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Abstract: Exposure to fine particulate matter (PM2.5) has well-established systemic human health
effects due in part to the chemical components associated with these exposures. Oxidative stress is
a hypothesized mechanism for the health effects associated with PM2.5 exposures. The oxidative
potential of PM2.5 has recently been suggested as a metric that is more indicative of human health
effects than the routinely measured PM2.5 concentration. The purpose of this study was to analyze
and compare the oxidative potential and elemental composition of PM2.5 collected at two locations
during different seasons. PM2.5 was collected onto PTFE-coated filters (n = 16) along two highways
in central Oregon, USA in the Winter (January) and Summer (July/August). PM2.5 was extracted from
each filter via sonication in methanol. An aliquot of the extraction solution was used to measure
oxidative potential using the dithiothreitol (DTT) assay. An additional aliquot underwent analysis via
inductively coupled plasma—mass spectrometry (ICP-MS) to quantify elements (n = 20). Differences
in PM2.5 elemental composition were observed between locations and seasons as well as between days
in the same season. Overall, concentrations were highest in the winter samples but the contribution
to total PM2.5 mass was higher for elements in the summer. Notably, the oxidative potential (nM DTT
consumed/µg PM2.5/min) differed between seasons with summer samples having nearly a two-fold
increase when compared to the winter. Significant negative correlations that were observed between
DTT consumption and several elements as well as with PM2.5 mass but these findings were dependent
on if the data was normalized by PM2.5 mass. This research adds to the growing evidence and
justification for investigating the oxidative potential and composition of PM2.5 while also highlighting
the seasonal variability of these factors.

Keywords: fine particulate matter; oxidative potential; particulate matter composition; filter
extraction; seasonal differences

1. Introduction

Fine particulate matter (PM2.5) is a component of air pollution with well-established systemic
health effects. There is strong evidence linking increased concentrations of PM2.5 to cardiovascular and
pulmonary comorbidities, especially amongst the elderly and those with compromised pulmonary
function [1,2]. Many regulatory agencies throughout the world set standards and guidelines based on
PM2.5 mass concentrations [3–5]. While the adverse health effects related to concentration have been
well-studied, there is comparatively less known about the underlying mechanisms of the health effects,
as well as connections of these effects to PM2.5 composition.

The relationship between the concentration of PM2.5 and its adverse health effects has been
investigated [6–8], but it is also important to note that particulate matter is a heterogenous mixture
with temporally and spatially varied compositions. Factors that impact PM2.5 composition include
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weather patterns and emission sources [9]. In coastal regions, for example, mass fractions of crustal
material, trace elements, and organic matter are higher during the Fall and Winter months while sea
salt particles were more prevalent in the Spring and Summer [9]. Throughout a single day, shifts in
PM2.5 composition can be observed at a location. This was demonstrated in the Southeast United
States where higher concentrations of carbonaceous materials were observed in the morning while
higher concentrations of sulfates were present in the afternoon [10]. In addition to temporal factors,
location can also impact compositional differences in PM2.5 which are strongly influenced by emission
sources. Both the concentration and composition of PM2.5 in rural and urban spaces varies widely
due to differing types and levels of human activity (e.g., farming, traffic, etc.) and meteorological
factors [11].

Due to the established variability in PM2.5 composition, research has begun to investigate the
health impacts of these differences. Epidemiology studies have shown a positive correlation between
elemental concentrations (primarily C, Ni, and V) and hospital admissions for cardiovascular and
respiratory issues [12,13]. Results from several studies suggest that increased toxicity is associated
with PM2.5 emitted from traffic, which contains higher concentrations of carbon and specific metals
than standard urban background [14,15]. It has also been noted that compositional differences in
inorganic (Al, Ca, Fe, K, Mg, and Pb) and organic (polycyclic aromatic hydrocarbons) content may
lead to varying mechanisms of cell death (necrosis, apoptosis, or autophagy) [16]. Establishing not
only the compositional differences and resultant toxicity outcomes but also identifying the underlying
mechanisms is critical for providing targeted regulations to protect human health.

