
1.  Introduction
Mineral dust aerosols in the atmosphere mostly constitute soil particles swept up from arid and semi-arid land 
surfaces with little vegetation, which later become suspended on strong winds. They are the most abundant aero-
sol components in the atmosphere by mass, representing more than half of the total global aerosol burden (Textor 
et al., 2006). The most important source regions of mineral dust aerosols are the dust belt stretching through the 
Sahara and Sahel in North Africa, the Middle East, and southwestern and eastern Asia (Ginoux et al., 2012; Kok 
et al., 2021; Prospero et al., 2002). Once soil dust particles are entrained into the atmosphere, they can be trans-
ported for thousands of kilometers and can occasionally be transported even intercontinentally on hemispheric 
scales (Grousset et al., 2003; McKendry et al., 2007; Uno et al., 2009). Therefore, mineral dust aerosols affect air 
quality not only near source regions but also throughout large areas located far downwind from source regions. 
However, because of dispersion and deposition, the atmospheric dust concentration decreases concomitantly with 
increasing distance of transport. Near source regions, the mass of mineral dust aerosol particles is dominated by 
large particles with diameters of approximately 5–20 μm, which transition to smaller particles during atmospheric 
transport because the atmospheric life time of smaller dust particles is longer. Larger dust particles fall out with 
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up from arid and semi-arid land surfaces. They can be transported long distances in the atmosphere and can 
affect air quality throughout large areas, even far downwind from source regions. Inhalation and exposure 
to mineral dust aerosols adversely affect human health. Although the mechanisms of mineral dust aerosol 
toxicity remain unknown, oxidative stress has been implicated as a mechanism leading eventually to adverse 
health effects. The oxidative potential (OP) of aerosol particles is defined as the capability of aerosol particles 
to induce oxidative stress. To investigate the OP of mineral dust aerosols, we evaluated the OPs of reference 
materials of mineral dusts using a cell-free assay called dithiothreitol assay. Then we estimated the OPs of 
mineral dust aerosols in the atmosphere. The intrinsic OP estimated for a long-range transported mineral dust 
aerosol in the atmosphere was very similar to that of urban aerosols. This finding suggests that mineral dust 
plume advection can engender a marked increase in human exposure to toxic aerosols, consequently inducing 
oxidative stress even in areas far downwind from mineral dust source regions.
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higher frequency because of both dry and wet deposition processes (Mahowald et al., 2014). The mean residence 
time for fine dust particles of less than 2.5 μm diameter is longer than 5–9 days, but it is shorter than 1–2 days 
for coarse dust particles with diameter greater than 10 μm (Kok et al., 2017). Mineral dust aerosols comprise 
a complex mixture of various mineral components such as phyllosilicate (e.g., illite, kaolinite, chlorite, biotite, 
and muscovite), quartz, plagioclase, calcite, feldspar, iron oxides, and dolomite (Jeong, 2008; Jeong et al., 2014; 
Sokolik & Toon, 1999). The relative abundance of the mineral components varies depending on the source region 
(Caquineau et al., 1998; Formenti et al., 2011, 2014; Sokolik & Toon, 1999) and particle size (Jeong, 2008; Jeong 
et al., 2014). Mineral dust aerosols are usually regarded as natural aerosols. However, anthropogenic land use 
and land cover changes affect mineral dust emissions (e.g., Ginoux et al., 2012). Climate change also affects the 
atmospheric burden of mineral dust aerosols (e.g., Mahowald et al., 1999; Stanelle et al., 2014). Furthermore, 
long-range transported mineral dust particles often contain sulfates or nitrates formed via heterogeneous reactions 
with sulfur dioxide or nitrogen oxides emitted from anthropogenic sources (e.g., Trochkine et al., 2003; Zhang 
et al., 2000).

The health effects of mineral dust aerosols have attracted great concern recently (Aghababaeian et  al., 2021; 
de Longueville et al., 2013; Fussell & Kelly, 2021; Goudie, 2014; Hashizume et al., 2010, 2020; Karanasiou 
et al., 2012; Kotsyfakis et al., 2019; Zhang et al., 2016). Recent systematic reviews of epidemiologic studies 
have demonstrated that inhalation and exposure to mineral dust aerosols adversely affect human health, lead-
ing particularly to cardiorespiratory diseases (Aghababaeian et  al.,  2021; Hashizume et  al.,  2020; Kotsyfakis 
et al., 2019). In mouse models, mineral dust particle inhalation has induced respiratory inflammation (Hiyoshi 
et  al., 2005; Ichinose et  al., 2008). In terms of mass, mineral dust aerosols are usually predominantly coarse 
particles (>2.5 μm particle diameter). Coarse particles are less able to penetrate to the lungs than fine particles 
(0.1–2.5 μm diameter) are. However, even if mineral dust particles might not be inhaled into the lung in large 
quantities by mass, they still exert important health effects because the deposition efficiencies of coarse particles 
throughout the whole respiratory tract, especially for the upper respiratory tract and bronchial region, are much 
greater than those of fine particles (Hyder et al., 1986).

