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Abstract: Oxidation potential (OP), reflecting the redox activities of particle matter (PM), is considered
an optimal measure to explain the biological effects of PM exposure. However, the size resolution
of the relationship between OP and chemical composition in PM, especially how the relationship
changes after respiratory exposure, has not been well investigated. In this study, size-resolved
indoor PM10 samples were collected from a waste recycling plant from November to December
2021 using an Anderson eight-stage cascade impactor. OP, measured by a dithiothreitol (DTT) assay
(defined as OPDTT), and elements, determined by inductively coupled plasma–mass spectrometry
(ICP-MS) in size-resolved PM, were determined to check their relationships and the related human
exposure risk. The results indicated that compared with PM0.4 and PM0.4–2.1, PM2.1–10 contributed
the most to total OPDTT and its bound elements contributed the most to potential health risks, both
before and after respiratory exposure. The association between OPDTT and the elements varied with
PM size. Pearson correlation analysis showed that the PM0.4- and PM0.4–2.1-bound elements were
moderate-to-strongly positively correlated with OPv

DTT (r: 0.60–0.90). No significant correlation or
dose–response relationship was found in PM2.1–10. After respiratory exposure, several PM0.4- and
PM0.4–2.1-bound elements had a moderate-to-strongly positive correlation with deposition fluxes of
OP (defined as OPFlux) (0.69–0.90). A generalized linear model analysis showed that the interquartile
range (IQR) increase in the PM-bound elements (ng h−1) was associated with a 41.7–58.1% increase
in OPFlux. Our study is a special case that enriches the knowledge of the association between OPDTT

and the chemical composition of PM of different sizes, especially after respiratory exposure, but the
generalizability of the findings to other settings or types of PM may be limited. The associations
among OPDTT, other chemical compositions of PM, and human exposure risk merit further research.

Keywords: air particle; oxidation potential; elements; size distribution; respiratory exposure

1. Introduction

Air pollution is one of the most pressing global environmental problems. A growing
body of evidence shows that air pollution has significant risks to life and health quality
across the world [1,2]. Among the various pollutants in the air, particle matter (PM) con-
tributes the most to adverse health effects, especially for the respiratory and cardiovascular
systems [3–5]. In 2019, global ambient PM2.5-related deaths and disability-adjusted life
years (DALYs) were 4,140,970 and 118.2 million [6]. Of the 13 level-three causes, ischemic
heart disease, stroke, pulmonary disease, diabetes mellitus, and lung cancer were the
top five contributors to the increase in global deaths and DALYs attributable to ambient
PM2.5 [6]. Oxidative stress derived from the PM-mediated generation of reactive oxygen
species (ROS) in vivo is one of the most important mechanisms that causes damage to the
body [7,8].

Depending on specific sources and components, the toxicity of PM varies widely [9,10],
which mean that mitigation strategies to reduce PM concentration may not effectively
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reduce the effects of exposure to PM pollution on human health. Oxidation potential
(OP) is used to monitor the biological effects of PM exposure. Due to being faster and
less resource-intensive than cellular assays, acellular assays for OP have led to a rapid
increase in OP measurements worldwide. Common acellular OP assays include electron
spin (or paramagnetic) resonance, the dithiothreitol assay, the ascorbic acid assay, and the
glutathione assay [11]. Previous studies have measured PM OP by using ultrapure water as
an extracting solution [12,13]. However, recent toxicological research has broadly assumed
that the use of ultrapure water as an extracting solution cannot reflect the physiological
conditions in the lungs. For this reason, there is a growing number of studies choosing
simulated lung fluids (SLFs) as an extracting solution, and it has been found that the
composition and PH of SLFs can affect PM OP. OP assay conditions need to be further
investigated [14,15]. Epidemiologic studies have found the relevance of OP measured
by acellular assays to health, and OP is more strongly associated with acute cardiac and
respiratory endpoints than PM concentration [16,17]. Moreover, OP has been reported to
be a potential environmental stressor for chronic diseases [18]. Furthermore, mitigation
strategies to reduce PM concentration may not effectively reduce OP [19]. OP has been
considered a better measurement than PM concentration to explain the biological effects
of PM exposure because OP comprehensively reflects multiple aspects of PM, including
chemical compositions, synergistic interactions between chemical species and emission
source impacts, redox cycling by complex organics, and oxidative stress delivered by
surfaces [11].

Increasing research on the OP of PM and its relationship with chemical composi-
tion (e.g., transition metals, water-soluble organic aerosol, etc.) in different countries has
reported that transition metals and quinines (PAH derivatives) in PM are the main contribu-
tors to OP [13,19,20]. Transition metals (e.g., vanadium (V), chromium (Cr), iron (Fe), nickel
(Ni), copper (Cu), manganese (Mn), lead (Pb), zinc (Zn), and cadmium (Cd)), have attracted
great attention, as they can catalyze the formation of ROS in the atmosphere [21–23]. In
addition, they can consume antioxidants or induce the production of ROS in vivo and
result in oxidative stress [7]. PM research on OP and transition metals indicates that rela-
tionships vary with particle size and sample collecting areas. For example, significantly
positive correlations between OP and heavy metals were found in PM collected from of-
fice buildings in Hungary [12], urban outdoor areas in the southeastern USA [13], diesel
exhaust [24], and the roadside in the Netherlands [25], while negative or no correlations
were reported for PM collected from an urban area of Milan, Northern Italy [26], or central
Atlanta, USA [27]. Charrier et al. estimated that 80% of OP in water-soluble PM was due to
transition metals (especially Cu and Mn) [28], and Wexler et al. also found that soluble Cu
and Mn contributed to 50% and 20% of OP in PM1 [29].