Oxidative stress occurs when the accumulation of reactive oxygen species (ROS) overwhelms the
body’s mechanisms for neutralizing them. This state can contribute to a number of adverse health
effects including cardiovascular, neurological, respiratory, reproductive and kidney diseases, as well
as cancer [17]. PM2.5 is known to cause oxidative stress via the generation of ROS such as hydrogen
peroxide (H2O2) or hydroxyl radicals (•OH) [18]. The tendency of a chemical species to oxidize a
target molecule is known as its oxidative potential [19]. Analysis of oxidative potential has been
conducted for a number of PM2.5 studies using various assays including the dithiothreitol (DTT)
assay [20,21]. Understanding the role of PM2.5 composition and source contributions to oxidative
potential is an area of growing interest particularly due to the recent hypothesis that oxidative potential
and composition are more health relevant metrics of PM2.5 than mass [22]. Previous research has
observed differences in oxidative potential based on source contributions with increased oxidative
potential for PM2.5 from traffic and underground railway stations as compared to rural and lower
traffic locations [22]. Seasonal variations have also been explored with several studies identifying
increased oxidative potential in the summer compared to the winter [23–26]. Other studies have
investigated the connection between oxidative potential and fine particulate matter composition and
identified significant positive correlations between oxidative potential measured by DTT assays and
the concentration of transition metals present [27]. While there is growing research in this field there
is a need to further establish the trends of oxidative potential based on PM2.5 source contributions,
seasonal differences, and chemical composition particularly in understudied areas of the world like the
state of Oregon in the United States.

In this study we explore the connection between PM2.5 composition and oxidative potential at
two sampling locations across seasons. PM2.5 filter-based samples were extracted and aliquots of each
sample were used for chemical composition analysis and oxidative potential analysis. We hypothesized
that differences would be observed in chemical composition and oxidative potential between the
sampling locations and seasons. The study also was designed to explore correlations between oxidative
potential and composition of PM2.5 and analyze how these factors may change between seasons.
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2. Experiments

2.1. Reagents

Solvents and reagents included methanol, potassium phosphate monobasic (KH2PO4),
and 1,4-Dithiothreitol (DTT) (Thermo Fisher Scientific, Waltham, MA, USA), as well as 5,5′-Dithiobis
(2′-nitrobenzoic acid) (DTNB) (Sigma Aldrich, St. Louis, MO, USA).

2.2. PM2.5 Samples

Sampling sites were established monitoring locations of the Lane Regional Air Protection Agency
that had similar potential traffic sources as both were adjacent to state highways in central Oregon,
USA in residential areas (Site A: OR Route 58 near Oakridge, Oregon and Site B: OR Route 99 in
Eugene, Oregon). All sampling procedures and gravimetric procedures were according to United States
Environmental Protection Agency (EPA) standards with federal reference methods employed [28,29].
PM2.5 samples were collected on 47 mm PTFE-coated filters during 2016 in the winter (January) and
summer (July and August). Sampling occurred at both Sites A and B on 4 days for each season
(winter—1, 2, 3, and 4 January; summer—14, 17, 20 July and 1 August). Samples were collected for
24 h at 16.7 L per minute (LPM) flowrate. A blank 47 mm PTFE-coated filter, without collected PM2.5,
underwent all analyses to serve as a methods control. Samples underwent gravimetric analysis in a
temperature and humidity-controlled chamber to determine PM2.5 masses by pre- and post-sampling
filter weights and were then stored away from light at −20 ◦C.

2.3. Extraction

Each filter and control were sonicated (60 Hz, Branson Ultrasonics Corporation, Brookfield, CT)
for 60 min in approximately 8 mL of methanol. Each filter was then removed from the tube and rinsed
with additional methanol to collect any residual PM2.5 remaining on the filter [21]. The resulting PM2.5

solution was used for subsequent analyses and represents compounds that were methanol-soluble.