Although the mechanisms of mineral dust aerosol toxicity remain unknown, oxidative stress has been implicated 
as a mechanism causing mineral dust-induced inflammatory responses (He et al., 2019; Higashisaka et al., 2014; 
Kyung et al., 2012; Pardo et al., 2017). Oxidative stress is a state of imbalance between reactive oxygen species 
(ROS) and antioxidants in favor of the ROS in tissues and organs. When mineral dust particles are deposited in the 
respiratory tract, redox-active species can dissolve from mineral surfaces and can act as a catalyst of ROS forma-
tion from molecular oxygen (O2) in the epithelial lining fluid. Moreover, surfaces of insoluble metal-containing 
minerals can act as a heterogeneous catalyst for ROS formation. Transition metals adsorbed onto mineral surfaces 
or contained in minerals as structural metals are expected to act as an electron donor in O2 reduction (Schoonen 
et al., 2006).

The oxidative potential (OP) of aerosol particles is defined as the capability of aerosol particles to deplete anti-
oxidants and to generate ROS. Dithiothreitol (DTT) assay, an acellular assay, is used widely to quantify the 
OP of aerosol particles (Cho et  al.,  2005; Jiang et  al.,  2019; Li et  al.,  2009). Using DTT as a surrogate of 
cellular antioxidants, DTT assay simulates aerosol particle-catalyzed electron transfer from cellular antioxidants 
(e.g., nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NADPH), 
glutathione, ascorbic acid, and uric acid) to O2 and generation of superoxide radical (O2 •−) and hydrogen peroxide 
(H2O2) in body fluids (Li et al., 2009). In the assay, DTT is oxidized to its disulfide form. In fact, the DTT loss 
rate (OP DTT) represents the measure of OP of aerosol particles. Multiple epidemiological reports, as presented 
in a review, have described that exposure to OP as measured by DTT assay is associated more strongly with 
the risk of cardiorespiratory diseases than aerosol particle mass is (Bates et al., 2019), suggesting that OP DTT 
is a more health-relevant metric than the mass concentration of aerosol particles. Chemical species identified 
as DTT-active are water-soluble transition metals (e.g., Cu and Mn) (Charrier & Anastasio,  2012), quinones 
(Charrier & Anastasio, 2012; Kumagai et al., 2002), and metal oxides (e.g., CuO, MnO2, and PbO) (Nicolas 
et al., 2015), although other chemical species might be DTT-active. Results of atmospheric observations have 
indicated that mineral dust particles contribute substantial amounts of OP DTT of fine and coarse aerosol particles 
(Q. Liu, Baumgartner et al., 2014; Q. Liu, Zhang et al., 2014; W. Liu et al., 2018; Nishita-Hara et al., 2019; Yu 
et al., 2019). However, the OP DDT values of desert dusts have been quantified only rarely. Conte et al. (2017) 
reported very low DTT activity of a dust sample generated from surface soil in the Sahara Desert, which is incon-
sistent with results of atmospheric observations. The surface area of mineral dust particles might be an important 
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factor for the OP of mineral dusts because mineral surfaces reportedly work as a heterogeneous catalyst in ROS 
formation (Schoonen et al., 2006). In addition, water-soluble transition metals are expected to be dissolved from 
the surfaces of the mineral dusts (Baker & Jickells,  2006; Ooki et  al.,  2009; Shi et  al.,  2011). The specific 
surface areas (SSA; total surface area contained in a unit mass) of aerosol particles generally increase concom-
itantly with decreasing particle size. Therefore, the size distributions of mineral dust particles might affect their 
mass-normalized OP DTT. However, the putative relations between OP DTT and the surface areas of mineral dust 
particles have not been investigated.

Reference materials (RMs) of desert dust, such as certified RMs CJ-1 and CJ-2, the National Institute of Envi-
ronmental Studies (NIES) certified RM No. 30, and Arizona Test Dust (ATD), have been used widely as surro-
gates of atmospheric mineral dust aerosols for studies of toxicology, cloud microphysics, atmospheric radiology, 
and atmospheric chemistry (e.g., Hiyoshi et  al.,  2005; Ichinose et  al.,  2008; Kameda et  al.,  2016; Kanji & 
Abbatt, 2010; Möhler et al., 2006; Osada, 2013; Park et al., 2017; Sakai et al., 2010; Tang et al., 2014; Veghte 
et al., 2016; Yamashita et al., 2011). However, OPs of the dust RMs have not been characterized. For the present 
study, to investigate OP DTT of mineral dust aerosols in the atmosphere, we characterize OP DTT of the total and 
water-soluble fractions of these mineral dust RMs. Moreover, to elucidate the relations between OP DTT and the 
surface areas of mineral dust particles, we measure the size distributions of insoluble dust particles included in 
the dust RMs and estimate the respective surface areas of the insoluble dust particles. Then, based on results 
obtained from experimentation, we attempt to estimate OP DTT of fine and coarse mineral dust aerosol particles in 
the atmosphere. Finally, we compare the estimated OP DTT values with actual OP DTT values observed for atmos-
pheric aerosols during dust events and non-dust periods.