Although PM compositions show great effects on OP, there is growing interest in the
relationship between PM size and ROS activity, because PM size is related to PM depo-
sition efficiency in the respiratory tract. In general, previous research has showed that
mass-normalized OP decreased with increasing particle size [25,30]. Volume-normalized
OP showed consistent peaks near 2.5 µm across studies [31]. For example, in Atlanta, GA,
water-soluble volume-normalized ambient OP peaked within 1–2.5 µm [32]. Similarly,
volume-normalized ambient OP in Los Angeles peaked in the 0.18–2.5 µm range [32].
Human respiratory deposition models have been used to calculate the PM deposition effi-
ciency in the respiratory system. Previous research showed that smaller PM (i.e., ultrafine
fractions) had a much higher deposition efficiency in the lower parts of the respiratory tract
(i.e., pulmonary/tracheobronchial regions) than larger PM, and the respiratory systems
functions as an aerodynamic classification system of PM [30,33]. In addition, smaller PM
had a higher penetration in the lower parts of the respiratory tract [34]. So, studying the
size distribution of OP in PM is of great significance for studying the effects of respiratory
exposure to PM pollution on human health. Furthermore, the relationship between PM
and metals in PM may change after respiration. Yan et al. observed the OP of PM in the
pulmonary region was mainly associated with transition metals, and quinones played only
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a minor role [30], while the opposite result was reported by Fang et al. [33]. Although
research on the relationship between OP and metals was discussed in previous studies,
with attention mostly on PM2.5, few studies have considered the size resolution of the
relationships between OP and elements in PM, or changes after respiratory exposure.

To solve the above problem, in the present study, atmospheric size-resolved PM was
collected by an Anderson eight-stage cascade impactor in a waste recycling plant, where
high pollutant levels would benefit the investigation of interrelationships. We measured
the concentrations of 21 elements and OP (defined as OPDTT) in PM and discussed the
size distribution of OPDTT and elements, and their relationships before and after using
respiratory exposure models. Moreover, we estimated the average daily exposure dose
(considering deposition fluxes in the respiratory tract) of several elements to workers and
the related potential non-cancer and cancer risks. This study is helpful to understand the
contribution of heavy metals to OP in PM with different sizes and the related health risks
from exposure, and is helpful to predict the chemical compositions in PM based on OP, and
further improve the efficiency of monitoring the effects of exposure to PM pollution on
human health (by using the OP of PM as a potential indicator).

2. Materials and Methods
2.1. Sampling Information

The sampling site was selected as an indoor waste recycling plant (113.46◦ E, 23.03◦ N)
in the Panyu district of Guangzhou, South China (Figure S1). Within 5 km of the plant
area, there are main roads, material and mold processing companies, automotive parts
manufacturing companies, food companies, and many other industrial parks. A lot of metal,
plastic, and other wastes from local cities are brought in by trucks, concentrated in the
internal area of the plant, then sorted and transported by workers and forklifts to specific
working areas. The PM sampling activity was conducted from November to December
2021. The meteorological conditions were stable during the sampling period. Four sites
were selected and evenly distributed in the plant area. An Anderson eight-stage cascade
impactor (TISCH-Model, TE-20-800, Tisch Environmental Inc., Cleves, OH, USA) equipped
with pre-combusted 81 mm diameter quartz fiber filters (Whatman, MA, USA) was used
for PM collection. The flow rate of the sampler was set at an average of 28.3 L min−1 and
PM10 sizes were cut at 0.43, 0.65, 1.1, 2.1, 3.3, 4.7, 5.8, and 9.0 µm, respectively, to simulate
the human respiratory deposition efficiency of PM10. Three parallel samples were collected
at each site and each sample was collected for three days from 7:30 a.m. to 20:00 p.m. A
total of 12 samples were collected and used for chemical and statistical analysis.

2.2. Sample Preparation and Instrumental Analysis

Microwave digestion was applied for the pretreatment of filtered mineral and metallic
species, which comprises digestion in a microwave oven with an oxidant mixture. A
quarter of each filter was cut into pieces, placed in a PTFE digestion vessel with a mixture
of 65% HNO3 (6 mL), 30% H2O2 (2 mL), and 40% HF (0.6 mL) [35,36], and digested in a mi-
crowave digestion instrument (Mars6 Xpress, CEM, Matthews, NC, USA). Concentrations
of 21 elements, including aluminum (Al), potassium (K), calcium (Ca), V, Cr, Mn, Fe, cobalt
(Co), Ni, Cu, Zn, arsenic (As), selenium (Se), silver (Ag), cadmium (Cd), tin (Sn), antimony
(Sb), barium (Ba), Tl (thallium), mercury (Hg), and Pb, in the digests were determined
using inductively coupled plasma–mass spectrometry (ICP-MS, NexION350, PerkinElmer
Inc., Waltham, MA, USA).

The OP of the PM samples was measured by the cell-free dithiothreitol (DTT) referred
to in a previous study [33]. Redox-active substances can oxidize DTT to its correspond-
ing disulfide (2-nitro-5-thiobenzoic acid) and the DTT consumption rate (OP) is linearly
proportional to the redox activity of PM. In general, a quarter filter was ultrasonically
extracted with 6.5 mL deionized water (18.2 MΩ cm) for 30 min, and then the extraction
was filtered using a syringe equipped with a 0.45 µm pore size PTFE filter. After that,
1.0 mL of the aerosol extract, 3.5 mL potassium phosphate buffer (0.5 mM, pH = 7.4), and
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0.5 mL DTT solution (0.5 mM) were incubated at 37 ◦C in a thermostat water bath. At each
time point (5, 10, 15, 20, 25, and 40 min) after the reaction started, 0.1 mL of the reaction
mixture was removed and reacted with 0.1 mL of 5 mM dithiobisnitrobenzoic acid solution
in phosphate buffer. The reaction product 2-nitro-5-thiobenzoic acid was quantified using a
microplate reader at 412 nm. The details of sample preparation are shown in the Supporting
Information (SI).

