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Reviewer: Anonymous Reviewer #2

Yu et al report on extensive measurements of PM2.5 OP (oxidative potential) based on an analysis
involving 5 different acellular approaches. The analysis was performed on samples collected at a
number of sites in the midwestern US and the paper reports on comparisons between the assays
and PM2.5 mass. It is stated that a second paper will focus on the PM2.5 chemical components
driving these results. The paper is based on a substantial amount of work and provides more
insights into the utility of current ways to characterize OP, and it also sheds light on the potential
usefulness of using these assays in health studies.

A major conclusion is that the poor correlation between all the various assays, when compared at
one site, (and this is largely true for all the sites), implies all these types of OP assays are needed
for health studies. One could also conclude, that all of these assays (except possibly one) are each
deficient, and no ideal assay exists. It may also even suggest that if no comprehensive OP assay
is available, then maybe the approach is flawed since the goal of using these assays was to develop
a comprehensive single measure of aerosol toxicity. Since this group of assays appears to fail in
demonstrating this goal, instead maybe one should focus on the specific species that drive OP and
not use these assays? How does one know if even more assays are needed to fully characterize
PM2.5 OP? Furthermore, how would all these various OP measurements, even if available to
health researchers, be utilized in a health study, ie how would they be combined to give an overall
better indicator of PM2.5 OP? These questions are important and should likely be considered; a
discussion beyond the conclusion that all these assays should be utilized, is warranted.

Response:

We thank the reviewer for the inspiring comments. These comments have really helped us in
enhancing the discussion of our paper. The reviewer raised several questions regarding the
rationality of using oxidative potential (OP) as a health indicator and measuring OP with multiple
endpoints. We have attempted to address them point-by-point in the following discussion.

“One could also conclude, that all of these assays (except possibly one) are each deficient, and no
ideal assay exists.”

Yes, we agree with the reviewer’s comment that one aspect of the conclusion of our study could be
that all of these assays are each deficient, and no ideal assay exists. However, to be more accurate,
we cannot comment on the deficiency or benefit of an assay based on this study. This will require
an integration of these assays with either toxicological or epidemiological study. Nevertheless,
following the reviewer’s suggestion we have added a few sentences in the results and discussion
section of our manuscript in lines 576 — 585, “Overall, a poor-to-moderate and inconstant
intercorrelation trend among different endpoints of both water-soluble and methanol-soluble OP
at most sites indicates that all these assays could be deficient from being ideal and measuring a
single endpoint is not enough to represent the overall OP activity. ... However, it should be noted
that our study is not designed to assess and rank the biological relevance of these acellular
endpoints, which will require an integration of these and possibly other novel assays involving
different routes of oxidative stress, in either toxicological or epidemiological studies.” We also

1



included it in our conclusion in lines 613 - 615, “Since our study cannot comment on the biological
relevance of these different pathways, we recommend integrating all these and other assays in
toxicological or epidemiological studies, to assess their relative utilities. ”

“It may also even suggest that if no comprehensive OP assay is available, then maybe the approach
is flawed since the goal of using these assays was to develop a comprehensive single measure of
aerosol toxicity.”