2.  Materials and Methods
2.1.  Reference Materials of Mineral Dust

For four dust samples provided as RM, we measured OP DTT: (a) NIES certified RM No. 30 “Gobi Kosa dust,” 
(b) certified RM CJ-1 “China Loess,” (c) certified RM CJ-2 “Simulated Asian Mineral Dust,” and (d) fine grade 
of ATD (ISO 12103-1, A2 Fine Test Dust). Hereinafter, these dust RMs are designated respectively as No. 30, 
CJ-1, CJ-2, and ATD. The original soils of No. 30, CJ-1, and CJ-2 were collected respectively from the southern 
Gobi Desert in Mongolia and the loess plateau and the Tengger Desert in China (Nishikawa et al., 2000, 2013). 
These areas are known as source areas of Asian dust. The original soil of ATD was collected from the Arizona 
desert in the United States. After the dust RMs were generated from surface soils, they were refined by coarse 
sieving, cyclone classification, and homogenization. Figure S1 in Supporting Information S1 presents a summary 
of the elemental compositions of No. 30, CJ-1, CJ-2, and ATD based on ISO standard documentation and data 
provided by Nishikawa et al.  (2000, 2013). The elemental compositions of the dust RMs are similar. Quartz, 
feldspar, and clays are identified as major mineral components for CJ-1, CJ-2, and ATD (Broadley et al., 2012; 
Yabuki et al., 2002). Although quantitative data of mineral components of No. 30 are not available from the 
related literature, X-ray diffraction patterns indicate similarity of the three RMs of Asian dust (No. 30, CJ-1, and 
CJ-2) (Nishikawa et al., 2013).

2.2.  Size Distribution Measurement and Specific Surface Area Estimation of Water-Insoluble Dust 
Particles

The numbers and sizes of water-insoluble particles included in No. 30, CJ-1, CJ-2, and ATD were measured 
using a Coulter Multisizer™ (Multisizer-3; Beckman Coulter Inc.). Particles with diameter of approximately 
1.4–160 μm were counted. Isoton™ II Diluent (Beckman Coulter Inc., pH 7.35–7.65) was used as the dispersing 
medium. From the measured number–size distributions, we estimated SSA of the insoluble particles according 
to the following explanation.

First, we estimated the total particle volume: Vtotal. Volume–size distributions were calculated from the measured 
number–size distributions assuming spherical particles. To include particles that are larger or smaller than the 
measurement size range in the calculations of Vtotal, the volume–size distributions were approximated as a sum of 
two or three lognormal distributions, as presented below.
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Therein, Dp stands for the particle diameter, n denotes the number of modes, Dg,p,i is the modal geometric mean 
diameter, σg,i expresses the modal geometric standard deviation, and Vi signifies the particle volume in mode i. 
Vtotal was obtained as

𝑽𝑽 𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 =

𝒏𝒏
∑

𝒊𝒊=𝟏𝟏

𝑽𝑽 𝒊𝒊.� (2)

Then we calculated the total particle surface area: Stotal. Surface–size distributions were estimated from the meas-
ured number–size distributions, assuming spherical particles. Similarly, the surface–size distributions were also 
approximated as a sum of two or three lognormal distributions, as shown below.
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Therein, Si represents the surface area of particles in mode i. Stotal was obtained as
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The values of SSA were obtained as

𝐒𝐒𝐒𝐒𝐒𝐒 =
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In that equation, ρ represents the particle density. The densities of the major mineral constituents of mineral 
dust are quite similar (e.g., 2.55–2.76 g cm −3 for feldspar, 2.65 g cm −3 for quartz, and 2.6–2.9 g cm −3 for illite). 
Actually, density of approximately 2.5–2.6 g cm −3 is often assumed as the bulk density of mineral dust aerosols 
(e.g., Kok et al., 2017; McNaughton et al., 2007; Möhler et al., 2006). For this study, we used the density of quartz 
(2.65 g cm −3) to calculate the SSA values of the dust RMs.

We calculated Stotal and Vtotal assuming spherical particles. However, in fact, solid dust particles are not spherical. 
Because the Coulter Multisizer measures the volume-equivalent size in principle, the assumption for particle 
shape might not engender large error for Vtotal. However, Stotal might be underestimated considerably because of 
assumptions of the particle shape. The particle surface area calculated by assuming spherical particles represents 
the lower limit. The relative relation of SSAs of the dust RMs will be preserved if the particle shapes (i.e., aspect 
ratio and surface roughness) are similar among the dust RMs, although no data are available for the shapes of 
dust RMs.

2.3.  DTT Assay

The OP DTT of the total and water-soluble fractions of the dust RMs were analyzed using DTT assay in accordance 
with the procedure described by Cho et al. (2005). Briefly, in the assay, the loss of 100-μM DTT in 0.10 M potas-
sium phosphate buffer (pH 7.4) at 37°C was measured over time. To measure the DTT loss rates of the total fraction 
of the dust particles (OP DTT