2.3. Quality Assurance, Quality Control, and Data Analysis

Before PM sampling, all filters were burned at 450 ◦C for 4 h to remove the organic
matter. The filters were stored in a dryer for 48 h at a constant temperature (25 ◦C) and
humidity (50%), then weighed before and after sampling and stored in a refrigerator
at −80 ◦C before further treatment. For each sample batch, two samples of urban air
particulate matter reference material (5 mg, SRM 1648a, NIST, Gaithersburg, MD, USA),
two field blanks, and two solvent blanks were also digested at the same time. The ICP-MS
was optimized daily, and the calibration was carried out using the internal standard (45Sc,
73Ge, 115In, and 209Bi at 50 µg L in 1% HNO3) during element analysis. The correlation
coefficient of the standard curve was 0.9999. Each sample was measured three times
by the instrument, and the relative standard deviations (RSDs) needed to be less than
3%; otherwise, the sample was re-measured. The recoveries of elements in the urban air
particulate matter SRM were within the allowable ranges of the certified values (100 ± 20%).
Elements of blank quartz filters were well below those of the samples measured and were
subtracted from the loaded filters in the above analysis. The limit of detection (LOD) was
defined as corresponding to three times the standard deviation of the solvent blank. The
results of the quality assurance and quality control are shown in Table S1.

Two field blanks and two duplicate samples were included in each experiment to
ensure the reproducibility of PM OPDTT. The DTT consumption rates of the blank quartz
filters were well below those of the samples measured and were subtracted from the
samples measured. The relative standard deviations (RSDs) of two duplicate samples were
less than 5%.

SPSS software version 25 was used for the statistical analysis. Kolmogorov–Smirnov
was used to examine the normality of the data. Pearson correlation and univariate linear
regression analysis were conducted to explore the association between OPDTT and the
selected elements in the PM before and after respiratory exposure. A generalized linear
model was used to estimate the relationship between OPDTT and the quartiles of the
selected elements in the PM before and after respiratory exposure. Statistical significance
was set at p < 0.05.

2.4. Human PM Exposure via Respiratory and Health Risk Assessment

The simplified human respiratory deposition model created by the International
Commission on Radiological Protection (ICRP) was used to calculate the PM deposition
efficiency in the respiratory systems of factory workers. The advantages of the ICRP model
mainly involve its wide applicability to the cohort population, including occupational
workers, as well as full consideration of human respiratory exchange ratios under diverse
environmental conditions (e.g., working or daily life) and the properties (e.g., hygroscop-
icity and solubility) of the particles and retention mechanisms in respiratory tracts based
on the fact that not all size-fractioned particles can be absorbed effectively [37,38]. The
deposition efficiency (DE) of particles with a specific size range in the head airway (HA),
tracheobronchial (TB), and pulmonary alveoli (PA) regions (referring to DFHA, DFTB, and
DFAR, respectively) is calculated by

DEHA = IF ×
[

1
1 + exp(6.84 + 1.183lnDp)

+
1

1 + exp(0.924 − 1.885lnDp)

]
, IF = 1 − 0.5 ×

(
1 − 1

1 + 0.00076Dp2.8

)
,
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DETB = 0.00352
Dp ×

[
exp

(
−0.234(lnDp + 3.40)2

)
+ 63.9exp

(
−0.819(lnDp − 1.61)2

)]
,

DEPA = 0.0155
Dp ×

[
exp

(
−0.416(lnDp + 2.84)2

)
+ 19.11exp

(
−0.482(lnDp − 1.362)2

)]
,

where IF is the inhalation factor of particles in different stages and Dp is the geometric
mean particle size (µm).

The deposition fluxes (DF) of OP (defined as OPFlux) and the elements were estimated
based on PM deposition efficiency as follows:

DF = ∑ (DE × C)× Rinh,

where C is OPv
DTT (air volume-normalized OPDTT) and the concentration of elements in

the PM; and Rinh is the human inhalation rate (m3 h−1). Here, the inhalation rate was
assumed to be 0.66 m3 h−1, according to the workers’ age ranges (30–50 years) [39].

The health risks from exposure to PM-bound heavy metals and metalloids (e.g., V, Cr,
Mn, Fe, Co, Cu, Zn, As, Cd, Pb, and Tl) were investigated using models developed by the
US Environmental Protection Agency [40]. Also, we considered the inhalation exposure
process based on deposition fluxes. The average daily intake of an element, and related
potential non-cancer risk hazard quotient (HQ) and cancer risk, respectively, caused by
non-carcinogens and carcinogens, were evaluated as follows:

DI =
DF × ET × EF × ED

BW × AT
× CF,

HQ =
DI

RfD
,

Cancer risk= DI × SF,

where DI is the daily intake (mg kg−1 day−1), RfD is the reference dose (mg kg−1 day−1),
and SF is the cancer slope factor (kg day mg−1). Other definitions, units, and recommended
values used in the equations are listed in Table S2. The RfD and SF of each element are
listed in Table S3. In this study, the concentrations of Cr (VI) were estimated based on
a concentration ratio of Cr (VI) to total Cr of 0.13 [41]. HQ > 1 suggests the existence of
significant non-carcinogenic health risk of an element, while HQ ≤ 1 indicates the non-
carcinogenic risk of the element can be accepted or ignored [42]. As for carcinogenic risk,
the potential risk is serious when the cancer risk is >10−4, can be ignored when the cancer
risk is ≤10−6, and can be accepted when the cancer risk is between 10−6 and 10−4 [43].