We do not agree with the reviewer’s point here. First, we do not think that the goal of these assays
was to develop a comprehensive single measure of aerosol toxicity. The current national ambient
air quality standards are based on PM mass alone, despite we clearly know that certain
components of the PM are more toxic than others. One goal of developing these assays was to
have an alternative metric which is able to capture some of the potential toxic mechanisms of these
components. Although it could appear from the OP literature that the goal is to develop a single
measurement of OP for representing multiple pathways of aerosol toxicity, numerous studies have
repeatedly indicated that all these measures have their limitations in terms of incorporating the
roles of different redox-active components. For example, Xiong et al. (2017) reported negligible
OPPTT activity of Fe ions (i.e. Fe?* and Fe**) and strong synergistic effect of Fe and quinones in
OPCH-DTT ‘indicating the limitation of OPP™T in counting the contribution of Fe. Ayres et al. (2008)
reported different responses of Fe®*, Cu?* and Zn?* towards OP* and OP®! in a respiratory
tract lining fluid (RTLF). Moreover, many studies have found different correlation trends of
different endpoints with chemical components and sources of PM, e.g. OP** vs. OPP™T (Fang et
al., 2016;Perrone et al., 2019;Visentin et al., 2016;Janssen et al., 2014), OPE® (i.e. oxidative
potential measured with electron spin resonance assay) vs. OP**, OP®" and OPP™T (Calas et al.,
2018). Janssen et al. (2015), Weichenthal et al. (2016a), Weichenthal et al. (2016b) and Maikawa
et al. (2016) also reported different associations of different acellular OP endpoints (e.g. OP*,
OPSSH OPPTT and OPESR) with the health endpoints, including markers of airway and nasal
inflammation, risk of emergency room visits for respiratory diseases, myocardial infarction, and
fractional exhaled nitric oxide (FeNO), respectively. However, despite these differences and
limitations, we do not think that it is appropriate to say that the approach is flawed, simply because
in almost all of the health studies, these assays have shown a better association than the PM mass
(Bates et al., 2015;He et al., 2021;Maikawa et al., 2016;Strak et al., 2017;Weichenthal et al.,
2016a). Thus, we know that despite their limitations they are superior to the currently used PM
metric based solely on the mass. These evidences show the complexity of OP-associated pathways,
and make it somewhat unrealistic to develop a single comprehensive assay, at least with the
current state of the art.

Given the current scenario, it sounds reasonable to combine these assays, i.e. apply all of these
assays on each PM sample, for assessing the OP comprehensively. Although each assay has its
deficiency, it can represent a specific pathway of OP which probably overcomes the deficiency of
another assay lacking that particular pathway. For example, OP°™PTT developed in our previous
studies (Xiong et al., 2017;Yu et al., 2018) can supplement the pathway represented by OPP™T for
generating superoxide radical (-O2’), with its subsequent reaction with metal ions for generating
the hydroxyl radical (-OH). OP™ and OP®H directly measure the consumption of these
antioxidants (i.e. AA and GSH) in a surrogate lung fluid (SLF), representing the antioxidant
consumption pathways, while measuring -OH generation in SLF (OP°HStF) simulate subsequent



reactive oxygen species (ROS) generation process in human lung lining fluid and thus
supplementing the antioxidant consumption process. These five assays combined together cover
most of the known and potentially important biological pathways of PM exerting oxidative stress
in vivo. Our results showing disparities in the intercorrelation among five endpoints further
support the finding that by combining these five assays, we can minimize their deficiencies.

“Since this group of assays appears to fail in demonstrating this goal, instead maybe one should
focus on the specific species that drive OP and not use these assays?”

Measuring the specific species in PM that drive OP is even more complicated in linking the
chemical composition with health effects. First, the composition of PM is highly complex
containing tens of trace metals (Kundu and Stone, 2014;Kim et al., 2005;Luo et al., 2018;Reff et
al., 2009;Tao et al., 2017), innumerous organic species (Lin et al., 2017;Lin et al., 2018;Lin and
Yu, 2020;Riva et al., 2016;Chen et al., 2020) and numerous inorganic ions (NH4*, SO42, NOs,
etc.). Note, none of the analytical techniques is capable of measuring all of the organic compounds,
therefore bulk parameters such as OC, WSOC and humic-like substances (HULIS) are used to
represent such a large group of species present in the ambient PM. Despite such classifications,
these bulk organic species coming from different sources show very different OP behavior. For
example, Lin and Yu (2020) reported three different types of interactions, i.e. additive, antagonistic,
and synergistic of the HULIS extracted from three different sources, i.e. ambient PM2 s, rice straw
burning and sugar cane leaf burning, respectively, with Cu for oxidizing AA. Second, the health
effect of PM might not be accounted by simply adding up the contribution of individual chemical
species due to non-linear responses of some species like Cu and Mn towards OP (Charrier and
Anastasio, 2012;Charrier et al., 2015) and synergistic/antagonistic interactions among various
PM species for exerting the oxidative stress and toxicity (Lin and Yu, 2020;Yu et al., 2018;Charrier
and Anastasio, 2015;Wang et al., 2020). All these points essentially demonstrate that the approach
of relating the health effects directly with the chemical composition is even more complicated than
using rather limited number of the OP assays.

