSA, mass, and black carbon (BC) concentrations, at these sites. Moreover, we
conducted aerosol sampling with filters. We further used the collected samples for OPDTT

measurements and the chemical component analyses.
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Figure 1. Map of Japan showing the locations of the urban Yokohama (red circle) and rural Noto
(blue circle) observation sites.

The Yokohama observatory is located in the Tokyo Metropolitan Area [45]. The
Yokohama site represents one of the largest industrial areas in Japan and is, therefore,
strongly affected by anthropogenic emission sources associated with the surrounding
industry, commerce, and road traffic. The observations and sampling at the Yokohama
site were carried out from 28 September 2020 to 12 June 2021. The Noto observatory
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is at the tip of the Noto Peninsula and is in a rural area with the minimized influence
from anthropogenic activities, including traffic emissions [46,47]. Except in summer, the
atmosphere over this rural site is remarkably affected by air mass inflow from around the
Asian continent through seasonal monsoons spreading from the continent to the Pacific
Ocean [48]. Notably, the observations at the Noto site lasted from 20 September 2020 to
11 June 2021.

2.2. Observations

In this study, two types of physical parameters, reflecting the aerosol load were
measured to characterize the OPDTT of atmospheric aerosol particles: the LDSA and mass
concentrations of aerosols.

The LDSA concentration was measured using a nanoparticle surface area monitor
(NSAM, Model 3550, TSI Inc., Shoreview, MN, USA) through the diffusion-charging (DC)
method, according to our previous method [49]. The instrument artificially attached posi-
tive ions to particles and retrieved the LDSA concentration from the electrical charge [50,51].
Before the electrical current detection, the excess ions, which were not attached to the parti-
cles were removed via an ion trap with an applied voltage of 100 V. Also, the instruments
were regularly calibrated using a standard procedure to ensure the accuracy of the mea-
surements. Both the charge and LDSA concentrations measured by the DC method are
proportional to the product of 1.13 power of the particle diameter (Dp) and the number
concentration (Dp

1.13 × n), especially in a size range of 20–400 nm. Therefore, the measured
electrical currents are converted to LDSA concentrations by multiplying with a constant [50].
Based on the typical particle size distribution in the atmosphere, the LDSA concentration is
fundamentally more sensitive to fine particles than the mass concentration being propor-
tional to Dp

3 × n. Given their relationships, the LDSA concentration has received increased
attention as a parameter to sensitively monitor the toxicity of nanoparticles.

The mass concentration of particles with the diameter of≤2.5 µm (PM2.5) was retrieved
from the atmospheric environmental regional observation system (AEROS), which is
operated by the Ministry of Environment in Japan. In this study, we used the data from the
Kohoku Ward Office, Kanagawa (Yokohama) and Suzu, Ishikawa (Noto) because these are
the closest monitoring stations, which perform the required measurements for our study.

The specific LDSA, defined as the ratio of the LDSA concentration to the mass con-
centration, is approximately inversely proportional to the representative diameter squared.
Hence, this metric can be used to continuously capture the variations in the representative
diameter of the particle size distribution in the atmosphere. The specific LDSA exhibits
high sensitivity to the predominance of fine particles because it strongly varies when the
representative diameter is shifted to the fine size range. In this study, we defined the
specific LDSA as the ratio of the LDSA concentration of PM1.0 to the mass concentration
of PM2.5 due to the lack of PM1.0 mass data. We must note that the absolute values of the
specific LDSA used in this study were different from those in our previous study [49] due to
the differences in the measured particle size range. However, the contribution of particles
in a size range of 1–2.5 µm to the PM2.5 mass concentration is small based on a general
mass concentration distribution of the atmospheric aerosols [52,53]. In fact, some previous
observations performed in Japan reported a strong correlation between the PM1.0 and PM2.5
mass concentrations (R > 0.9) and an almost constant ratio of the PM1.0 mass to the PM2.5
mass (0.7–0.8) [54,55]. Therefore, we argue that the specific LDSA elucidated in this study
certainly reflected the relative variations in the size distribution of atmospheric aerosols.

The mass concentration of BC was continuously monitored by using a microAeth
(Model AE51, AethLabs, San Francisco, CA, USA) at the Yokohama site, and a multiangle
absorption photometer (MAAP, Model 5012, Thermo Fisher Scientific Inc., Waltham, MA,
USA) at the Noto site. Additionally, the particle size distribution was intermittently
measured by a scanning mobility particle analyzer (SMPS) as the auxiliary observation data
at both sites. A NanoScan SMPS (Model 3910, TSI Inc., Shoreview, MN, USA) was utilized
at the Yokohama site, while a differential mobility analyzer (DMA, Model 3080 + 3081,
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TSI Inc., Shoreview, MN, USA), connected to a condensation particle counter (CPC, Model
3776, TSI Inc., Shoreview, MN, USA) was used at the Noto site.

In addition to these observations, we analyzed hourly wind velocity and direction data
acquired from the Automated Meteorological Data Acquisition System (AMeDAS) of the
Japan Meteorological Agency (JMA). These public meteorological data were obtained from
Yokohama and Suzu (Noto), which were the closest monitoring sites to our observation
sites. The hourly wind data were averaged with daily resolution to capture the seasonal
variations. Moreover, we analyzed backward trajectories for air mass arrivals at 500 m from
each site during the measurement campaigns using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model developed by the National Oceanic and Atmo-
spheric Administration (NOAA) (redrawn from http://ready.arl.noaa.gov/HYSPLIT.php
(accessed on 30 August 2021) [56,57]). The backward trajectories were obtained every
1 h during each sampling period. We determined the air mass locations with 1-h res-
olution and obtained 72 positions for each trajectory. The trajectories determined over
72 h were classified into three groups at both sites, based on the sectors to which most of
the 72 positions in each trajectory belonged (Supplementary Materials Figure S1). Conse-
quently, we obtained the proportions of the sectors, from which the trajectories inflowed,
for each sampling campaign.