3. Results and Discussion

3.1. Size Distribution of Elements and OPDTT in PM

Elements: The average concentration of PM10 at all sites ranged from 115 to 435 µg m−3.
The average total concentration of PM10-bound elements during the study period was
32.2 ± 10.7 µg m−3, accounting for 14.9 ± 8.39% of PM10 mass (Table S4). Concentrations
of most elements in the PM of the plant were higher than those in the outdoor air of
Guangzhou [44], indicating the plant is a potential pollution source affecting the surround-
ing environment.

For individuals, levels of V, Fe, and Cu had a significant unimodal peak at 9.0–10 µm
(Figure S2), with more than 70% of mass enriched in PM2.1–10. Concentrations of Cd and Tl
had bimodal peaks with one major peak at 9.0–10 µm and one minor peak at 0.43–2.1 µm,
with more than 60% of mass enriched in PM2.1. For others, concentrations of Cr, Mn,
Pb, and Ba had bimodal peaks with one major peak at 9.0–10 µm and one minor peak at
4.7–5.8 µm. Moreover, V, Cu, and Fe had an almost even distribution at 0–3.3 µm. The
size distribution of PM-bound elements in our waste recycling plant was different from
other research in the urban areas of Beijing and Tianjin, China [45,46], where most elements
were bimodal with peaks at 0.43–1.1 and 4.7–5.8 µm, respectively. Also, the contributions
of PM2.1–10-bound elements to total elements in the two studies were lower than the value
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in our study, because As, Pb, and other trace elements were more easily enriched in PM2.1
in their studies [45,46]. The size distribution of PM-bound elements in our study was also
different from outdoor research in Cochin, India, where Cu and Pb were characterized by
unimodal size distribution with a peak at 0–2.1 µm [47].

Enrichment Factor (EF) is usually used to study the enrichment degree of inorganic
elements in multiple environmental media (e.g., air PM and road dust) and to distinguish
whether it arises from a natural source or anthropogenic source [48,49]. In this study, we
selected Al as the reference element, because Al is stable, immune to human interference,
and is widespread in the Earth’s crust. The reference crustal element concentrations of
Guangdong province in China were selected as the background value [47,49,50]. The details
of the EF calculation method are shown in the Supporting Information (SI). When the EF
is less than 1, it indicates the inorganic elements are barely enriched and natural sources
(e.g., rock and soil) are the important sources, while a value higher than 10 indicates that
inorganic elements are moderately to very enriched, and anthropogenic emissions are
the main source (Table S5). The estimated results indicated that the elements in the PM
of the plant with different sizes had different enrichment degrees and sources (Table S6).
For example, Ca had slight enrichment (1 ≤ EF < 10) in PM0.4 and was affected by a mix
of natural and anthropic sources, but had almost no enrichment in PM0.4–2.1 or PM2.1–10
and was affected by natural sources (EF < 1). Cu, Ba, and Pb in PM0.4–2.1 and PM2.1–10
with moderate enrichment (10 ≤ EF < 100) were mainly affected by anthropic sources.
Similarly, Zn, As, Cd, and Sn in PM10 with high enrichment (100 ≤ EF < 1000) were mainly
affected by anthropic sources. Therefore, the elements in the plant were mainly affected by
anthropic activities.

OPDTT: OPm
DTT is the mass-normalized ROS activity indicating the intrinsic potency

and aerosol toxicity of PM driven by a mix of redox-active PM constituents, and OPv
DTT is

the air volume-normalized ROS activity indicating the redox activity directly proportional
to sample air volume [51]. The average OPv

DTT and OPm
DTT values of PM10 at the dif-

ferent sites were 2.35–3.16 nmol min−1 m−3 and 8.41–18.6 pmol min−1 µg−1, respectively
(Table S4). We summarized the results reported in the research on the OP of PM around the
world (Table S7) and found that OP values were affected by several factors, including but
not limited to, weather conditions, PM aging degree, and PM compositions.

OPm
DTT had three peaks with one major peak at 0.43–0.65 µm and two minor peaks

at 4.7–5.8 µm and 9–10 µm (Figure 1), which was similar to the PM collected from the
roadside and outdoor urban areas of Atlanta, Georgia, USA [33], but different from the PM
collected on haze and no-haze days in Shanghai, China, where OPm

DTT had a unimodal
peak at 0.32–0.56 µm [30].
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For OPv
DTT, the dimensional distribution indicated there was one major peak for

9–10 µm, and two minor peaks for 4.7–5.8 µm and 0.65–1.1 µm, respectively (Figure 1). The
distribution pattern of OPv

DTT in the PM we collected from the waste recycling plant was
different from the PM from the roadside and indoor and outdoor urban homes, where
OPv

DTT usually had a unimodal peak in PM2.5 [30,33]. It should be noted that the size
distribution of OPv

DTT was similar for several elements, such as V, Mn, Pb, and Ba, in-
dicating the OPv

DTT of PM might be affected by these elements. Furthermore, PM2.1–10
contributed the most (46–51%) to the total OPv

DTT due to having the largest mass in our
study, while ultrafine/fine PM was reported to have a major contribution to OP in previous
other studies [30,33,52]. Our results indicate the oxidative capacity of PM2.1–10 should be
considered in some special environments.