total), after a suspension of the dust particles in 36 ml of 0.11 M potassium phosphate 
buffer solution was prepared in a polypropylene amber centrifuge tube, it was sonicated for 30 min. Then, 4 ml 
of 1,000-μM DTT was added to the suspended solution that had been pre-warmed to 37°C. It was shaken contin-
uously at 400 rpm at 37°C using a dry bath incubator. At four specified times, a 0.50-ml aliquot of the incubated 
mixture was withdrawn and was added to 0.50 ml of 10% trichloroacetic acid in another tube (reaction tube) to 
terminate the reaction. Next, 0.10 ml of 5 mM dithiobisnitrobenzoic acid (DTNB) solution was added  to the reac-
tion tube, mixed, and allowed to react for 5 min. Then 2.0 ml of Tris-ethylenediaminetetraacetic acid (EDTA)-
HCl buffer (0.80 M, pH 8.9) was added. The reaction of DTT and DTNB forms 2-nitro-5-thiobenzonic acid 
(TNB). To quantify the TNB concentration, its absorbance at 412 nm was measured using a spectrophotometer 
(Genesys30; Thermo Scientific). Then TNB was quantified using molar absorptivity of 14,150 M −1 cm −1 (Eyer 
et al., 2003; Li et al., 2009). The DTT loss rate was ascertained from the linear regression slope of four data 
points. We changed the total time of DTT assay between 15 and 90 min depending on concentrations of the dust 
RMs and their DTT-reactivities. The four specified times of the data points were, for example, (0, 5, 10, 15) min 
and (0, 30, 60, 90) min, respectively, when the total times were set as 15 and 90 min.
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To measure the DTT loss rates of the water-soluble fraction of dust particles (OP DTT
ws), the loss of 100-μM DTT 

was measured at the same condition with OP DTT
total. As a pretreatment of the analysis, suspensions of the dust 

RMs in 0.11-M potassium phosphate buffer were sonicated for 30 min. We used the buffer solution to extract the 
water-soluble fraction because the solubility of metals in water depends on the pH value. The sonicated suspen-
sions were then filtrated using a Teflon membrane filter with 0.45-μm pore size (DigiFILTER; SCP Science) to 
remove water-insoluble particles. Then, 1 ml of 1,000-μM DTT was added to 9 ml of the filtrate that had been 
pre-warmed to 37°C. Subsequently, the DTT loss rate in the filtrate was measured as OP DTT

ws using the same 
procedure as that used to measure OP DTT

total.

A blank and a positive control were analyzed each day during the experiment. The DTT loss rate in the potas-
sium phosphate buffer without a dust sample was negligible (<0.01 μM min −1). The DTT loss rate obtained for 
the positive control (0.20-μM phenanthrenequinone) was reproducible with a mean (± standard deviation) of 
2.97 ± 0.20 μM min −1 (N = 14).

3.  Results and Discussion
3.1.  Size Distributions of Water-Insoluble Particles in the Mineral Dust RMs

Figure 1 depicts the volume–size and surface–size distributions of water-insoluble particles included in the dust 
RMs. Both the volume–size and surface–size distributions presented in Figure 1 were normalized by Vtotal. Param-
eters of lognormal functions obtained by fitting on the volume–size and surface–size distributions are presented 
respectively in Tables S1 and S2 in Supporting Information S1. Size distributions of the insoluble particles varied 
greatly among the dust RMs. The volume–size distribution of No. 30 (Figure 1a) showed a bimodal structure with 
two comparable modes at 3.9 and 18 μm diameter. However, the volume–size distributions of CJ-1 (Figure 1b), 
CJ-2 (Figure 1c), and ATD (Figure 1d) had a dominant mode. The dominant mode diameters were 49, 21, and 
3.3 μm, respectively, for CJ-1, CJ-2, and ATD. The size distribution of ATD was the most similar to those typi-
cally observed for long-range transported mineral dust aerosols, whereas the size distributions of CJ-1 and CJ-2 
were similar to those typically observed near the source regions of mineral dust aerosols (Formenti et al., 2011; 
Mahowald et al., 2014). The average particle size weighted by volume was CJ-1 > CJ-2 > No. 30 > ATD. Because 
it is associated with variation of the particle size distributions, the SSAs also varied greatly among the dust RMs. 
The SSAs were 0.092, 0.288, 0.469, and 0.783 mm 2 μg −1, respectively, for CJ-1, CJ-2, No. 30, and ATD.

The size distribution of insoluble particles is not the same as that of total particles of the dust RMs. Osada (2013) 
presented a volume fraction of 29% for water-soluble components in CJ-1 and 13% for that in CJ-2 as median 

Figure 1.  Volume–size and surface–size distributions of insoluble particles included in the mineral dust RMs: volume–size 
distribution of (a) No. 30, (b) CJ-1, (c) CJ-2, and (d) Arizona Test Dust (ATD), and surface–size distribution of (e) No. 30, (f) 
CJ-1, (g) CJ-2, and (h) ATD. The volume and surface areas of the particles were normalized so that the Vtotal is 1 unit volume. 
Blue circles represent volume–size or surface–size distribution values calculated from measurement data. Blue lines represent 
results of curve-fitting with the sum of lognormal distributions. Black lines show individual modes.
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values with no size trend, although no data are available for No. 30 and ATD 
in the literature. Assuming these volume fractions of water-soluble compo-
nents (13%–29%) and a core–shell particle structure, the diameters of total 
dust particles are estimated as 5%–10% larger than those of insoluble dust 
particles.

3.2.  Oxidative Potential of Total and Water-Soluble Fractions of the 
Mineral Dust RMs

Figure 2 portrays values of OP DTT
total and OP DTT

ws of the dust RMs as a func-
tion of the dust mass concentration in DTT solution. The regression equations 
in Figure 2 are presented in Table S3 in Supporting Information S1. After 
normalization by the dust mass concentration, both OP DTT

total and OP DTT
ws 

were found to be the lowest for CJ-1. In addition, ATD was the highest in 
OP DTT

total for the higher mass concentrations (150–500 μg mL −1) (Figure 2a). 
However, for the lower mass concentrations (10–100 μg mL −1), No. 30 was 
the highest in OP DTT

total. Regarding OP DTT
ws (Figure 2b), ATD was found to 

be the highest for all dust mass concentrations (100–500 μg mL −1). Further-
more, neither OP DTT

total nor OP DTT
ws was found to be linearly related to the 

mass concentration. Rather, they both were well-fit by a power function.