“How does one know if even more assays are needed to fully characterize PM2.5 OP?”

We completely agree with the reviewer on this point. There could be more assays needed to fully
characterize the PM2s OP. This is an open question which we do not think can be addressed from
our study and neither it was the goal of the current analysis. However, as of now, these are the
most commonly used endpoints, all of which we have included in our study. As the knowledge on
this topic expands, we expect that future investigations on the novel OP endpoints might extend
our scope. Following the reviewer's suggestion, we have included this point in the discussion of
our manuscript in lines 578 — 583, “Although, the OP endpoints used in our study have covered
some of the well-known and important pathways of the in vivo oxidative stress caused by PM2 s,
there are other endpoints (e.g. consumption of cysteine, formation of H.Og, etc.), and more assays
can be developed in the future. We suggest that a collection of diverse range of OP endpoints,
measured separately as done in our study could better capture the role of different PM components
and their interactions via different pathways for driving the oxidative levels of the PM in a region. ”



“Furthermore, how would all these various OP measurements, even if available to health
researchers, be utilized in a health study, ie how would they be combined to give an overall better
indicator of PM2.5 OP?”

First, we would like to highlight that the importance of our study lies in showing that the responses
of these assays do not correlate with each other. Which of these assays is better than the other is
the second question which is beyond the scope of our current study. To address that question, we
need to integrate them in the epidemiological studies. However before that step, an obvious
question arises that do all these assays have to be integrated or just few of them (in case they
would have been correlated). Our investigation shows that all of them should be integrated to
know which one is better than the other, because they are not correlated with each other.

Now, by combining, we do not mean to merge them into one assay, rather we mean that we should
do all of them individually on each PM sample. Then we should integrate all of this data in an
epidemiological study to assess the relevance of each of them. Some previous studies have adopted
this approach for investigating the health relevance of OP by associating it with health endpoints
(Abrams et al., 2017;Strak et al., 2017;Zhang et al., 2016;Yang et al., 2016;Weichenthal et al.,
2016a;He et al., 2021;Janssen et al., 2015). These studies have definitely helped in enhancing our
understanding on the relevance of OP measurements and the role of specific endpoint in
comparison to PM mass. However, these are very limited with their focus only on 2 or 3 endpoints.
Incorporating all the available OP endpoints measured on the same set of samples in
epidemiological studies should help to clearly see their roles and rank them as per their relevance,
which is what we expect in longer term from this dataset.

The data do support other studies showing variability between various OP measures and PM2.5
mass, suggesting PM2.5 mass is a poor predictor of the ability of particles to cause oxidative stress
(assuming these assays are good measures of OP). This is an important finding.

Response:
We thank the reviewer for appreciating this finding.

Comparisons between sites using different samplers operating at the same time depends on some
level of measurement precision to argue that observed differences (poor correlations) are really
due to differences in aerosol particles at the sites. This applies to the gravimetric measurement of
PM2.5 mass and the various OP measurements. The authors do discuss variability in the negative
and positive controls, but the data shown in Table 1 is only the precision of the analysis and does
not consider sampling, filter storage or extraction. Can it be stated that this precession for all the
species measured and PM2.5 mass is significantly better (lower variability) than that of the
comparisons between sites. It would be especially interesting to know the precession of the
methanol extracts, which based on the extraction approach is likely the most imprecise
measurement (curiously it also shows the least variability between assay results from various sites).
A more comprehensive discussion is warranted that includes specifically addressing if the
differences seen are real or just noise.