2.4. Analysis of Oxidative Potential

A 96-well plate version of the DTT assay was used for all analyses as previously described [21]
with minor modifications. Briefly, each PM2.5 sample in methanol and controls ((a) blank filter,
(b) vehicle (phosphate buffer), and (c) all reagents but the quenching reagent) underwent the DTT
assay. All samples and controls were mixed with 100 µL of phosphate buffer and 5 µL of 0.5 mM DTT
solution prior to incubation at 37 ◦C for 20 min. After incubation, 10 µL of 1 mM DTNB was added
to quench the reaction. The plate was then read on a plate reader at 412 nm. DTT consumption was
determined based on a DTT calibration curve (0, 0.2, 0.4, 0.6, 0.8, and 1.0 mM) prepared with stock
DTT and methanol to adjust for sample volume. All samples, controls, and calibration standards were
run in triplicate.

2.5. Chemical Analysis by ICP-MS

Aliquots of each extracted PM2.5 and control solution were blown to dryness with N2, re-suspended
in 10 mL of milli-Q water, and sonicated for 5 min. Samples were then analyzed for trace metal
content by Inductively Coupled Plasma—Mass Spectrometry (Thermo Fisher Element XR ICP-MS).
Quantitation consisted of three runs and three passes per sample to ensure a representative average
of element concentrations. Quantitative data in parts per billion (ppb) was collected for Ag, Ba, Ca,
Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Mn, Ni, P, Pb, Sr, Tl, U, V, and Zn with calibration curves generated
using Multielement Calibration Standard Solution 2A (Spex Certiprep, Metuchen, NJ, USA). ICP-MS
instrumental parameters are displayed in Supplemental Table S1. Reagent and laboratory blank
filter controls were analyzed alongside samples to facilitate background subtraction and to evaluate
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instrumental drift during analysis. Method accuracy was evaluated by analyzing NIST certified
standard reference material 1640a “Trace Elements in Water”.

2.6. Statistical Analysis

Statistical analysis for all data was performed with Sigmaplot 14.0 (Systat Software, Inc., San Jose,
CA, USA) and Excel 16.0 (Microsoft Corporation, Redmond, WA, USA). All data were reported as a
mean± standard deviation (SD) and corrected with blank filters or other appropriate controls. Data was
analyzed using a one- or two-way analysis of variance (ANOVA) or Student’s t-test to determine
differences between PM2.5 samples. Differences with p values ≤ 0.05 were considered significant, unless
otherwise noted. Pearson correlation coefficients were calculated and corrected for multiple tests using
the Bonferroni correction to determine the p-value that was statistically significant.

3. Results and Discussion

3.1. Chemical Constituents of PM2.5

Elements normalized by PM2.5 mass were determined for each sampling site and day (Figure 1).
These values represent the summed total of all quantifiable elements that were soluble in methanol.
Significant differences were observed between the two Sites on the sampling days in both the winter
and summer; however, there was not a consistent pattern on which Site had elevated concentrations.
In the winter, there was over a 2.8-fold increase in the average summed total element concentration
at Site B compared to Site A. This pattern was not observed in the summer. Comparing between
seasons, elemental concentrations were nearly 4-fold higher in the summer samples across both Sites.
These findings are consistent with the 5 highest total element days all being observed in the summer.
Significant differences were also observed between Sites on the same days (indicated by * in Figure 1)
and a significant difference across all sampling dates was observed between Sites A and B. Specific
factors that may impact the location and seasonal differences are discussed in detail below. Overall,
variability in elemental concentrations across seasons, locations, and even days was observed in this
research, highlighting the importance of routine monitoring to understand the chemical composition
of PM2.5.