Similar nonlinear concentration–response curves were found for OP DTT of Cu 
and Mn ions, whereas OP DTT of quinones and Fe, Ni, and V ions are linear 
with respect to their concentrations (Charrier & Anastasio, 2012). It remains 
unclear why OP DTT is nonlinear with respect to Cu or Mn ions concentra-
tion. According to a Cu 2+-catalyzed DTT oxidation mechanism proposed 
by Kachur et  al.  (1997), the Cu 2+–DTT complex is formed and serves as 
the catalysts for DTT oxidation. In that mechanism, only the un-complexed 
DTT can be oxidized. Consequently, at high Cu 2+ concentration, the Cu 2+–
DTT  complex formation might result in a decrease of DTT oxidation effi-
ciency. However, as discussed in the subsequent section (Section  3.3), 
contribution of Cu ion is expected to be quite small for the DTT consumption 
by mineral dust. Therefore, the Cu 2+–DTT complex formation cannot explain 
the nonlinear concentration–response curves of mineral dust RMs quanti-
tatively. Additionally, it remains unclear whether the non-linearity of DTT 
reactivity of mineral dust RMs occurs only in the reaction with DTT or not. 

If this non-linearity of mineral dust OP also occurs in response to antioxidants in vivo, then the health risk from 
mineral dust exposure might not decrease linearly even when the atmospheric dust concentration decreases at 

order level after long-range transport from source regions.

As expected, comparison of OP DTT
ws with OP DTT

total of the same RM revealed 
OP DTT

ws as invariably lower than OP DTT
total. Figure  3 shows OP DsTT

ws/
OP DTT

total ratios for each RM. The OP DTT
ws/OP DTT

total ratios were 0.4–0.7, 
indicating that water-soluble and insoluble fractions of mineral dust particles 
contribute comparably to DTT consumption. Our earlier study (Nishita-Hara 
et  al.,  2019) revealed that water soluble transition metals (mainly Cu and 
Mn) can explain only approximately 60% of OP DTT

total of the coarse particles 
(>2.5 μm in particle diameter) collected from Asian dust plumes in Japan, 
although their OP DTT

total correlates strongly with concentrations of crustal 
elements (e.g., Al and Fe) in the coarse particles. Based on results of this 
study, water-insoluble mineral dust particles account for the residual fraction 
of OP DTT

total of the coarse particles, which was not explained by transition 
metal ions in our earlier study. For the coarse particles in Asian dust plumes, 
transition metal ions and surfaces of the water-insoluble mineral dust might 
account for most of their OP DTT

total.

Figure 2.  DTT loss rates as a function of the mass concentration of the dust 
reference materials (RMs) in the DTT solutions: (a) OP DTT

total and (b) OP DTT
ws. 

The x-axis represents the mass concentration of the dust RM in suspensions 
before filtration. The lines are regression lines.

Figure 3.  Fraction of OP DTT
ws against OP DTT

total. Error bars show two standard 
variations of triplicate measurements.
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3.3.  Relation Between Oxidative Potential of the Dust RMs and Surface 
Area Concentration of Water-Insoluble Particles

Figure 4 presents OP DTT
total and OP DTT

ws of the dust RMs as a function of 
the surface area concentration of water-insoluble particles in the DTT solu-
tion. The regression equations in Figure 4 are presented in Table 1. Surface 
area concentrations of the insoluble particles were calculated from the dust 
masses added to the DTT solution for the DTT assay and the SSAs of insol-
uble particles. The calculations were made assuming that the mass of the 
water-soluble fraction is negligible in the dust RMs. This assumption might 
not be sufficiently plausible. As described in Section 3.1, volume fractions 
29% and 13% were reported by Osada (2013) for the water-soluble compo-
nents in CJ-1 and CJ-2. Based on the water-soluble component fractions, the 
surface area concentrations of insoluble particles calculated here might be 
overvalued by approximately 10%–30%.

Surface-area-normalized OP DTT
total of the four dust RMs showed rough 

agreement (Figure 4a). Especially, surface-area-normalized OP DTT
total for the 

RMs of Asian dust (No.30, CJ-1, and CJ-2) well agreed. The values can be 
fitted together collectively by a regression curve with a high coefficient of 
determination (R 2 = 0.97). This result indicates that the surface area of insol-
uble particles included in mineral dust is a crucially important controlling 
factor for their OP DTT

total. After normalization by the particle surface area 
of insoluble particles, OP DTT

total of ATD was lower than that of the Asian 
dust RMs. This lower value might be attributable to differences in the chem-
ical or mineral compositions of the RMs. As for mineral dusts that have 
originated from the same source region, the relation between OP DTT

total and 
the particle surface area might be able to be collapsed to a common curve 
because of their similar chemical and mineral compositions. However, the 
surface-area-normalized OP DTT

total of mineral dust will differ depending on 
the surface area concentration in DTT solution because OP DTT

total values of 
dust RMs were not linear to the surface area concentration.