2.3. Aerosol Sampling

Atmospheric aerosol particles passing through an impactor with a 50% cut-off diameter
of 1 µm were collected on two types of filters with 47 mm ϕ (polycarbonate and quartz
fiber filters) at both sites. The ambient air was drawn at 16.7 L min−1, controlled by using
calibrated critical orifices [58]. The collection period per sample ranged from three days to a
week, depending on the amounts of collected particles. At the Yokohama site, the samples
were collected from the fifth-floor balcony of a building at the Yagami Campus of Keio
University. The sampling at this site was carried out 32 times during the observation period
from September 2020 to June 2021. At the Noto site, we collected the samples by using a
self-made auto sampler on the rooftop of NOTOGRO. The sampler included such functions
as flow rate control and particle classification, similar to the sampling at the urban site.
It was also capable of collecting samples for 10 periods by remote PC control of solenoid
valves. At the site, the samples were collected 23 times during the observation period.

The samples collected on polycarbonate filter samples were used for OPDTT mea-
surement and elemental analysis, whereas those on quartz fiber filters were used for the
analyses of water-soluble inorganic ions and EC/OC. The detailed procedures for each
measurement are described in the following sections.

2.4. Oxidative Potential Measurement (DTT Assay)

DTT-based oxidative potential (OPDTT) was measured on each third of the 47-mm
ϕ samples, collected by using polycarbonate filters after the elemental analysis. In many
previous studies, particles on filters are extracted in pure water, and the insoluble fraction
in the suspension is removed by filtration in the DTT assay [59,60]. However, in this study,
we measured the total oxidative potentials without the filtration of insoluble constituents
to elucidate the physical contribution of particles, including insoluble components, to
OPDTT. The filter portions were sonicated in 3.8 mL of potassium phosphate buffer (pH 7.4,
Chelex-resin treated [23]) for 15 min at a temperature of <10 ◦C. Half of the 3.8-mL aerosol
suspension was fractionated into a microtube. Then, DTT (1 mM, 100 µL) was added to
the final concentration of 50 µM. The total of 2.0 mL of solution was incubated at 37 ◦C for
6 min in a thermo block (ND-M01, NISSIN, Tokyo, Japan). Then, the sufficient 5,5-dithiobis-
(2-nitrobenzoic acid) (DTNB, 6.25 mM, 20 µL) was added until the solution became yellow.
After the centrifugation, 200-µL samples of the solution were placed in the wells of a 96-well
plate. Then, the absorbance was measured at 415 nm with a microplate reader (MPR-A100,
AS ONE Corp., Osaka, Japan) to determine the amount of residual DTT in the solution. We
simultaneously analyzed standard solutions at four DTT concentrations (5, 12.5, 25, and
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50 µM) with measurement samples and also determined the calibration curve between the
DTT concentration and absorbance. Operating blanks with a polycarbonate filter were also
analyzed with the samples, while the DTT consumption of the filter blanks was subtracted
from those of the measurement samples.

Besides the atmospheric aerosol samples collected at the two sites, the DTT oxidizabil-
ity of several single-component particles and standard materials was investigated in this
study. To this end, we utilized six typical and main components of atmospheric aerosols
(quartz (SiO2), kaolinite (Al4Si4O10(OH)8), graphite (heat-treated at 450 ◦C for 6 h) as a sub-
stitute for BC, ammonium sulfate ((NH4)2SO4), ammonium nitrate (NH4NO3), and oxalic
acid (COOH)2)), and nine other compounds (potassium chloride (KCl), potassium sulfate
(K2SO4), manganese(II,III) oxide (Mn3O4), manganese(IV) oxide (MnO2), manganese(II)
sulfate (MnSO4), zinc oxide (ZnO), zinc sulfate (ZnSO4), lead(IV) oxide (PbO2), and hu-
mic acid) as single-component particles. In addition, NIES CRM#28, NIES CRM#30, and
Arizona test dust (ATD) were applied as standard materials. Note that CRM#28 consists
of atmospheric PM, collected on the filters in a central ventilation system in a building
in the city of Beijing (China). Meanwhile, CRM#30 is an Asian mineral dust from arid
regions of the Gobi Desert, located in northeast Asia. ATD is a proxy for atmospheric
mineral dust because it contains numerous metals, found in naturally occurring mineral
dust aerosols [61]. The final measure of the OPDTT was corrected by using a blank measure
without filters.

Furthermore, we investigated the potential contribution of physical properties to
DTT oxidizability of insoluble particles, using three types of MnO2 particles with different
representative diameters. MnO2 particles with different size distributions were prepared
according to the following procedure. First, the particles were suspended in pure water
(ρ = 1.00 g cm−3 and η = 0.01 g cm−1 s−1), which were then mechanically dispersed using
an ultrasonic generator. Afterward, the particles in the suspensions were centrifugally clas-
sified via the high-speed centrifuge, called Microfuge 16 (Beckman Coulter Inc., Pasadena,
CA, USA), with the maximum and minimum slewing radii of 6.6 and 3.0 cm. We classified
the particles into three size ranges with Stokes diameters of <1 µm, >5 µm, and >10 µm
based on the rotation speed and centrifugation time at which they theoretically settled.
After desiccation and resuspension of the classified particles, the size distributions of the
three types of MnO2 particles were measured using a laser diffraction/scattering particle
size analyzer, Partica (LA-960V2, HORIBA, Kyoto, Japan) (Figure S2). The volume median
diameters (VMDs) obtained from the size distributions were 1.51, 3.13, and 7.15 µm. The
actual particle size distribution differed from the theoretically calculated results; however,
three MnO2 particles obviously have different size distributions. Assuming ideal spherical
particles, their specific surface areas calculated based on the density (ρ = 5.02 g cm−3) and
size distributions were 0.846, 0.482, and 0.164 m2 g−1. We prepared the suspensions of 10,
20, 30, 40, and 50 µg mL−1 for each type of MnO2 particle to measure OPDTT.