Individual element concentrations at Sites A and B (Figure 2) demonstrate the variability in
concentrations across days, sampling sites, and seasons. The most abundant element across all sites
and seasons was Ca, however this element was excluded from the figure as it was 5 times higher than
all other individual elemental concentrations. The second highest element by concentration was Fe in
both the winter (Figure 2A, average concentration across sites/days of 4.7 ng/m3) and in the summer
(Figure 2B, average concentration across sites/days of 3.5 ng/m3). One exception to this was the PM2.5

collected at site B on 1 January which had a higher Sr concentration (6.6 ng/m3). Sr concentrations in the
winter were variable (0.21–6.6 ng/m3, 2 samples below quantification limits) and were below detection
limits in the summer for all samples. Pb concentrations in the winter were variable (0.02–1.4 ng/m3,
1 sample below quantification limits) but similar to Sr were much less prevalent in the summer
(0.01–0.3 ng/m3, 4 samples below quantification limits). Pb concentrations are of particular concern
due to the established health effects, including cardiovascular-related hospital admissions, following
increased exposure to Pb in PM2.5 [12]. All individual element concentrations with standard deviations
are reported in SI Tables S2–S4.



Atmosphere 2020, 11, 1086 5 of 13

Atmosphere 2020, 11, x FOR PEER REVIEW 5 of 13 

 

to the increased total elements in the winter at both sites may be source dependent, but a likely 
influence is the overall increased mass loadings collected in the winter (Table S5). This indicates that 
while a greater concentration of elements was present in the winter, on a per µg of PM2.5 basis, the 
elemental concentrations were higher in the summer. And thus, in the summer elements contributed 
more to the total PM2.5 mass compared to the winter suggesting that components, outside of the 
elements measured, are impacting PM2.5 mass in the winter. 

 

Figure 1. Total elements/PM2.5 mass (ng/µg) for Site A and B in winter and summer. Elements (ng) per 
PM2.5 mass (µg) for each sampling day for Sites A and B are reported for January (Jan.) and July. 
Element concentrations represent the summed totals of all elements that were quantified for a given 
sample following blank correction. The legend represents Site A and Site B with their corresponding 
colors. Mean concentrations with standard deviation, represented by error bars, are reported based 
on triplicate measurements. A two-way ANOVA was used to determine significant differences (p ≤ 
0.05) between the sampling sites and days denoted by *. 

The elemental profiles were assessed at each of the locations in the winter (Figure 3A) and 
summer (Figure 3B). In general, across seasons Ca was the largest contributor (>65% in the winter 
and >75% in the summer) followed by Fe (≥18% in both seasons) for all but one sample (Site B on 2 
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contribute to the concentration of Fe in the samples. Our findings of high contributions of Ca and Fe 
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observed compositional profile trends at Site B on 20 July when an increased contribution of Fe (46.3% 
compared to the average of 18.1%) was observed. Subsequently this resulted in a decreased 
contribution of Ca relative to the other samples. Meteorological factors including wind 
speed/direction, temperature, and humidity may have also contributed to the observed differences. 
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for elemental concentrations is unknown. However, the daily variations observed in this research 
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Figure 1. Total elements/PM2.5 mass (ng/µg) for Site A and B in winter and summer. Elements (ng)
per PM2.5 mass (µg) for each sampling day for Sites A and B are reported for January (Jan.) and July.
Element concentrations represent the summed totals of all elements that were quantified for a given
sample following blank correction. The legend represents Site A and Site B with their corresponding
colors. Mean concentrations with standard deviation, represented by error bars, are reported based on
triplicate measurements. A two-way ANOVA was used to determine significant differences (p ≤ 0.05)
between the sampling sites and days denoted by *.
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Figure 2. Concentrations (ng) of elements in PM2.5 collected at Sites A and B. Bar graphs detailing
the elemental composition of PM2.5 collected at Sites A and B in the winter (A) and summer (B).
Concentrations are reported for each individual element, represented by differing colors, in ng. Ca was
excluded from this figure due to its elevated concentrations in comparison to the other elements
quantified. Ca concentrations are presented in Table S2.