Surface-area-normalized OP DTT
ws values also roughly agree among all the 

RMs (Figure  4b), suggesting that DTT-active water-soluble species are 
dissolved from the surfaces of the mineral dust particles. Transition metal 
ions such as Fe, Mn, and Cu ions are DTT-active species that are likely to 
be included in the water-soluble fraction of the dust RMs. Other DTT-active 
species such as quinones and humic-like substances (HULIS) are unlikely 
to be included in the dust RMs because such organic redox-active species 

are adsorbed or formed on natural mineral dust surfaces during atmospheric transport (Falkovich et al., 2004; 
Kameda et al., 2016). Therefore, we discuss the respective contributions of Fe, Mn, and Cu ions to OP DTT

ws below.

In mineral dusts, Fe is the most abundant transition metal (Figure S1 in Supporting Information S1). The 
solubility of aerosol Fe in seawater has been studied extensively because it is an important factor in the global 
biogeochemical cycle of Fe, which affects ocean productivity and the carbon cycle (Jickells et  al.,  2005; 
Mahowald et al., 2018). Actually, Fe is known to dissolve from the surface of desert dust particles. Its solu-
bility is controlled primarily by the SSA of dust particles (Baker and Jickells et al., 2006; Ooki et al., 2009; 
Shi et al., 2011). However, the fractional solubility of Fe (percentage of dissolved to total Fe) in mineral dusts 
is quite low: < ca. 1% (Ooki et al., 2009; Shi et al., 2011). Moreover, Charrier and Anastasio (2012) reported 
that the DTT loss rates from Fe ion are linear to its concentration. If Fe ion is predominantly responsible to 
OP DTT

ws of the dust RMs, then OP DTT
ws of the dust RMs is expected to be present in a linear relation to the 

surface area concentration of the insoluble dust particles. However, OP DTT
ws was not linear to the surface area 

concentration (Figure 4b). Rather, it was well-fitted to a power law function. These findings and the low frac-
tional solubility of Fe suggest that Fe ion is unlikely to contribute predominantly to OP DTT

ws of the mineral 
dust RM.

Figure 4.  DTT loss rates as a function of the insoluble particle surface area 
concentration: (a) OP DTT

total and (b) OP DTT
ws. The x axis shows the surface 

area concentration of insoluble particles in the suspensions before filtration. 
The lines are regression lines. In panel a, solid and broken lines respectively 
represent regression lines of Asian dust reference materials (No. 30, CJ-1, 
CJ-2) and Arizona Test Dust.
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Also, Mn is known to dissolve from the desert dust (Mahowald et al., 2018). 
The elemental concentrations of Mn in the dust RMs are lower than those 
of Fe by approximately one order of magnitude (Figure S1 in Supporting 
Information S1). However, the fractional solubility of Mn in mineral dusts 
is much higher (ca. 50%) (Baker et  al.,  2006) than that of Fe (< ca. 1%). 
In addition, the relation between DTT loss from Mn-ion and its concentra-
tions follows a power law (Charrier & Anastasio, 2012). Consequently, Mn 
ion might be mainly responsible for OP DTT

ws of the mineral dust RMs. The 
elemental concentration of Cu in the dust RMs is lower than that of Fe by 
approximately three orders of magnitude (Figure S1 in Supporting Informa-
tion S1), although no data indicating the solubility of Cu in mineral dusts 
are available. Because of the low elemental concentration of Cu in mineral 
dusts, the contribution of Cu ion to OP DTT

ws is inferred as less important than 
that of Mn ion.

3.4.  Mass-Normalized Oxidative Potential of the Mineral Dust RMs

The OP DTT of aerosol particles is often presented as a mass-normalized 
value with a unit such as “picomoles DTT loss per minute per microgram 
of aerosol particles” because the scale is useful to compare intrinsic OP DTT 

across various aerosol samples. If OP DTT is linear to the particle mass concentration in the DTT solution, then 
mass-normalized OP DTT will not depend on the particle mass concentration. However, mass-normalized OP DTT 
will vary depending on the particle concentration in the DTT solution when OP DTT values are not linear to the 
particle concentration. As described in Section 3.2, neither OP DTT

total nor OP DTT
ws of the dust RMs were linear to 

the dust mass concentration (Figure 2). Consequently, as presented in Figure S2 in Supporting Information S1, 
mass-normalized OP DTT

total and OP DTT
ws of the dust RMs were not constant. Their values were dependent on the 

dust concentration in the DTT solution. For example, the mass-normalized OP DTT
total of No. 30 decreased from 

approximately 18 to 4 pmol min −1 μg −1 when the mass concentration of No. 30 in the DTT solution increased 
from 10 to 500 μg mL −1. When a large amount of mineral dust was included in the atmospheric aerosol sample, 
its mass-normalized OP DTT must be evaluated carefully because it might change depending on the particle mass 
concentration added to the DTT solution.

To obtain robust measurements of mass-normalized OP DTT of aerosol particles, Charrier et al. (2016) proposed 
measurement of the DTT loss rate at a standard particle concentration of 10  μg  mL −1 in the DTT solution 
in DTT assay. Mass-normalized OP DTT

total values measured at 10  μg  mL −1 were approximately 18, 13, and 
14 pmol min −1 μg −1, respectively, for No. 30, CJ-2, and ATD (Figure S2 in Supporting Information S1). In addi-
tion, OP DTT

total was not measured for CJ-1 at 10 μg mL −1 because its values were too low to measure. For CJ-1, 
the mass-normalized OP DTT

total at 10 μg mL −1 was estimated by extrapolation as 12 pmol min −1 μg −1.