2.5. Chemical Component Analysis

The samples, collected by polycarbonate filters were used for the elemental analysis
before cutting for the DTT assay. Meanwhile, the samples on the quartz fiber filters were
cut into three pieces during the measurement of their weight. Then, two pieces were used
for the analyses of water-soluble inorganic ions and EC/OC. The detailed procedures for
each chemical component analysis are provided below.

The elemental analysis of the samples was conducted without any pretreatment by
using an energy-dispersive X-ray fluorescence spectrometer (EDXL300/NEX CG, Rigaku
Inc., Tokyo, Japan) [62]. An X-ray tube (Imax = 2 mA, Vmax = 50 kV) with a 50 W Pd
anode was used to emit primary radiation. EDXL300 was equipped with three-dimensional
(Cartesian geometry) polarization optics and secondary targets, enabling the excitation
source to be optimized for the desired analyses. We used three secondary targets (Mo,
Cu, and RX9 [graphite crystal]), with durations of 400, 400, and 100 s, respectively. The
quantification of each element in the filter samples was performed by using the fundamental
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parameter method, Rigaku Profile Fitting-Spectra Quant X (RPF-SQX). In total, 17 elements
(Cl, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, and Pb) were measured in this
study. To verify the instrument conditions, NIST SRM#2783 (air particulate on filter media)
was analyzed for each measurement.

Water-soluble inorganic ions in the samples collected using quartz fiber filters were
extracted by mechanical shaking (15 min × 2) with deionized water (6 mL, 18.2 MΩ
cm). The ion components in the extracts were analyzed via ion chromatography (cation:
ICS-1100, anion: ICS-1100, Thermo Fisher Scientific Inc., Waltham, MA, USA) using ion
exchange columns (cation: Dionex IonPacTM CS12A and CG12A, anion: Dionex IonPacTM
AS18 and AG18, Thermo Fisher Scientific Inc., MA, USA). In total, we analyzed eight ion
components in this study: Na+, NH4

+, K+, Ca2+, Mg2+, Cl−, NO3
−, and SO4

2−.
EC/OC in the filter samples was measured according to the Interagency Monitoring

of Protected Visual Environments thermal/optical reflectance (IMPROVE-TOR) protocol
using an EC/OC analyzer (Sunset Laboratory Inc., Tigard, OR, USA). Four OC fractions
(OC1, OC2, OC3, and OC4) were measured at 120, 250, 450, and 550 ◦C in an He atmosphere.
The pyrolyzed organic carbon (OCpyro) fraction was defined as the carbon quantity before
a split point when the laser light reflectance attained its initial intensity after O2 was added
to the analysis atmosphere. Three EC fractions (EC1, EC2, and EC3) were determined at
550, 700, and 800 ◦C in a 98% He/2% O2 atmosphere. Then, the fraction of corrected EC1
(EC1corr) was calculated as EC1 − OCpyro. The analyzer was calibrated by measuring the
known quantities of CH4. In all the procedures, blank filters were also analyzed with the
measurement samples. At last, the concentrations of each EC/OC fraction were corrected
by using corresponding blank measurements.

3. Results and Discussion

3.1. Regional Differences in Physicochemical Properties and OPDTT

First, we analyzed the temporal variations of the observed physical parameters, re-
lated to the particle amount at the two sites, as shown in Figure 2. The average PM2.5
mass and LDSA concentrations during the sampling period were 10.3 ± 2.8 µg m−3 and
3.36 ± 0.94 µm2 cm−3, respectively (for the Yokohama site). For the Noto site, they were
5.6 ± 3.2 µg m−3 and 1.31 ± 0.79 µm2 cm−3, respectively. Notably, both types of particle
concentrations were higher at the urban site, suggesting exposure to neighboring local
anthropogenic emissions. Focusing on the differences between the sampling periods, the
PM2.5 mass concentration tended to slightly increase in winter at the urban site, and in
spring at the rural site. The LDSA concentration declined in winter at the urban site. At the
rural site, it increased in spring, while exhibiting an increase in the mass concentration. The
average specific LDSAs, defined as the ratio of the LDSA concentration to the PM2.5 mass
concentration, were 0.35 ± 0.12 and 0.23 ± 0.05 m2 g−1 at the urban and rural sites, respec-
tively. Given the relationship between the specific LDSA and the representative diameter,
the urban Yokohama site experienced frequent periods with the shifting of representative
diameter to the ultrafine range, compared with the rural Noto site, which had few local
anthropogenic emissions. This result and the difference between the sites resonate with
previous findings, reported from many other urban and rural sites worldwide [63–65]. The
seasonal variations in the specific LDSA at the rural site were minor during the observation
period as indicated in its small standard deviation. This is because the site was dominated
by particles aged and grown during transportation from the continent from autumn to
spring, as indicated in our previous study [49]. In contrast, relatively high specific LDSAs
were observed during autumn at the urban site. Unlike the rural Noto site, some size
distribution data from the SMPS during these periods virtually supported the tendency of
the specific LDSA at the urban Yokohama site.
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mass concentration (black), LDSA concentration (red), and OPv
DTT (blue) are shown in the first layer.

Hourly PM2.5 mass concentrations (gray) are also described in the same layer. In the second layer, the
wind vector and proportion of the sectors from which the trajectories inflowed (China: red; Russia:
green; Pacific Ocean/Japan: blue) are shown. Light colors in the bar graphs are used when <65% of
the positions in air mass trajectory belong to a certain sector. The detailed definition of the sectors is
given in Figure S1. Atmospheric concentrations of Al, K, Fe, Mn, Zn, Pb, black carbon (BC), SO4

2−,
and OCpyro are shown between the third and fifth layers.
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Second, we analyzed the regional tendencies in the concentrations of chemical com-
ponents. Temporal variations of the concentrations in several components (Al, K, Mn, Fe,
Zn, Pb, SO4