Atmosphere 2020, 11, 1086 6 of 13

Concentrations of all quantified elements in the winter ranged from 11.9–54.3 ng/m3 and from
7.6–38.0 ng/m3 in the summer. When excluding the two most abundant elements, Ca and Fe, these ranges
were 0.09–5.4 ng/m3 for the winter and 0.007–0.02 ng/m3 for the summer. Several elements were present
only in the winter (Ag, Cd and Sr), demonstrating the reduced concentration and variety of elements in
the summer. These findings are consistent with previous studies that observed higher concentrations
and more variety in elements in the winter compared to other seasons [30–32]. One rationale for
these findings may be inversion events, which are more common in the winter months particularly
in low lying areas like basins [33,34]. Sites A and B are both in the Willamette Basin [35], making
them in an inversion-prone area and thus the potential for trapping of air pollutants during these
events. Unfortunately, additional data, including ozone concentrations, was not available at these
locations, making it difficult to confirm if these events occurred. Additional contributing factors to the
increased total elements in the winter at both sites may be source dependent, but a likely influence
is the overall increased mass loadings collected in the winter (Table S5). This indicates that while a
greater concentration of elements was present in the winter, on a per µg of PM2.5 basis, the elemental
concentrations were higher in the summer. And thus, in the summer elements contributed more to
the total PM2.5 mass compared to the winter suggesting that components, outside of the elements
measured, are impacting PM2.5 mass in the winter.

The elemental profiles were assessed at each of the locations in the winter (Figure 3A) and
summer (Figure 3B). In general, across seasons Ca was the largest contributor (>65% in the winter
and >75% in the summer) followed by Fe (≥18% in both seasons) for all but one sample (Site B on
2 January). The higher percentage of Ca in the summer may be due in part to the reduced variety and
concentrations of detected elements in the summer compared to the winter. Ca and Fe are markers of
brake dust [36,37]. Since both sites were located along highways, this likely explains the substantial
contributions of these two elements in all samples, independent of season. Additionally, Fe is released
during steel production [38] and the proximity of several steel corporations in the sampling area
may contribute to the concentration of Fe in the samples. Our findings of high contributions of Ca
and Fe in PM2.5 samples are in alignment with previous research [39]. There was an anomaly from
the observed compositional profile trends at Site B on 20 July when an increased contribution of Fe
(46.3% compared to the average of 18.1%) was observed. Subsequently this resulted in a decreased
contribution of Ca relative to the other samples. Meteorological factors including wind speed/direction,
temperature, and humidity may have also contributed to the observed differences. Average PM2.5 mass
concentrations for the summer sampling sites were within 0.25 µg/m3 of the seasonal averages but the
representativeness of this data for the entire winter and summer seasons for elemental concentrations
is unknown. However, the daily variations observed in this research suggests that assessing daily
samples is important as seasonal averages may not fully display daily differences in PM2.5 composition.

The variety of quantified elements in the winter was greater than the summer. Several elements
including Ag, Cd, Cs, Pb, Sr, and Tl were quantifiable in the winter while the only element outside of
Ca and Fe quantified in the summer was Pb on a single day at a single location (Site B on 1 August).
A potential rationale for the increased contributions of elements outside of Ca and Fe in the winter may
be the use of rock salt for treatment of snow and ice. Meteorological data collected from the region
during the sampling periods reported light precipitation before and during the winter sampling dates
with minimum temperatures consistently below freezing. Commercial rock salt can potentially contain
trace amounts of Ag, Cd, and Sr [40], which all contributed to the compositional profile in the winter
but not the summer. When considering the summer compositional profiles, it is important to note
that these only include elements that were quantifiable based on instrument limits of quantification.
Furthermore, the concentrations of elements not quantified in this research (i.e., Ni, V, Zn) may make a
substantial contribution to the summer elemental profile but this is unknown for our study.
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Figure 3. Elemental compositional profiles. Percent contributions of elements for each day and site are
represented for winter (A) and summer (B) in January (Jan) and July. All values are reported out of
100% of the total elemental concentration for individual sampling days/sites. The legend represents
elements with their corresponding colors. “Other” represents the combined contribution of Cs, Tl, U,
and Ag.