Conte et al. (2017) reported mass-normalized OP DTT of Saharan dust of less than 0.1 pmol min −1 μg −1 for both 
the water-soluble and insoluble fractions, which is less than one one-hundredth of the mass-normalized OP DTT 
value obtained from this study for the dust RMs. To measure the OP DTT value of Saharan dust, Conte et al. (2017) 
collected surface soil in Algeria and refined it by sieving at 100 μm. Although no size distribution of the Saharan 
dust sample has been presented in the relevant literature, it is presumably similar to that of CJ-1 because CJ-1 
was also refined only by sieving, in this case by sieving at 150 μm (Nishikawa et al., 2000). Among the dust RMs 
examined for this study, CJ-1 was found to have the largest average particle size and the lowest SSA and OP DTT. In 
addition, Conte et al. (2017) analyzed a Saharan dust sample at a concentration of 1,000 μg mL −1 for DTT assay. 
This concentration is much higher than the particle concentrations analyzed in our study (10–500 μg mL −1). 
Therefore, the low mass-normalized OP DTT of Saharan dust reported by Conte et al. (2017) might be attributable 
to the large particle size and high particle concentration in DTT assay, although differences of their chemical and 
mineral components might partially explain the findings of low OP DTT.

3.5.  Estimation for Oxidative Potential of Mineral Dust Aerosols in the Atmosphere

As described in this section, we attempted to estimate OP DTT
total values of mineral dust aerosols in the atmosphere 

using the relation between OP DTT
total and the surface area of insoluble dust particles of Asian dust RMs (Figure 4a 

and Table 1). Often, the OP of atmospheric aerosols is measured for size-segregated particles such as fine and 

Table 1 
Regression Equations Show the DTT Loss Rate of the Total and Water-
Soluble Fractions of the Mineral Dust Reference Materials as a Function of 
the Surface Area Concentration of Insoluble Particles a

Material

Range of surface 
area concentrations 

(mm 2 mL −1)
Regression 

equation R 2 N b

Total fraction

  RMs of Asian dust 3–234 𝐴𝐴 𝐴𝐴 = 0.1003𝑥𝑥0.5486  0.97 51

  ATD 8–391 𝐴𝐴 𝐴𝐴 = 0.0369𝑥𝑥0.6922  0.99 18

Water-soluble fraction

  All 9–391 𝐴𝐴 𝐴𝐴 = 0.0598𝑥𝑥0.5368  0.86 36

 aIn the regression equations, y represents the DTT loss rate (μM min −1); x 
denotes the surface area concentration of insoluble particles (mm 2 mL −1) in 
the DTT solution.  bN stands for the number of independent measurements. 
The DTT loss rate measurements were repeated three times independently for 
each concentration.
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coarse particles (Shiraiwa et al., 2017). Therefore, we estimated the OP DTT
total 

of fine (<2.5 μm diameter) and coarse (>2.5 μm diameter) atmospheric dust 
particles. To estimate these values, we first estimated the SSA of fine and 
coarse dust particles assuming a typical size distribution of long-range trans-
ported Asian dust aerosols observed in Japan. Then, using the estimated 
SSAs, we estimated OP DTT

total of long-range transported atmospheric fine and 
coarse dust particles. Details of the estimates are explained below.

Volume (mass)–size distributions of desert dust aerosols show a dominant 
mode at 10–40 μm diameter at emission and near source regions (Hoffmann 
et al., 2008; Kok et al., 2017), which decreases concomitantly with increasing 
distance of transport because of the efficient deposition of the larger parti-
cles (Mahowald et al., 2014). In Japan, located more than 2,000–4,000 km 
downwind from Asian dust source regions, the modal diameters in the 
volume (mass)–size distributions of Asian dust aerosols have been observed 
as approximately 2.5–5.6  μm diameter (Kobayashi et  al.,  2007; Mori 
et al., 2003; Quinn, 2004). For the present study, particularly addressing a 
long-range transported desert dust aerosol, we estimated its OP DTT

total value 
assuming a size distribution of insoluble particles (Figure 5) equal to observed 
for an Asian dust plume in Kofu, Japan (Kobayashi et al., 2007). Figure 5a 
shows the volume–size distribution reported by Kobayashi et  al.  (2007) 
(mono-modal distribution with Dp,g  =  4.27  μm and σg  =  2.10). Figure  5b 
shows the surface–size distribution calculated from the volume–size distri-
bution assuming spherical particles. In dust plumes, the insoluble particles in 
this mode (coarse mode) are almost entirely mineral dust particles. From the 
volume–size and surface–size distributions presented in Figure 5, we calcu-
lated the total surface area to volume ratios (Stotal/Vtotal) of fine and coarse dust 
particles. Using the Stotal/Vtotal values, the SSAs of fine and coarse dust parti-
cles are obtainable following Equation 5 presented in Section 2.2. Assum-
ing the density of quartz (2.65 g cm −3), SSAs were estimated as 1.508 and 
0.449 mm 2 μg −1, respectively, for fine and coarse insoluble dust particles. By 
applying these SSA values and the relation between OP DTT

total and insoluble 
particle surface area of Asian dust RMs (No. 30, CJ-1, and CJ-2) (Figure 4a), 
we estimated OP DTT

total for fine and coarse dust particles as a function of their 
mass concentrations in the DTT solution.