2−, BC, and OCpyro) are shown in Figure 2. The concentrations of water-soluble
sulfate ions were 1240 ± 510 and 1770 ± 980 ng m−3 at the urban and rural sites, respec-
tively. The tendency that the sulfate concentration was higher at the rural site than the
urban site is similar to the previously reported results from a municipality and previous
studies [47,66,67]. At the Noto site, the oxidation and chemical reaction of SOx, emitted
from urban areas in the continent, promote the formation of sulfate particles, especially
from autumn to spring when the air mass is predominantly transported from the continent
by westerlies, as with other Japanese sites, located on the Japan Sea [68]. Notably, the
increase in particles transported from the continent (e.g., sulfate and BC) in spring can
explain the above-mentioned increase in the PM2.5 mass and LDSA concentrations at the
rural site in the same season. Meanwhile, at the urban site, the concentration of nitrate
exhibited a typical increase in winter due to the progression of its formation with a drop in
temperature [69] (Figure S3). In addition, the decline in the height of the planetary bound-
ary layer may also explain a slight increase in the PM2.5 mass concentration in winter [70].
Surprisingly, on the other hand, the LDSA concentration decreased during this period.
Therefore, nitrate particles may have been formed by the partitioning of nitrate gases into
existing particles, thereby leading to low specific LDSAs in winter. This possibility is
supported by the negative correlation between the nitrate proportion and specific LDSA
(R = −0.37). The average concentrations of Al and Si, which are the indicators of mineral
dust, were both higher at the urban site (e.g., Si: 68.8 ± 86.7 ng m−3 at the urban site and
52.9 ± 43.3 ng m−3 at the rural site), whereas their average proportions to the PM2.5 mass
were slightly higher at the Noto site (e.g., Si: 0.67± 0.85% at the urban site and 1.06 ± 0.97%
at the rural site). In particular, we identified a period in which there were remarkably
high concentrations of Al and Si at both sites in response to the arrival of Asian dust from
the continent. On 31 March 2021, when high concentrations were recorded, the arrival of
Asian dust was announced by the JMA all over Japan, including Tokyo. At the Noto site,
the concentrations of these elements were high in November. Although the JMA has not
announced the Asian dust arrival, their high concentrations were suggested to be caused
by the air mass arrivals from the continent. This conclusion was based on the results of
wide-area simulations such as the Chemical Weather Forecasting System (CFORCE) and
Visual Atmospheric Environment Utility System, which are operated by the Ministry of
the Environment in Japan (VENUS). Therefore, the distinctive increases in Al and Si were
suggested to be mainly caused by the mineral dust particles originating from the continent.
The concentrations of heavy metals, such as Fe, Cu, Mn, Zn, and Pb, were high at the urban
site, indicating the effect of anthropogenic emissions, although seasonal variations differed
from each other (e.g., Mn: 4.20± 2.15 ng m−3 at the urban site and 1.19± 0.78 ng m−3 at the
rural site). The average concentration of K, derived from combustion sources and mineral
dust, was 43.9 ± 29.4 and 42.1 ± 37.3 ng m−3 at the urban and rural sites, respectively.
Despite the small regional difference, the potassium concentration was relatively low at the
urban site in spring. The EC/OC concentrations were high at the urban site, especially in
autumn. In particular, the concentration and proportion of EC2 increased corresponding to
the increase in the LDSA concentration and specific LDSA, respectively, during the autumn.
Given that EC2 is a tracer for traffic emissions [71], the high contribution of vehicle exhaust
particles was thought to be one of the reasons causing the abovementioned increase in the
specific LDSA in autumn. At the rural site, despite the extremely high identified EC/OC
concentrations (which correspond to the high PM2.5 concentration on 20 April 2021), their
seasonal differences were not distinct on average. According to the detailed classification
of the EC/OC fractions, the most distinctive difference was discerned in OCpyro. OCpyro is
pyrolyzed (i.e., charred) organic carbon, and primarily consists of water-soluble organic
compounds with a relatively high oxidation degree and low volatility, such as dicarboxylic
acids [72]. The concentration of this fraction decreased at the urban site in autumn and
spring. In contrast, the highest OCpyro concentration was found in spring at the rural site.



Atmosphere 2022, 13, 319 10 of 22

At the Noto site, this OC fraction was thought to be increased in spring due to long-range
transportation, given the previous observation results [73]. Overall, the differences in the
chemical composition depending on the sampling periods at the two sites corresponded to
the typical seasonal trends at urban and rural sites in Japan. Further studies over a long
period are required to accurately understand the seasonal variation in these physicochemi-
cal parameters, although they are beyond the scope of our work. However, the particles
collected in this study were different at least depending on the sampling sites and periods.

Furthermore, we found that OPv
DTT (OPDTT per unit air volume) was 153 ± 74 and

119 ± 96 pmol min−1 m−3 at the Yokohama and Noto sites, respectively. From a sea-
sonal perspective, it tended to increase in winter at the urban site, while the high OPv

DTT

periods were found in spring at the rural site. We compared the relationships between
OPv

DTT and two types of particle concentrations to elucidate the dependency of OPv
DTT

on the particle amount (Figure 3). The correlation coefficients of OPv
DTT with the PM2.5

mass and LDSA concentration were 0.62 and 0.43, respectively. Thus, OPv
DTT was bet-

ter explained by the PM2.5 mass concentration than the LDSA concentration. However,
there were several samples where OPv

DTT was not simply explained by particle concen-
trations (e.g., samples during the periods with low particle concentrations at the rural
site). The average values of OPv

DTT divided by the PM2.5 mass concentration (i.e., OPm
DTT)

were 14.9 ± 5.0 pmol min−1 µg−1 at the urban site, and 22.6 ± 16.8 pmol min−1 µg−1

at the rural site. Moreover, OPm
DTT at the rural Noto site exhibited a greater variation

(variation coefficient is 34% at the urban site, and 74% at the rural site), and 1.5 times
higher in average, compared with that at the urban site. In other words, although OPv

DTT

was higher at the urban site owing to the strong correlation with the particle amount,
especially with the mass concentration of PM2.5, OPm