Response:



This is a good point by the reviewer and we apologize not to address it earlier in our original
manuscript, despite conducting some experiments to test the variability among various samplers,
before the sampling. To further explore it, we have conducted more experiments now after the
sampling. The results of all these experiments are presented in the discussion below.

First of all, we would like to note that out of five samplers used in our study, two were old samplers
(about 5 years old, used in various sampling campaigns) and three were brand new, which were
bought from TISCH Environmental (Cleves, OH, US) a month before the sampling. These new
samplers were factory calibrated and installed at three farther sites, i.e. Chicago (CHI),
Indianapolis (IND) and St. Louis (STL). The other two old samplers were installed at Champaign
(CMP) and Bondville (BON). For the sole purpose of this discussion, we will name them as CHI
(N), IND (N), STL (N), CMP (O) and BON (O). Since the new samplers were factory calibrated,
we had more confidence in them, therefore, we chose one of those samplers, i.e. CHI(N), as a
reference and compared the responses of other two old samplers, i.e. CMP (O) and BON (O), by
running them in pairs, i.e. first CHI (N) and CMP (O) pair, followed by CHI (N) and BON (O)
pair, at a site in Urbana in April 2018 (due to some practical constraint, we couldn’t run all three
of them together). We collected 9 sets of Hi-Vol samples on the quartz filters (24-hours integrated
samples) from each pair, and analyzed them for the DTT assay using the same extraction and
analysis procedure as used in our current study. The comparison of this analysis is shown in
Figure 1 of the response document. As can be seen from these figures, there are excellent
correlations (R? = 0.92 — 0.94) between the old and new samplers, with slopes almost equal to 1.
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Figure 1. Comparison between OPP™ of the PM,s samples collected from three samplers: CHI (N) vs. CMP (O)
(Figure 1a) and CHI (N) vs. BON (O) (Figure 1b)

After this comparison, we moved all the samplers to their respective sites for the campaign. We
believe, that the largest cause of uncertainty in these samplers when they were moved to different
sites should be from the variability in their flow rates. Therefore, to minimize that, we always
measured the flow rates before and after collecting the PM2s samples. During the entire sampling
campaign, all five samplers were monthly calibrated for the flow rate by using a variable flow
calibration kit (Tisch Environmental), which includes a calibration orifice and slack tube water
manometer.



We controlled the variability from gravimetric measurements by weighing the filters for at least
three times before and after sampling, and ensured that the maximum difference of the mass
between three consecutive weighing was less than 0.5 mg. This value is insignificant in comparison
to the typical PM2s mass loadings on the filters, i.e. 40 — 100 mg. Moreover, we always stored all
our samples in the same freezer at -20 °C right after weighing. The samples were only taken out
from the freezer prior to OP analysis and were immediately placed in the freezer after punching
to minimize the loss of semi-volatile species. This should eliminate the effect of storage on the
precision.

However, we understand that despite these quality control and checks, we should still inter-
compare the three new Hi-Vol samplers installed in Chicago, Indianapolis and St. Louis.
Therefore, following the reviewer’s comment, we brought these samplers back to our university
last month, put them side-by-side at a site in Urbana (IL) and collected 9 Hi-Vol samples (24-hour
integrated) from each sampler. All these samples were extracted and analyzed for the DTT activity
in the same manner as used in our current study. The results of these comparisons are shown in
Figure 2 of the response document. Again, we found excellent correlations (R? = 0.93 — 0.95) with
slopes close to 1. Note, these comparison results include the variabilities caused by sampling,
filters storage and their extraction, as pointed out by the reviewer.
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Figure 2. Comparison between OPP™T of the PM, s samples collected from three samplers: CHI (N) vs. STL (N) (Figure
2a) and CHI (N) vs. IND (N) (Figure 2b)