3.2. Respiratory Deposition of Elements and OPDTT of PM

Elements: The deposition efficiency of all size-resolved PM in the HA, TB, and PA
regions was calculated by the ICRP models (Figure S3); then, the efficiency was used
to estimate the deposition flux of several selected PM-bound elements (according to the
toxicity and content in the PM) in those areas of the respiratory tract based on a hypothetical
inhalation rate of 0.66 m3 h−1. The total deposition flux of the selected elements (V, Cr, Mn,
Fe, Co, Cu, Zn, As, Cd, Pb, and Tl) was up to 5.95 × 103 ± 1.32 × 103 ng h−1 in the whole
respiratory tract (Table S8). The average deposition fluxes (efficiencies) of the selected
elements were 0.07–4890 ng h−1 (47–79%), 0.00–171 ng h−1 (~3%), and 0.01–262 ng h−1

(4–9%) in the HA, TB, and PA regions of the respiratory tracts, respectively (Table S8 and
Figure 2). Additionally, PM2.1–10 contributed the most to element deposition in the whole
human respiratory tract (average > 80%), especially for V, Cr, Mn, Fe, Co, Cu, Zn, As,
and Pb.
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Figure 2. Deposition flux fractions of elements and OPDTT of PM10 and the relative contributions of
PM with different sizes to total elements and OPDTT of PM10 in the whole respiratory tract. Note:
head airway, HA; tracheobronchial, TB; and pulmonary, PA. Un-deposition is elements and OPDTT of
PM10 not deposited in respiratory tract during respiration. The average deposition flux of elements
and OPDTT of PM10 is roughly calculated based on the deposition efficiency of size-resolved PM by
ICRP models and a hypothetical inhalation rate of 0.66 m3 h−1. The % are for mass concentrations.
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Human health risks from the inhalation of elements were estimated based on their
deposition fluxes. Our results indicated that in the whole respiratory tract, significant
carcinogenic health risk was found for As, Co, and Cr (VI), mostly in PM2.1–10 (>80%),
with cancer risk values higher than the safety threshold 10−4 (Table 1), which shows that
controlling PM2.1–10 pollution is of great significance for human health protection. No
significant carcinogenic or non-carcinogenic risks were found for other elements. The
estimated results of As, Co, and Cr (VI) were similar to those for the outdoor PM-bound
elements in Guangzhou, China, reported by Li et al. [53]. When considering specific
position, PM-bound elements in the HA contributed the most (79.6–91.9%) to total health
risks in the whole respiratory tract, with cancer risk values of As, Co, and Cr (VI) higher
than the safety threshold 10−4, followed by the PA (4.92–15.4%) and TB (3.21–5.36%) regions,
with cancer risk values of As and Cr (VI) higher than the safety threshold 10−4 (Table S8).
When considering PM size resolution, the health risks from PM0.4-bound elements were
the highest in the PA region and the lowest in the TB region, while PM0.4–2.1- and PM2.1–10-
bound elements had the highest health risks in the HA and the lowest health risks in the
TB region. Therefore, the contribution of elements in PM0.4 and PM0.4–2.1 to the total health
risks increased with the increase in respiratory tract depth. For example, Cr (VI) in PM0.4
accounted for 0.46% of health risks in the HA, which increased to 9.99% in the PA region.
But in general, As, Co, and Cr (VI) in PM2.1–10 contributed the most to cancer risk value
compared with the elements in PM0.4 and PM0.4–2.1 in each part of the respiratory tract.

Table 1. Non-carcinogenic risks hazard quotient (HQ) and carcinogenic risks of selected elements in
PM with different sizes by inhalation exposure.

Element
Non-Carcinogenic Risks (HQ) Carcinogenic Risks

PM0.4 PM0.4–2.1 PM2.1–10 SUM PM0.4 PM0.4–2.1 PM2.1–10 SUM

V 3.47 × 10−7 6.34 × 10−6 8.90 × 10−5 9.56 × 10−5 - - - -
Cr 8.12 × 10−4 7.71 × 10−3 4.69 × 10−2 5.54 × 10−2 6.86 × 10−5 6.51 × 10−4 3.96 × 10−3 4.68 × 10−3

Mn 9.37 × 10−4 1.13 × 101− 8.02 × 10−1 9.16 × 10−1 - - - -
Fe 1.41 × 10−6 4.93 × 10−5 1.20 × 10−3 1.25 × 10−3 - - - -
Co 1.55 × 10−4 5.49 × 10−3 4.63 × 10−2 5.19 × 10−2 6.10 × 10−7 2.16 × 10−5 1.82 × 10−4 2.04 × 10−4

Cu 1.80 × 10−7 1.86 × 10−5 1.65 × 10−4 1.84 × 10−4 - - - -
Zn 2.16 × 10−6 3.57 × 10−5 1.57 × 10−4 1.95 × 10−4 - - - -
As 1.64 × 10−5 3.09 × 10−3 1.50 × 10−2 1.81 × 10−2 5.25 × 10−6 9.90 × 10−4 4.80 × 10−3 5.79 × 10−3

Cd 3.92 × 10−7 3.86 × 10−5 5.15 × 10−5 9.05 × 10−5 1.73 × 10−7 1.71 × 10−5 2.28 × 10−5 4.01 × 10−5

Pb 3.11 × 10−6 2.44 × 10−4 1.19 × 10−3 1.44 × 10−3 2.15 × 10−7 1.69 × 10−5 8.25 × 10−5 9.96 × 10−5

Tl 8.04 × 10−7 6.92 × 10−4 7.67 × 10−4 1.46 × 10−3 - - - -

Note: Bold means the risk is higher than the safety threshold 10−4.