DTT (OPDTT per unit mass) was
relatively high at the rural site. Note that our study was limited because we could
not immediately store the filter samples after each sampling due to the remote collec-
tion. Thus, we acknowledge the potential underestimation of OPDTT due to the loss of
semivolatile DTT-active species. Despite this possibility, the OPm

DTT, retrieved in this
study (15–25 pmol min−1 µg−1), fell within the range of a typical DTT consumption rate
in urban environments (20–80 pmol min−1 µg−1) [8]. In Japan, some studies have already
quantified the OPm

DTT of fine particles, collected at intersections and in residential areas
and of particles during periods of Asian dust arrivals [74,75]. Compared to the results in
these characteristic environments (40–55 pmol min−1 µg−1), the OPm

DTT at the sampling
sites was a little lower, although the size range of the collected particles was different.
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3.2. Contribution of Chemical Properties to the Variation in OPDTT

As mentioned, OPv
DTT roughly increased, along with the growth in the mass concen-

tration of PM2.5, at each site. However, its relevance to the mass concentration of PM2.5,
which contains various particles, could be merely an integrated result, derived from some
factors of atmospheric aerosol particles, as OPDTT potentially depends on both the physical
and chemical properties of particles. In fact, the OPv

DTT of the samples at the urban site
and those with low particle amounts at the rural site were not simply explained by these
particle concentrations. It has been previously suggested that OPDTT is characterized by
the particle species [8,19,23]. Therefore, we characterized the variation factors of OPv

DTT

at both sites according to the correlations between OPv
DTT and the concentrations of the

chemical components (Table 1 and S1). Notably, it is not possible to compare the correlation
coefficients (R) between the two sites, since they have different numbers of samples and
different variations in OPv

DTT and in the concentrations of chemical components. As
shown in Section 3.1, OPv

DTT at the rural Noto site exhibited a wide range of variations. In
contrast, the correlation coefficients at the urban Yokohama site were unlikely high, given
the small variations. Although the tendency of chemical constituents of atmospheric aerosol
particles differed depending on the site, the components correlated with the OPv

DTT were
roughly the same at both sites. Namely, at the urban site, chemical components showing
high positive correlations with OPv

DTT (R > 0.65) were S (R = 0.79), SO4
2− (R = 0.79), NH4

+

(R = 0.78), OCpyro (R = 0.72), Zn (R = 0.71), Mn (R = 0.69), K (R = 0.66), and Pb (R = 0.65). In
contrast, the high positive correlations (R > 0.75) were discerned in OCpyro (R = 0.93), OC4
(R = 0.91), Pb (R = 0.89), OC3 (R = 0.88), K (R = 0.84), Mn (R = 0.80), and non-sea salt (nss) K+

(R = 0.79) at the rural site. The stronger correlations of these chemical constituents than the
PM2.5 and LDSA concentrations at each site suggest that it is difficult to characterize OPDTT

merely by the total amount of particles containing various species. In other words, these
results revealed the importance of certain chemical components. In particular, the contri-
bution of these species was considered to be especially important for the samples at the
urban site and those with low particle concentrations at the rural site. Note that the strong
correlations of chemical components do not necessarily confirm the direct redox activity of
these species. However, the importance of these limited components is a useful findings
leading to a better estimation of OPDTT using some observable or analyzable parameters.

DTT oxidizability differs depending on the chemical species. In our verification
experiment, manganese compounds exhibited high DTT activity, regardless of the chemical
compositions (Figure S4). Previous studies have reported the high reactivity of water-
soluble Cu and Mn, which confirm the robustness of our results. In contrast, lead and zinc
compounds have not exhibited any remarkable DTT oxidizability. This finding is also in
line with the results of previous studies, which reported on the low reactivities of these
metals, although the chemical composition of the compounds used in such studies was
different from ours [23]. Hence, manganese may have demonstrated a strong correlation
with OPv

DTT at both sites due to its direct redox activity.
Of the chemical components with strong correlations with OPv

DTT, neither ammonium
sulfate nor potassium salts (KCl and K2SO4) experimentally exhibited direct oxidation of
DTT (Figure S4). These results are notably in line with some previous findings [75–77].
Also, not all compounds in OCpyro, which showed strong correlations with OPv

DTT at both
sites, are characterized with the DTT oxidizability, while limited components contained
in this fraction such as quinones, HULIS, and some SOAs are known to be capable of
oxidizing DTT [19,35,78]. Therefore, the correlations of these chemical components with
OPv

DTT do not necessarily explain the direct factors of variation in OPv
DTT. However,

chemical components, exhibiting high correlation with OPv
DTT at both sites, were similar to

each other (e.g., K, Mn, Pb, and OCpyro) despite regional differences in particle species and
their concentrations, which is consistent with the previously reported results from various
sites [26,36,74,79]. Hence, our results underline the importance of the limited chemical
components to OPDTT, regardless of the region.
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Although the chemical components strongly correlated with OPv
DTT were similar at

both sites, the sources governing the variation in OPv
DTT were suggested to be different

between the sites and seasons, according to the cross-correlations between the chemical
components and geographic evidence.

At the urban site, strong correlations with OPv
DTT were discerned in the representative

components of secondary aerosols, such as S, SO4
2−, NH4

+, and OCpyro. In particular,
these components were remarkably strongly correlated with each other in spring (R > 0.85)
(Table 1). OCpyro primarily consists of water-soluble organic compounds into which VOCs
are transformed through a secondary formation process, such as dicarboxylic acids [80].
These highly oxidized organic compounds have been previously reported to contribute
to DTT oxidation [81]. Therefore, some (or most) of the organic compounds derived
from various sources could induce the strong correlation between OCpyro and OPv

DTT. In
contrast, our laboratory experiment and other previous studies have demonstrated that
ammonium sulfate does not exhibit any DTT oxidizability [75,77] (Figure S4). However,
hygroscopic ammonium sulfate aerosols have been previously suggested to enhance the gas-
to-particle partitioning of organics by inducing interfacial attraction, thereby accelerating
the SOA formation [82,83]. In particular, most particles and VOCs are accompanied by
sulfate, which accounts for the majority of particles in urban areas. Therefore, the strong
correlations of NH4