3.2. Oxidative Potential of PM2.5

The oxidative potential of each sample was assessed by measuring the DTT consumption based
on a standard DTT curve (Figure 4). Significant differences were observed between Sites A and
B on both 2 and 3 January. This suggests that spatial differences in the PM2.5, even in relatively
close proximity with similar source contributions, can result in differences in oxidative potential
measurements. This emphasizes the need for further research into a variety of locations and daily,
not just seasonal, impacts.Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 13 
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Figure 4. DTT Consumption per PM2.5 mass per minute. DTT (dithiothreitol) consumption (nM) per
PM2.5 mass (µg) per minute of reaction incubation for each sampling day for Sites A and B are reported
following blank filter corrections in January (Jan) and July. The legend represents Site A and Site B
with their corresponding colors. Mean DTT consumption values with standard deviation, represented
by error bars, are reported based on triplicate measurements. Students t-tests were run to determine
significant differences (p ≤ 0.05) between the two sampling sites for each sampling day, denoted by * or
** for p < 0.001.
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Overall, the summer samples consumed more DTT per µg of methanol-soluble PM2.5 at both
Sites when compared to the winter samples, except for 14 July at Site B. The differences between
seasons were not statistically significant, due largely in part to the increased variability within the
triplicate measurements for the summer samples. Significant differences on the same day of sampling
were observed between Sites in the winter, suggesting that compositional differences between Sites
may be driving DTT consumption. These findings are consistent with those observed in the total
element concentrations (ng/µg PM2.5, Figure 1) where summer PM2.5 had an increased concentration of
elements compared to the winter. Beyond the higher per mass contribution of elements in the summer,
there were potentially other compounds including DTT active compounds (i.e., Cu, quinones) that may
have been present in high concentrations in the summer but not the winter [41,42]. Further exploration
into the connections between DTT consumption and chemical constituents of PM2.5 are detailed below.

Our results are consistent with previous work in Fresno, CA, that observed a higher average of DTT
consumption during the summer [43]. Conversely, a study from China found higher concentrations
of PM2.5 and DTT consumption during the winter [23]. One potential rationale for these differences
may be regional variability as our study findings aligned with another study in the western United
States. Additional factors to consider are variation in the meteorology, sampling design, and source
contributions. Finally, PM2.5 mass may again play a role in the interpretation of this data. For consistency
across previous studies DTT consumption is reported as consumption/µg PM2.5/min. However, if not
considering PM2.5 mass, the amount of DTT consumed was not significantly different between Sites
(SI Figure S1), indicating that the filter mass loadings may be driving the oxidative potential responses.
This is discussed further in the section below.

3.3. Connections between Chemical Components and Oxidative Potential of PM2.5

The relationship between DTT consumption, elemental concentrations, and PM2.5 mass was
assessed (Tables 1 and 2). We found multiple significant Pearson correlation coefficients (R) between
the concentrations of elements, the total sum of elements, and PM2.5. Several elements had significant
positive correlations with the total sum of elements (in ng), including Ca (0.968), Fe (0.557), Sr (0.490),
and Tl (0.472); data reported as (element (R)). These correlations are consistent with the increased
concentrations of these elements relative to the others quantified. When considering the element
concentrations normalized by PM2.5 mass (ng/µg, Table 2) similar trends were seen for Ca (0.995) and Fe
(0.730). Significant positive correlations were also observed between individual elements including Pb
with 5 other elements (Ag, Cs, Fe, Tl, and U). Previous research has observed significant relationships
between Ca and Fe, Ca and Sr, and Fe and Sr [44]. Our study found no significant correlations between
these elements when considering concentrations in ng. There are a number of reasons for this including
the locations of the studies as well as sources and meteorology present.