OPDTT: As shown in the Section 2, OPDTT is the DTT consumption rate of water-
soluble oxidizing substances in PM. Here, we treated OPDTT as a “pollutant” that could be
deposited in the human respiratory tract. In the whole human respiratory tract, the average
deposition flux of OPDTT (defined as OPFlux) of PM10 and its deposition efficiency were
1.19 ± 0.17 nmol min−1 h−1 and 64% ± 5.89%, respectively (Table S8 and Figure 2). The av-
erage OPFlux (deposition efficiency) values were 0.98 ± 0.29 nmol min−1 h−1 (53% ± 15.6%),
0.06 ± 0.01 nmol min−1 h−1 (3% ± 0.91%), and 0.15 ± 0.05 nmol min−1 h−1 (8% ± 2.18%)
in the HA, TB, and PA regions of the respiratory tract, respectively. PM2.1–10 contributed the
most (73%) to total OPFlux in the whole respiratory tract, and PM0.4–2.1 and PM0.4 accounted
for 26% and 1%, respectively (Figure 2). The result that the predominant OPFlux of PM10
was from PM2.1–10 was consistent with the study by Guo et al. [54], but different from the
reports from Fang et al. [33] and Lyu et al. [30] in which fine PM had the largest contribution
to the total OPDTT of PM in the whole pulmonary region.

When considering size resolution, the OPFlux of PM0.4 was the highest in the PA region
(0.01 ± 0.001 nmol min−1 h−1) and the lowest in the TB region (0.001 ± 0.001 nmol min−1 h−1),
while the OPFlux of PM0.4–2.1 and PM2.1–10 was the highest in the HA and the lowest in the
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TB region (Table S8). Levels of OPFlux were bimodal with peaks at 3.3–4.7 and 5.8–9.0 µm
in the HA, and were unimodal with peaks at 2.1–3.3 and 0.65–1.1 µm in the TB and PA
regions, respectively (Figure S4). The contribution of PM0.4 and PM2.1–10 to total OPFlux

increased with the increase in respiratory tract depth. For example, the total contribution
of them accounted for 22% of total OPFlux in the HA, which increased to 64% in the PA
region. Furthermore, the univariate linear regression analysis showed a significantly
positive correlation between OPFlux and the deposition of PM2.1 mass; that is, with PM
pollution aggravation in the air, for every 10-time increase in the deposition of PM2.1, the
OPFlux increased by 0.12, 0.12, and 0.08 times in the HA, TB and PA regions, respectively
(Figure S5). Similar, significantly positive correlations were also found between OPFlux

and the deposition of PM2.1–10. Clinical studies reported that the abundance of natural
antioxidants in the lung lining fluid decreases remarkably with an increase in respiratory
tract depth [55], and antioxidants are believed to protect the respiratory system against
the oxidative stress imposed by inhalable materials. In addition, smaller PM had a higher
penetration in the PA regions of the respiratory tract [34]. Therefore, the oxidative impacts
of PM2.1 on the human respiratory system might require more attention than PM2.1–10,
especially when PM pollution is severe.

3.3. Association between OPv
DTT and PM-Bound Elements

To explore the association between OPv
DTT and the selected elements (V, Cr, Mn, Fe,

Co, Cu, Zn, As, Cd, Pb, and Tl) in the PM in the air, Pearson correlation and univariate
linear regression analyses were conducted (data points from all sites were pooled). Because
the sampling time was during a season with stable meteorological conditions, and previous
studies have shown that metals dominate OP [28,29], other potential confounding factors,
such as other pollutants or environmental conditions, were neglected in our study.

For PM0.4, OPv
DTT was strongly and positive correlated with concentrations of As

(r = 0.85, p < 0.01) and Co (r = 0.90, p < 0.01) (Figure 3), and an IQR increase in their levels
was associated with 53.8% (As, 95% CI: 28.9–78.5%) and 58.1% (Co, 95% CI: 17.6–98.6%)
increases in OPv

DTT (Table 2). Previous studies have demonstrated that levels of As and
Co in the air are highly affected by fossil fuel combustion (e.g., vehicle exhaust and coal
burning) [45,46]. In addition, the high temperature of combustion is conducive to the
formation of ROS, such as ·OH, ·O2−, H2O2, and other free radicals [56,57], so it was
not surprising to find a significantly positive correlation between OPv

DTT and elements
associated with combustion sources.
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Table 2. Association between OPv
DTT (nmol min−1 m−3) and concentrations (ng m−3) of several

selected elements in air PM (before respiratory exposure), and deposition flux association of OPDTT

(nmol min−1 h−1) and elements (ng h−1) in simplified human respiratory deposition model. (Linear
regression analysis, confidence level = 95%.)

Element PM0.4 PM0.4–2.1

Slope β (95% CI) Intercept α
(95% CI) R2 IQROP (%)

(95% CI)
Slope β
(95% CI)

Intercept α
(95% CI) R2 IQROP (%)

(95% CI)

Before
respiratory
exposure a

V - - - - - - - -
Cr - - - - 0.03 (0.00–0.06) ** −2.07 (−2.9–1.24) 0.60 52.2 (3.50–101)

Mn - - - - 0.03 (0.02–0.05) ** −1.35
(−1.52–−1.18) 0.73 21.6 (10.6–32.3)

Fe - - - - - - - -

Co 10.9 (6.91–15.0) ** −1.84
(−2.12–−1.57) 0.91 58.1

(17.6–98.6) - - - -

Cu - - - 0.11 (0.06–0.17) ** −1.62
(−1.90–−1.33) 0.61 27.5 (16.9–38.1)

Zn - - - 0.01 (0.01–0.02) ** −1.68
(−1.98–−1.38) 0.61 31.6 (17.4–45.8)

As 0.05 (0.02–0.07) ** −2.17
(−2.67–−1.67) 0.85 53.8

(28.9–78.5) - - - -

Cd - - - - 1.27 (0.51–2.01) ** −1.32
(−1.61–−1.02) 0.73 20.8 (11.9–29.7)