+ and SO4
2− with OPDTT and the strong correlation between these

ions and OCpyro likely resulted from the contribution of sulfate to the SOA formation.
Furthermore, the increased acidity due to the increase in sulfate can enhance the OPDTT

of particles because of the chemical alteration of metallic compounds [59]. Although the
concentration of sulfate at the urban site was similar to that at the rural site, the particles
collected at the urban site contained many metals, as discussed in Section 3.1. Despite
the weak correlations between transition metals and OPv

DTT at the urban site, the strong
correlation between sulfate and OPv

DTT suggests that the OPv
DTT variation was driven by

metal compounds bound to sulfate.
Lead and potassium, showing strong correlations with OPv

DTT, were relatively strongly
correlated (R > 0.5) with BC at the urban site. In particular, the cross-correlation between
these three components was remarkably strong in autumn and winter (R > 0.8) (Table 1).
Generally, lead in the atmosphere arguably originates from from industrial processes, road
dust, coal combustion, waste incineration, and leaded gasoline [86,87]. At the same time,
however, the strong cross-correlation between Pb, K, and BC suggests the contribution of
coal combustion and waste incineration [87,88]. The urban sampling site has several neigh-
boring waste incineration plants to the north. Additionally, in the Tokyo metropolitan area,
most lead originates from waste incineration, as shown by studies based on the lead iso-
tope ratios [89,90]. The correlation coefficient between Pb and OPv

DTT increased (R = 0.83)
during the autumn and winter when the northern winds clearly prevailed (Figure 2a).

The strong correlations of Mn and Zn with OPv
DTT also suggest the relevance of waste

incineration [90]. Meanwhile, manganese and zinc were correlated with Fe, especially
during autumn and winter (R > 0.9) (Table 1). These three metals also highlight the
relevance to the iron–steel industry, according to the site location in a large industrial area.
In particular, steel mills have been reported as substantial fixed-emission sources of Fe, Mn,
and Zn [91].

Meanwhile, at the rural site, the strong correlations of K, nss-K+, OCpyro, and Pb
with OPv

DTT and the strong cross-correlations of these chemical components indicate the
relevance of the contribution of combustion sources [92]. However, the rural site does not
have fixed combustion sources in the surrounding areas. Reportedly, the effects of biomass
burning and residential coal combustion are predominant in the Asian continent in autumn
and winter [88,93], while the rural sites facing the Japan Sea are significantly affected by
these emissions [94]. With high OCpyro concentrations, the air mass typically arrived from
the continent. Both biomass burning and coal combustion particles contain potassium,
whereas lead is abundantly contained in coal combustion particles [95]. Therefore, the K/Pb
ratio can be an indicator of the relative variation in the contribution of biomass burning
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and coal combustion for K [88]. While the K/Pb ratio was nearly constant at the urban
site, we identified considerable variability at the rural site during the autumn and winter.
During these seasons, the variation trend in the K/Pb ratio corresponded to that in OPm

DTT

(Figure 4), thereby exhibiting a strong positive correlation between the K/Pb ratio and
OPm

DTT (R = 0.78). In other words, OPm
DTT during the autumn and winter was enhanced as

the contribution of coal combustion for K decreased and that of biomass burning increased.
A previous study has reported that brown carbon (BrC) derived from biomass burning
exhibited higher OPm

DTT, compared with that from coal combustion, depending on the
DTT activity of contained water-insoluble organic compounds [96]. Therefore, the variation
in OPm

DTT was characterized by both coal combustion and biomass burning, and the
increased contribution of biomass burning caused an increase in OPm

DTT.

Table 1. Chemical components exhibiting high correlations with OPv
DTT and cross-correlations

of those components: (a) the Yokohama site; (b) the Noto site. The correlation coefficient, R, in a
parenthesis represents the coefficient between each component and OPv

DTT. The non-sea salt (nss)
K+ was determined using Na+ as a reference element for a marine origin [84], and (K+/Na+) values
for seawater were from Keene et al. [85].

(a) Yokohama
All Samples Autumn/Winter Spring

Component
Cross-

Correlation
(R > 0.8)

Component
Cross-

Correlation
(R > 0.8)

Component
Cross-

Correlation
(R > 0.8)

SO4
2−

(R = 0.79) ↔ S Pb
(R = 0.83) ↔ BC, K S

(R = 0.90) ↔ SO4
2−, NH4

+,
OCpyro

S
(R = 0.79) ↔ SO4

2− Ca
(R = 0.82) ↔ Ti SO4

2−

(R = 0.88) ↔ NH4
+, S, OCpyro

NH4
+

(R = 0.78) ↔ OCpyro
Ti

(R = 0.82) ↔ Ca NH4
+

(R = 0.87) ↔ SO4
2−, S, OCpyro

OCpyro
(R = 0.72) ↔ NH4

+ Mn
(R = 0.80) ↔ Zn, Fe, K, Cu OCpyro

(R = 0.84) ↔ NH4
+, SO4

2−, S
Zn

(R = 0.72) ↔ Mn, K Fe
(R = 0.78) ↔ Mn, Zn, K, BC Zn

(R = 0.76) ↔ Mn
Mn

(R = 0.69) ↔ K, Zn Zn
(R = 0.74) ↔ Mn, K, Fe, Cu, BC

K
(R = 0.66) ↔ Mn, Zn

Pb
(R = 0.65) ↔ N/A

(b) Noto

All samples Autumn/Winter
Spring

(without the Extremely High
OPv

DTT Sample)

Component
Cross-

Correlation
(R > 0.85)

Component
Cross-

Correlation
(R > 0.85)

Component
Cross-

Correlation
(R > 0.85)