PM2.5 mass and elements showed significant positive correlations for several individual elements
(ng) that were only quantified in the winter samples (Cd, Sr, Tl, U) or at concentrations over 2-fold
larger in the winter (Cs, Pb). This is consistent with previous work that has observed significant
correlations between elements and PM2.5 mass [45]. These correlations were not observed when
normalizing the elements (ng/µg PM2.5) which is consistent with our findings that the summer had
elevated normalized total concentrations but a reduced number of quantifiable elements.

Correlations between DTT consumption and PM2.5 mass and composition were made with PM2.5

mass normalized and non-normalized values for element concentrations (Tables 1 and 2, respectively).
For DTT consumption (nM/min) we found significant positive correlations with several elements
(Cs, Tl) and PM2.5 mass (Table 1). This was consistent with previous research identifying similar
positive correlations with DTT consumption [46]. However, when using normalized DTT consumption
(nM DTT/µg PM2.5/min), we observed that PM2.5 mass had a significant negative correlation with DTT
consumed. This was not surprising, as the summer samples had lower PM2.5 mass but higher DTT
values per µg PM2.5. Since the inverse was found when not normalizing the data (nM DTT/min or ng),
these findings highlight the need to interpret data from various studies that use both normalized [46,47]
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and non-normalized [48] values for DTT or elements as the results can significantly differ. This is of
particular concern if the PM2.5 masses between samples have stark differences, as was observed in our
study (Table S5), leading to different interpretations of the data. For example, the sum total of elements
compared to normalized DTT, if using the non-normalized elemental concentration (ng), shows a
slightly negative not statistically significant correlation to DTT. However if using the normalized
elemental concentration (ng/µg) there is a significant positive correlation to DTT consumption. Similar
findings were observed with Ca, where using non-normalized elemental concentrations had a slightly
non-significant negative correlation with DTT consumption but when normalizing the Ca concentration,
a significant positive correlation was observed with DTT. This emphasizes the need to consider the
effects of reported units in studies looking at chemical composition and oxidative potential.

Table 1. Pearson’s Correlations for DTT, elements in ng, and PM2.5.

Sr Ag Cd Cs Tl Pb U Ca Fe Total PM2.5 Mass

DTT/min 0.251 0.0557 0.126 0.569 0.525 0.223 0.188 −0.073 0.246 0.0263 0.556

DTT/µg/min −0.416 −0.218 −0.452 −0.779 −0.761 −0.517 −0.432 −0.155 −0.197 −0.253 −0.793

Sr 0.0714 0.0845 0.562 0.51 0.326 0.225 0.318 0.394 0.490 0.474

Ag −0.0512 0.354 0.0522 0.505 0.721 −0.042 0.441 0.0641 0.139

Cd 0.299 0.548 0.270 0.132 0.219 −0.065 0.220 0.547

Cs 0.895 0.642 0.595 0.284 0.417 0.420 0.904

Tl 0.513 0.445 0.388 0.235 0.472 0.981

Pb 0.845 0.364 0.675 0.506 0.589

U 0.248 0.573 0.369 0.495

Ca 0.375 0.968 0.356

Fe 0.557 0.293

Total 0.452

Element concentrations in ng and “total” refers to the sum total concentration of elements. PM2.5 mass (µg) and
DTT consumed is reported for both non-normalized (nM/min) and normalized (nM/µg PM2.5/min). The bolded
numbers signify a significant p-value with Bonferroni multiple comparisons adjustment (p < 0.001), p-values for all
correlations are reported in Table S6.

Table 2. Pearson’s Correlations for DTT, elements in ng/µg PM2.5, and PM2.5.