Tl - - - - 9.70 (6.04–13.4) ** −1.60
(−1.83–−1.36) 0.60 26.7 (16.9–36.6)

Pb - - - - 0.22 (0.12–0.33) ** −2.42
(−3.02–−1.81) 0.67 26.7 (15.9–37.5)

After
respiratory
exposure b

V - - - - 0.62 (0.46–0.78) ** 0.05 (0.03–0.06) 0.64 41.8 (18.0–65.6)
Cr - - - - 0.01 (0.01–0.01) * 0.04 (0.00–0.09) 0.61 45.7 (−2.54–93.9)
Mn - - - - 0.02 (0.01–0.02) ** 0.04 (0.02–0.06) 0.63 42.9 (35.5–50.4)
Fe c - - - 0.08 (0.06–0.10) ** 5.22 (3.29–7.15) 0.61 43.9 (−34.5–122)

Co d 172 (108–235) ** −4.60
(−4.87–−4.32) 0.91 58.1

(17.6–98.6) - - - -

Cu - - - 0.06 (0.04–0.07) ** 0.05 (0.02–0.07) 0.67 42.8 (6.48–79.1)
Zn c - - - 0.35 (0.10–0.60) * 4.01 (3.08–11.1) 0.66 54.4 (4.91–104)

As d 0.74 (0.38–1.11) ** −4.92
(−5.42–−4.42) 0.85 53.8

(28.9–78.5) - - - -

Cd - - - - 0.64 (0.50–0.78) ** 0.05 (0.03–0.06) 0.73 41.7 (3.71–79.7)
Tl - - - - 4.54 (3.64–5.44) ** 0.04 (0.02–0.05) 0.75 45.0 (24.6–65.4)
Pb - - - - 0.03 (0.02–0.04) ** 0.04 (0.02–0.06) 0.74 44.8 (5.83–83.7)

a: The linear fitting is for concentrations of elements (independent variable) and OPv
DTT (dependent variable),

where OPv
DTT was Ln-transformed. b: The linear fitting is for deposition flux of elements (independent variable)

and OPDTT (dependent variable). c: The deposition flux of OPDTT was expanded 100 times. d: The deposition
flux of OPDTT was Ln-transformed. R2: Fitting determination coefficient. ** p-valve < 0.01, * p-valve < 0.05.
IQROP: Average percentage change in OPv

DTT or deposition flux of OPDTT per interquartile range (IQR) increase
in concentrations or deposition flux of elements. -: No linear fitting relationship with R2 ≥ 0.6.

For PM0.4–2.1, OPv
DTT was positively correlated (moderately to strongly) with mass

concentrations of Cr, Mn, Cu, Zn Cd, Tl, and Pb (r range: 0.60–0.84, p < 0.05) (Figure 3).
The highest IQR increase in OPv

DTT of 52.2% (95% CI: 3.50–101%) was associated with
mass concentrations levels of Cr, and the IQR increase in OPv

DTT for other elements was
21.6–31.6% (Table 2). The results indicated the selected elements might have a great impact
on the OPv

DTT of PM0.4–2.1 in the plant, and similar results can be found in previous
research [24,58]. For example, significantly positive correlations between OPv

DTT and Cr,
Co, Fe, Ni, Cu, Zn, Se, Mn, Cd, and Pb (p < 0.05) mass concentrations were observed in
PM2.5 collected from urban outdoor areas in the coastal cities by the Bohai Sea, northern
China [59]. Significantly positive correlations between OPv

DTT and V, Mn, Fe, Cu, As, Sr Ba,
Li, Mg, Al, and Ti mass concentration were reported in PM2.5 collected from urban outdoor
areas in in Lahore and Peshawar, Pakistan [60]. However, negative or no correlation
was also reported in studies conducted with air PM collected from the urban area of
Milan, Northern Italy [26], and from central Atlanta, USA [27], where OPv

DTT was mainly
affected by water soluble-organic matter and brown carbon. Compared with PM0.4, more
elements were associated with the OPv

DTT in PM0.4–2.1 in our study. This might be related
to the higher fractions of nitrate and sulfate in PM0.4–2.1, which can dissolve more metals.
Moreover, the long residence time and the long-distance transport capacity of PM0.4–2.1 in
the air can also lead to more ROS or free radical generation through metal catalysis during
PM aging [30,31,33].
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For PM2.1–10, no significant correlation was found between OPv
DTT and elements’

mass concentrations. However, significantly positive correlations between OPv
DTT and

V, Fe, and Cu mass concentrations were reported in PM2.5–10 collected from an animal
farm, a continuous traffic site, a Stop&Go traffic site, and an urban background site in the
Netherlands [25].

Generally speaking, on their surface, particles contain soluble transition metals such
as Fe, Cu, Mn, Cr, and V that can generate ROS through Fenton-type reactions and act
as catalysts by Haber–Weiss reactions (Figure 4) [7,28]. Taking Fe as an example, ferrous
iron (Fe2+) reduces hydrogen peroxide (H2O2) with the formation of hydroxyl radicals
(•OH) and the oxidation of ferrous iron to ferric iron (Fe3+). This reaction can be recycled
by reductants such as superoxide anions, DTT glutathione, and ascorbic acid by reducing
Fe3+ to Fe2+. All ROS were measured from the oxidation of DTT. Because only the soluble
forms of metals participate in redox reactions, correlations between OPv