OCpyro
(R = 0.93) ↔ OC3, OC4,

nss-K+, Pb, K
K

(R = 0.93) ↔ OCpyro, EC1corr
Mn

(R = 0.96) ↔ Zn, Fe, Al, SO4
2−

OC4
(R = 0.91) ↔ OC3, OCpyro

Mn
(R = 0.91) ↔ S, Zn, Fe, Mg OCpyro

(R = 0.89) ↔ BC

Pb
(R = 0.89) ↔ OCpyro

S
(R = 0.91) ↔ Mn, Zn, Pb, Mg SO4

2−

(R = 0.88) ↔ NH4
+, OC2, S,
Mn

OC3
(R = 0.88) ↔ OCpyro, OC4,

nss-K+
Zn

(R = 0.90) ↔ Mn, S, NH4
+ NH4

+

(R = 0.88) ↔ SO4
2−, OC2, S

K
(R = 0.84) ↔ nss-K+, EC1corr,

OCpyro

Pb
(R = 0.89) ↔ S

Mn
(R = 0.80) ↔ Fe, Zn

nss-K+

(R = 0.79) ↔ K, EC1corr,
OCpyro, OC3
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We identified a sample with extremely high OPv
DTT among the samples, collected at

the rural site in spring, as shown in Figure 2b (2.6 times higher than the average OPv
DTT

in spring). During the period when this sample was collected, the distinct increases were
observed in the concentrations of K, nss-K+, Pb, OC3, OC4, and OCpyro (more than 2.5 times
as high as each average concentration). Given the relatively low K/Pb ratio of the sample
(Figure 4), the significant increase in OPv

DTT likely stemmed from a sudden increase in
the concentration of coal combustion particles. Conversely, during the regularly observed
OPv

DTT events except for the distinctive sample, OPv
DTT was strongly correlated with

OCpyro, SO4
2−, and NH4

+ (Table 1). However, OCpyro was not strongly correlated with K
and nss-K+, unlike the result in autumn and winter (Table 1). These tendencies indicate
the effect from emission sources different from biomass burning and coal combustion. A
study, conducted at the rural site facing the Japan Sea has previously reported that >50%
of the organic aerosols in spring were low-volatile particles, likely transported from the
continent [73]. Given our results and the previous study, the strong correlation of OCpyro
with OPv

DTT points to the contribution of the SOAs, which were highly oxidized during
long transportation from the continent. Therefore, low-volatile organic compounds derived
from secondary formation processes may have also contributed to the OPv

DTT variation,
especially during the ordinary periods in spring.

The strong correlation of Mn with OPv
DTT was also discerned at the rural site. This

element was strongly correlated with Fe and Zn (R = 0.89) (Table 1). As stated in the source
estimation at the urban site, these metals are associated with the iron–steel industry.

To summarize, the particles emitted from anthropogenic combustion sources and
the iron–steel industry, and SOA particles, are likely the species that govern the OPv

DTT

variation at both urban and rural sites. In particular, at the urban site, the OPv
DTT varied due

to the contribution of waste incineration in the surrounding areas. Meanwhile, at the rural
site, OPv

DTT increased in response to the enhanced effects of residential coal combustion
and biomass burning in the Asian continent. The increase in inflows of biomass burning
particles with prominently high DTT oxidizability yielded higher OPm

DTT, compared
with that at the urban site. As stated repeatedly, particles from these emission sources
were not the only species related to DTT oxidation, due to its complicated mechanisms.
Although quantitative determination of the contributions of the emission sources to OPDTT

via statistical analysis is also our future work, at least our results suggest that these limited
sources mainly contribute to the variation in the OPDTT at both sites. These regional and
seasonal tendencies of the OPv

DTT in Japan confirm the results of the domestic simulation
of OPv

DTT [44].

3.3. Contribution of Physical Properties to the Variations in OPDTT

We elucidated the relationship between OPm
DTT and the specific LDSA (Figure 5)

to determine the contribution of the physical properties to OPDTT. As mentioned, an
increase in the specific LDSA reflects the shifting degree of representative diameter to
the ultrafine range [49]. In other words, the representative diameter decreases, and the
specific surface area (surface area per unit mass) increases as the specific LDSA increases.
However, there was no tendency for OPm

DTT to increase with an increase in the specific
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LDSA at the analyzed sites. Even the predominance of UFPs did not induce an increase
in OPm

DTT, and OPm
DTT values were nearly constant at the urban site. Meanwhile, the

periods of significantly higher OPm
DTT were typically observed at the Noto site, which

is dominated by relatively large particles, as seen from Figure 5a. These high OPm
DTT

periods were better characterized by chemical components than by physical properties.
This pattern is explained, for instance, by the proportion of OCpyro, exhibiting a strong
positive relationship with OPv

DTT at both sites (Figure 5b). Therefore, we concluded that
although the dominant species slightly differed depending on the regions and periods, the
OPv

DTT of atmospheric aerosols varied with the mass concentration of certain chemical
constituents. When the proportion of chemical components controlling the variation in
OPDTT does not change greatly, OPv

DTT can be strongly correlated with the PM2.5 mass
concentration. However, in fact, the proportions of these species easily vary depending on
the sampling periods, thereby changing the relationship between OPv

DTT and the PM2.5
mass concentration. This inadequate characterization of OPv

DTT by atmospheric aerosol
mass concentrations can be well-complemented by the proportion of limited chemical
components (Figure S5).
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Our laboratory verification experiments using single-component particles also con-
firmed that direct oxidation of DTT was caused by limited chemical species (Figure 6 and S3).
However, even the chemical components exhibiting the strong correlation with OPDTT of
collected samples were not necessarily characterized with DTT activity (e.g., ammonium
sulfate, KCl, ZnO, and PbO2). Therefore, it is possible that complicated factors such as syn-
ergistic effects on OPDTT by various components may contribute to OPv

DTT of atmospheric
aerosol particles.