Figure 6 shows the values of OP DTT
total estimated for fine and coarse dust parti-

cles in a long-range transported Asian dust aerosol as a function of their mass 
concentration in the DTT solution. The values of mass-normalized OP DTT

total 
at 10 μg mL −1 were estimated respectively as 44 and 23 pmol min −1 μg −1 
for fine and coarse dust particles. These values are quite consistent with the 
mass-normalized OP DTT

total of atmospheric aerosols observed during Asian 
dust events in Fukuoka, Japan (47 and 21 pmol min −1 μg −1, respectively, for 
fine and coarse particles, on average) (Nishita-Hara et al., 2019), suggesting 
that aging of mineral dust particles by chemical processing in the atmos-
phere does not critically affect their mass-normalized OP DTT

total. Only particle 
size reduction might be the primary factor causing a significant change of 
the mass-normalized OP DTT

total of mineral dust aerosols during atmospheric 
transport. The estimated values are also similar to the mass-normalized 
OP DTT

total values observed during non-dust events in Fukuoka (45 and 
25 pmol min −1 μg −1, respectively, for fine and coarse particles, on average). 
The sampling site is in an urban residential area. For that reason, anthropo-
genic aerosols are dominant during non-dust events at the site. The results 
suggest that mass-normalized OP DTT

total values of long-range transported 
Asian dust aerosols are almost equal to those of urban background aerosols. 

Figure 5.  (a) Volume–size and (b) surface–size distributions of insoluble 
dust particles observed in an Asian dust plume in Kofu, Japan (Kobayashi 
et al., 2007). Both size distributions were normalized by the total volume. 
Areas shaded in pink and cyan respectively correspond to the total volume for 
(a) and total surface area for (b) of coarse and fine dust particles.

Figure 6.  OP DTT
total of fine and coarse dust particles estimated for a typical 

size distribution of long-range transported Asian dust aerosols. The blue 
dashed line represents dust mass concentration of 10 μg mL −1. The values of 
mass-normalized OP DTT

total at 10 μg mL −1 were calculated from the DTT loss 
rates measured at this dust mass concentration.
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Mineral dust plume advection might not dilute the OP DTT value of urban aerosols. It might cause a marked 
increase in human exposure to redox-active aerosols.

The mass-normalized OP DTT
total value estimated for the fine dust particles (44 pmol min −1 μg −1) was two times 

higher than that estimated for the coarse dust particles (23 pmol min −1 μg −1). However, because the atmospheric 
volume (mass) concentration of the coarse dust particles is approximately three times higher than that of the fine 
dust particles (Figure 5a), the air-volume-normalized OP DTT

total is still higher for the coarse dust particles than for 
the fine dust particles. Moreover, in the whole respiratory tract, deposition is much more effective for the coarse 
particles than for the fine particles (Hyder et al., 1986). Therefore, in the whole respiratory tract, coarse dust parti-
cles might contribute much more to the total exposure amount to DTT-active substances than the fine dust  parti-
cles contribute. In the alveolar region, fine particles with 0.1–2.5 μm diameter have comparable deposition to that 
of coarse particles (Hyder et al., 1986). Therefore, regarding health effects occurring through deposition in the 
lungs, the fine dust particles can be as important as the coarse dust particles.

4.  Summary and Conclusions
We evaluated the OP DTT values of the total and water-soluble fractions of four mineral dust RMs with differ-
ent particle size distributions. Findings obtained from this study indicate that both water-soluble and insoluble 
fractions of mineral dust particles contribute greatly to OP DTT, suggesting that not only water-soluble transition 
metals but also the surfaces of insoluble mineral particles contribute considerably to the OP DTT of mineral dust 
aerosols. Mass-normalized OP DTT values differ depending on the dust RMs. However, the DTT loss rates normal-
ized by the surface area of insoluble dust particles show good agreement among the dust RMs, indicating the 
insoluble particle surface area as a crucially important controlling factor for OP DTT of mineral dust aerosols. 
During atmospheric transport, the SSA of mineral dust particles increases gradually because larger mineral dust 
particles are removed preferentially from the atmosphere. Consequently, the mass-normalized OP DTT of atmos-
pheric mineral dust aerosols might increase during atmospheric transport while the atmospheric dust burden 
decreases. Based on the relation between OP DTT values of the Asian dust RMs and surface area of insoluble dust 
particles, we estimated the OP DTT of fine and coarse dust particles assuming a typical size distribution of insolu-
ble dust particles observed in Asian dust aerosols transported for thousands of kilometers. The mass-normalized 
OP DTT values were estimated as 44 and 23 pmol min −1 μg −1, respectively, for the fine and coarse dust particles. 
Those findings are quite consistent with those observed during both Asian dust events and non-dust periods at an 
urban background site in Japan. The results suggest that the mass-normalized OP DTT of long-range transported 
atmospheric mineral dust aerosols are almost identical to those of urban background aerosols. Mineral dust plume 
advection might not necessarily dilute OP DTT of urban aerosols, but it might cause a marked increase in human 
exposure to redox-active aerosols, even in areas that are far downwind from mineral dust source regions.
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