Sr/µg Ag/µg Cd/µg Cs/µg Tl/µg Pb/µg U/µg Ca/µg Fe/µg Total/µg PM2.5 Mass

DTT/min 0.228 0.056 0.104 −0.007 0.611 0.027 −0.102 −0.512 −0.351 −0.508 0.556

DTT/µg/min −0.354 −0.218 −0.415 0.005 −0.804 −0.210 0.008 0.603 0.699 0.633 −0.793

Sr/µg 0.090 0.023 0.136 0.482 0.012 −0.083 −0.261 −0.260 −0.245 0.346

Ag/µg −0.029 0.227 0.128 0.395 0.493 −0.174 −0.087 −0.165 0.139

Cd/µg −0.261 0.466 0.006 −0.097 −0.293 −0.379 −0.315 0.464

Cs/µg −0.042 0.708 −0.212 0.043 0.129 0.067 −0.115

Tl/µg 0.079 0.007 −0.636 −0.710 −0.662 0.910

Pb/µg 0.130 −0.011 0.038 0.006 0.129

U/µg 0.242 −0.007 0.219 −0.018

Ca/µg 0.658 0.995 −0.617

Fe/µg 0.730 −0.674

Total/µg −0.643

Element concentrations in ng/µg PM2.5 and “total” refers to the sum total concentration of elements. PM2.5 mass
(µg) and DTT consumed is reported for both non-normalized (nM/min) and normalized (nM/µg PM2.5/min). The
bolded numbers signify a significant p-value with Bonferroni multiple comparisons adjustment (p < 0.001), p-values
for all correlations are reported in Table S7.

While the total and individual element concentrations were elevated in the winter sampling period
for PM2.5 this was not reflected in the PM2.5 mass normalized element concentrations or the oxidative
potential assessment. Several elements and total PM2.5 mass concentration had significant negative
correlations with normalized DTT consumption, suggesting that components of PM2.5, other than
elements, play a role in DTT consumption.
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One limitation of our work is the absence of additional constituents of PM2.5. Elements, particularly
transition metals, previously shown to be associated with oxidative potential, including Al, Cu, Mn, Ni,
V and Zn [15,49], were excluded due to calibration curves that exceeded our quality standards. Of note,
we did not analyze for organic compounds, which have previously been shown to induce oxidative
potential [41,42,50]. Organic compounds including polycyclic aromatic hydrocarbons and alkanes have
been observed to be elevated at some locations in the summer however this is variable based on the
locations sampled [51]. Thus, we cannot definitively determine if the organic compounds played a role
in the increased oxidative potential observed but it is one likely rationale for these findings. Inclusion
of these constituents may have identified positive correlations with DTT however that does not impact
the observed findings which demonstrate the inability to consistently attribute oxidative potential to
some elements, including Fe and Pb. Additionally, only a subset of days in two seasons were studied,
so little is known about the chemical composition and oxidative potential during the fall and spring
which is of importance since oxidative potential has previously been observed to be highest in the
fall [23]. Finally, while the DTT assay is one method for the measurement of oxidative potential, there
are alternative methods that can be utilized [22]. The various methods of oxidative potential assessment
have limitations, including elevated affinity for transition metals compared to other components of
PM2.5 for the DTT assay [42]. These factors should be considered when interpreting results. Future
studies investigating daily differences in these factors across all seasons in addition to paired in vitro
and in vivo research would greatly support our findings and identify trends beyond those observed in
our selective sampling periods.

4. Conclusions

We observed significant differences in elemental composition between sampling locations along
highways in central Oregon, USA with trends suggesting increased concentrations during the winter
but increased contributions to PM2.5 mass from elements in the summer. These trends were driven by
increased PM2.5 mass concentrations and the variety of quantifiable elements in the winter. Interestingly,
we observed increases in oxidative potential of the PM2.5 samples in the summer suggesting that
despite the elevated PM2.5 mass in the winter, the components of PM2.5 in the summer resulted in
increased oxidative potential. This study demonstrates the influence of PM2.5 composition in oxidative
potential responses and highlights the importance of comparisons between PM2.5 mass normalized
and non-normalized data. Further research is needed to understand the variation within seasons of
PM2.5 composition and oxidative potential to support policies that protect human health.
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