In addition, previous studies have reported that an increase in the specific surface
area of water-insoluble or ultrafine particles, including soot, contributes to the increase in
DTT oxidizability by providing the reaction fields [40,41]. Our experiment using MnO2
particles with different size distributions also revealed the tendency of OPDTT to increase
as the representative diameter decreased (Figure 6a). In particular, the increase in the
measured OPDTT of the insoluble particles was clearly attributed to the increase in their
surface area, as indicated by Figure 6b. Therefore, the physical properties, particularly
the surface area, can surely contribute to the OPDTT of atmospheric aerosol particles by
controlling DTT oxidizability.
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However, our results suggest that the OPDTT dependency of atmospheric aerosols
on physical properties governing DTT oxidizability was not clearly identified, owing
to various factors affecting OPDTT, as follows. First, although the number of species
governing the OPDTT variation is likely limited, OPDTT is affected by several DTT active
species. Second, the contribution of water-soluble components can be important for the
variation in OPDTT. The strong correlation of OPv

DTT with the concentrations of some
water-soluble components such as SO4

2− and K+ suggested that these ion components
somehow contributed to the variation in OPDTT at both sites. Regarding these water-soluble
species, their surface area cannot be related to DTT oxidation because they dissolve in
suspension. Third, atmospheric aerosol particles do not exist as single-component particles
in the atmosphere in most cases, complicating their existing state. Several previous studies
have reported that the simple sum of OPDTT of water-soluble and water-insoluble fractions
could not completely match the total OPDTT [97,98]. Therefore, the synergistic effect, such
as the catalytic action of insoluble particle surfaces and of transition metals, can also be
one of the reasons causing the difference in OPDTT behaviors between single-component
particles and atmospheric aerosol particles. Moreover, in terms of internally mixed particles
of water-soluble and insoluble components, their surface area and size observed in the
atmosphere cannot be accurately reflected in OPDTT because a part of these particles
dissolves in suspension. Lastly, it is possible that the size distributions of each chemical
component are nearly fixed based on the emission sources and the distances from them.
For these reasons, OPDTT variations can be more affected by the difference in the mass
of chemical components than by physical properties. Regardless of the reason, the small
contribution of physical properties, such as particle surface area, emphasize the importance
of the chemical properties for the variation in OPDTT. Our results also indicate that it is
possible to roughly estimate the OPDTT of atmospheric aerosol particles using the mass of
chemical components, which control the variations in OPv

DTT at each site.

4. Conclusions

This study investigated the contributions of both particle size and chemical composi-
tions (i.e., both physical and chemical properties) to the variation in OPDTT of atmospheric
aerosol particles. We carried out field observations and aerosol sampling at urban and
rural sites in Japan. The mass and LDSA concentrations, which have different sensitivity to
particle size, were measured at both sites. The main aerosol components, such as metal,
water-soluble ions, and EC/OC were also analyzed using the collected samples, along with
the OPDTT measurement.
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First, we found that during the observation periods from September 2020 to June 2021
(autumn to spring), the average volume-normalized OPDTT (i.e., OPv

DTT) was higher at the
urban site, which was characterized by higher particle concentration (153 ± 74 pmol min−1 m−3

at the urban site and 119± 96 pmol min−1 m−3 at the rural site). Unlike the rural site, most these
particles originated from local anthropogenic emissions at the urban site. In contrast, the mass-
normalized OPDTT (i.e., OPm

DTT) was 1.5 times higher at the rural site, compared with the urban
site (14.9± 5.0 pmol min−1 µg−1 at the urban site and 22.6± 16.8 pmol min−1 µg−1 at the rural
site). The variations in OPv

DTT at both sites were roughly explained by mass concentration.
Second, the strong positive correlations between OPv

DTT and the concentrations of
some chemical components emphasized the relevance of limited components, including
metals such as K, Mn, Pb, NH4

+, SO4
2−, and some organic fractions such as OCpyro to

OPDTT. This finding suggested that particles emitted from anthropogenic combustion and
the iron–steel industry, sulfate, and SOAs were the main contributors to the variation in
OPDTT at both sites. In particular, at the urban site, waste incineration and the iron–steel
industry in the surrounding areas were found to be the generation sources of particles.
At the rural site facing the Japan Sea, the particles transported from the Asian continent
primarily induced an increase in OPv

DTT, and it fluctuated especially by residential coal
combustion and biomass burning particles from the continent. From the physical con-
tribution perspective, previous studies and our verification experiment confirm that the
decrease in the diameter (i.e., the increase in the specific surface area) induces the increase in
OPDTT, at least for single-component insoluble particles. However, the contribution of the
specific surface area was not reflected in the variation in OPm

DTT of atmospheric aerosols
at the analyzed sites. Thus, we concluded that the physical contribution to the variation
in OPDTT of atmospheric aerosol particles dwindled because of (a) the contribution of a
variety of DTT-active species, (b) the considerable contribution of water-soluble particles,
(c) the complexity of their existing state, and (d) little variation in the size distributions
of each species, despite the potential effects of physical properties. Most importantly, we
proved that the OPDTT of atmospheric aerosol particles can be explained mostly by their
chemical properties.

This is a valuable finding because understanding OPDTT is essential, given its useful-
ness as an indicator of health damage, caused by atmospheric aerosol particles. We argue
that if the existing PM-control measures cannot effectively reduce OPDTT, the emission
control measures for the diminution of the ground-level PM2.5 concentration would not
mitigate health risks, imposed by aerosols correspondingly. Our results deepen the un-
derstanding of the OPDTT of atmospheric aerosol particles, thereby partly alleviating the
incomplete information about them. Our study provides pivotal information to estimate
OPDTT using several observable or analyzable physicochemical parameters without its
direct measurement, which paves the way toward the most effective means of PM control.
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//www.mdpi.com/article/10.3390/atmos13020319/s1, Figure S1: Classification maps of air mass
backward trajectory at each observatory; Figure S2: Size distributions of MnO2 particles used in the
laboratory experiment; Figure S3: Temporal variations in physicochemical parameters and oxidative
potentials at the two sites; Figure S4: DTT activity of single component particles and standard
materials; Figure S5: Relationship between the PM2.5 mass concentration and OPv

DTT colored by the
proportion of OCpyro; Table S1: Correlation matrix for OPv

DTT, PM2.5 mass concentration, LDSA
concentration, and chemical components.
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