Finally, to address the reviewer’s comment related to methanol extracts, we assessed the precision
of methanol-soluble OP for all endpoints, following the same protocol as used for the water-
soluble OP measured in our previous study (Yu et al. (2020)). Specifically, ten groups of four
punches, each of 0.75” diameter were cut from the same Hi-Vol filter collected at CMP site, and
extracted separately into 10 mL methanol. The methanol in the filtered extracts was then
evaporated, and each individual residual extract (~50 uL) was reconstituted with DI to reach 12
mL volume. The concentration of the PM in the reaction vial (RV) was maintained at the same
level as used in Yu et al. (2020), i.e. 50 ug/mL for SLF-based endpoints, and 30 ug/mL for DTT-
based endpoints. The coefficient of variation (CoV; i.e. the standard deviation of the ten groups of
measured OP divided by their average), was used to determine the precision of OP and shown in
Table 1 of this response document. Overall, the CoV for methanol-soluble OP of all endpoints (8.9



— 14.5 %) was at the same level as that for the water-soluble OP (7.9 — 13.3 %) reported in Yu et
al. (2020), indicating that the precision of methanol-soluble OP was as good as water-soluble OP.
We have included all these results in SI (Section S1, Figures S1-S2 and Table S2) of the revised
manuscript, and discussed them in lines 141 — 142 of the revised manuscript, “Both before and
after the sampling campaign, we did a comparison of various samplers by running them in parallel
to collect PM2s samples and analyzing them for OPP™T (see Section S1 of the supplemental
information, SI). ... All five samplers were monthly calibrated for the flow rate by using a variable
flow calibration kit (Tisch Environmental), and the flow rate was measured every week before and
after the sampling.”, and lines 228 — 234, “The precision of SAMERA was assessed previously
using water-soluble extracts and the coefficient of variations (CoVs) were reported to be less than
14 % (7.9 — 13.3 %) for all OP endpoints (Yu et al., 2020). We also assessed the precision using
methanol-soluble extracts and found similar levels of CoVs, i.e. 8.9 -14.5 % for all OP endpoints
(see Table S2 in SI). Consistency of our current results for negative controls with those reported
earlier, and the low CoVs obtained for the positive controls (1.1 — 11.8%), and PM2s extracts
ensured a good quality assurance for the overall OP analysis. ”

Table 1. Precision of SAMERA for methanol-soluble OP measurements compared with water-soluble OP
measurements.

Endpoint Unit Average Standard CoV (%) CoV (%) for the water-soluble PM_ s
Deviation extract (Yu et al., 2020)
OPAA nmol/min/m3 0.132 0.018 13.51 11.87
OpGsH nmol/min/m3 0.098 0.010 10.65 7.89
OPOH-SLF pmol/min/m3 0.740 0.011 14.49 10.56
OopPTT nmol/min/m3 0.187 0.017 8.89 10.52
OPOH-DTT  pmol/min/m?® 0.216 0.023 10.88 13.28

One conclusion that may be drawn from this work and which is consistent with past studies is that
the DTT assay is the most comprehensive measurement of OP (see, for example, discussion in
lines 289-407). This may be because DTT includes electron transfer reactions from both organic
species and metals, whereas AA, GSH and production of OH in the various assays is likely largely
driven by metals. One could actually discuss an interpretation of the data in which the most assay
meets the goal of being the most comprehensive. For example, maybe instead of arguing that all
assays in their various forms are needed, one could try to assess which is best?