DTT and total metal
mass concentrations depend on the fraction of total metal that is soluble. Moreover, the
different correlations between OP and elements in PM with different sizes are influenced
by chemical form, oxidation and reduction behavior, and capacity of ROS generation
or induction, for example, Fenton-type, Haber–Weiss reactions, etc. [12,28]. Moreover,
correlations do not show causal relationships between OP assays and PM components,
especially since particulate species are often highly covariate [28]. More research on the
solubility and morphology of metals is needed to reveal their correlation mechanisms.
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3.4. Association between OPFlux and Elements after Respiratory Exposure

As OP may be a better reference value to explain the biological effects of PM exposure
than PM concentration [16,17], the relationship between OPFlux and the deposition flux of
elements in the human respiratory tract may give more specific information to understand
the potential risks of PM exposure. We tested the relationship between OPFlux and the
deposition flux of selected elements (V, Cr, Mn, Fe, Co, Cu, Zn, As, Cd, Pb, and Tl) calculated
based on the simplified human respiratory deposition model using Pearson correlation and
univariate linear regression models (data points from all sites were pooled).

When considering PM size, strong and positive correlations were found between the
deposition flux of As or Co and OPFlux in PM0.4 (r > 0.85, Figure 5), similar to those in
OPv

DTT and PM-bound elements in the air, because in the respiratory tract model, PM0.4
only had one size classification and deposited in the respiratory tract with a fixed deposition
efficiency. It is worth noting that in PM0.4–2.1, the correlation coefficients between element
deposition flux and OPFlux (r: 0.69–0.86) were higher than the values between OPv

DTT

and element concentrations. For example, the IQR increases in deposition flux of V, Cr,
Mn, Fe, Cu, Zn, Cd, Tl, and Pb (ng h−1) were associated with a 41.7–54.4% increase in
OPFlux (Table 2). The elevated relation between OPFlux and the deposition flux of elements
compared with those between OPv

DTT and PM-bound elements in air PM0.4–2.1 may indicate
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the contrition of elements to OP of PM was intensified after inhalation. Therefore, the
association between OPFlux and the deposition flux of elements in the respiratory tract
may provide a useful reference to understand the relationship between element external
exposure and potential human health effects.
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4. Conclusions

This study reported on size-resolved elements and OP in air PM collected from a
waste recycling plant. Compared with PM0.4 and PM0.4–2.1, PM2.1–10 contributed the most
to total OPDTT and its bound elements contributed the most to potential health risks. After
the inhalation model simulation, PM2.1–10 contributed the highest (73%) to total OPFlux in
the whole respiratory tract, followed by PM0.4–2.1 (26%) and PM0.4 (1%). The association
between OPv

DTT and elements’ mass concentrations varied with PM size, and was not
found in PM2.1–10. However, significant and positive correlations were found between
several elements’ mass concentrations and OPv

DTT in PM0.4 and PM0.4–2.1 (r: 0.60–0.90).
So, other chemicals other than the targeted elements may contribute to PM2.1–10 in the air.
After the respiratory exposure model simulation, the relationship between OPFlux and the
deposition flux of the targeted elements was intensified compared with those between
OPv

DTT and PM-bound elements’ mass concentrations in air PM10.
This study focuses on a specific waste recycling plant, which enriches the knowledge

of the association between OPDTT and the chemical composition in PM of different sizes,
especially after respiratory exposure. However, our study also has several limitations. For
example, this study is a special case, which may limit the generalizability of the findings to
other settings or regions. It would be valuable to study a more diverse range of sampling
locations to enhance the external validity of the study. In addition, the number of samples
was not large enough. Increasing the sample size and duration of data collection could
obtain more robust and representative results.

Supplementary Materials: The following supporting information to this article can be downloaded
at: https://www.mdpi.com/article/10.3390/atmos15040411/s1. Figure S1. Sampling site and
surrounding environment of the plant; Figure S2. Size distribution of mean concentration of PM-
bound elements (ng m−3) in the waste recycling plant, South China. (Error bars in red refer to the
standard deviations (n = 12); Dp is the particle diameter (µm)); Figure S3. Deposition efficiency
of size-resolved PM in head (HA), tracheobronchial (TB), and pulmonary (PA) regions using ICRP
model; Figure S4. Mean deposition flux of OPDTT (OPFlux) in different size-fractioned stages in
head (HA), tracheobronchial (TB), and pulmonary (PA) regions using ICRP model. (Error bars in
red refer to the standard deviations (n = 12); Dp is the particle diameter (µm)); Figure S5. Univariate
linear regression analysis between deposition flux of OPDTT (OPFlux: dependent variable) and
mass concentration of PM2.1 (PM2.1Flux: independent variable) in head (HA), tracheo-bronchial
(TB), and pulmonary (PA) regions using ICRP model; Table S1. Field blanks and limit of detection
of the procedure for microwave digestion; Table S2. Definitions and recommended values of the
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parameters for health risk assessment of elements via inhalation pathway [61,62]; Table S3. Oral
reference dose (RfD) (mg kg−1 day−1) and cancer slope factor (CSF) (kg·day mg−1) of elements;
Table S4. Values (mean ± standard deviation) of element concentratons (ng m−3), and OPmDTT
(pmol min−1 µg−1) and OPvDTT (nmol min−1m−3) of PM with different sizes in the waste recycle
plant, South China; Table S5. Relationships between enrichment factor (EF) and enrichment degree of
the studied elements; Table S6. Enrichment factor of elements in PM with different sizes in the waste
recycle plant, South China; Table S7. Comparison of OPmDTT (pmol min−1 µg−1) and OPvDTT
(nmol min−1m−3) in PM with different sizes around the world [63–70]; Table S8: Deposition fluxes of
OPDTT (nmol min−1 h−1) and elements (ng h−1) in PM with different sizes in the whole respiratory
tract and health risks of elements in different positions of respiratory tract.
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