Response:

We agree that OPP™™ has been widely used in many studies as the OP indicator, and it was
associated with both organic species (e.g., HULIS, quinones) and metals (e.g., Cu and Mn)
(Charrier and Anastasio, 2012;Yu et al., 2018). However, as we have pointed out earlier, OPP™
does not capture the contribution of Fe in -OH formation (Xiong et al., 2017;Yu et al., 2018). This
mechanism of ROS generation is also important as shown in one of our earlier study revealing the
synergistic interaction of Fe with quinones and HULIS in enhancing the cytotoxicity (Wang et al.,
2020). As observed in many studies, this synergism between Fe and organic species was captured
by both OPCH-SLF (Wei et al., 2018;Gonzalez et al., 2017) and OPCHPTT (Yu et al., 2018;Xiong et
al., 2017). Wang et al. (2018) reported stronger correlations of cytotoxicity of ambient PM2 s with



both OPCOHSLF and OPOHPTT (r = -0.84 and -0.82, respectively) compared to its correlation with
OPP™ (r = -0.58), further indicating that both -OH generating endpoints could have more
important roles in the biological pathways leading to cytotoxicity. Similarly, although OP** and
OP®*H showed similar sensitivities as OPP™T towards certain species (i.e. Cu), they represent
potentially different biological pathways of oxidative stress. OPP™" simulates the redox reaction
of cellular antioxidants, such as NADPH in mitochondria (Cho et al., 2005;Kumagai et al., 2002),
while OP* and OP®" directly measure the antioxidant consumption in lung lining fluid
(Weichenthal et al., 2016b). Previous studies have also noted some associations of health
outcomes with OP* (Janssen et al., 2015) and OP®H (Maikawa et al., 2016;Weichenthal et al.,
2016b), respectively.

Considering the deficiencies and biological relevance of each endpoint, we believe it would be
premature to rank OPPTT as the best assay among them. Rather than the comparison among
themselves or their correlation with the chemical composition, we think that the choice of the most
comprehensive OP endpoints (if there is any such thing) should be determined by their association
with the health outcomes.

Specific Comments.

Line 20-21, not sure how higher site to site correlations proves methanol extracts includes more
insoluble species? The idea that methanol extracts a greater fraction of OP than water is well
known.

Response:

Water-extracts are supposed to contain only water-soluble components while methanol being a
solvent with polarity between water and strongly non-polar solvents such as hexane, is supposed
to extract major fraction of both water-soluble and water-insoluble components. Our rationale for
explaining higher site-to-site correlation in methanol extracts is that the components coming from
same sources, such as the regional sources (SOA, biomass burning etc.) have a better chance of
being extracted in methanol (irrespective of whether they are water-soluble or insoluble) and thus
lead to a higher correlation, masking the effect of the components originated from local sources
which could have a narrow range of solubilities. We have further clarified it in our sentences on
lines 532 — 536, “It is possible that methanol is able to extract more redox-active PM components
coming from regional emission sources, e.g. biomass burning or secondary organic aerosols,
present at these sites. The components originated from these common sources could mask the effect
of other components originated from the local sources having a narrower range of solubilities,
thus yielding to an overall lower spatiotemporal variability and better correlation among different
sites.”

Lines 142 to 148, Charrier et al (2016) suggest a mass concentration for measurement of OP to
limit nonlinear effects of 10ug PM/mL, here the authors use 100 ug/mL, why and what is the effect
of doing this, ie does it solve the nonlinear problem?

Response:



We clarify that the concentration of PMzs in the extract we used for measuring OP is 30 ug/mL
for OPP™" and OP®HPTT and 50 ug/mL for OP™, OP®H and OPO"SLF (lines 154-156 in the
original preprint). The concentration of 100 ug/mL was used in the sample vials kept in our
automated system, which were further diluted before using them in the reaction vials. Note, the
range recommended by Charrier et al. (2016) was based on the samples collected from California
(Claremont and Fresno). OPm is a sole function of PM chemical composition and this
recommendation of the standard concentration is not applicable to the samples with different
chemical composition. Charrier et al. (2016) also noted that there is no “right” concentration for
the standard. As quoted from their publication, “We propose a standard of expressing mass-
normalized DTT results relative to an extract concentration of 10 mg-PM/mL of DTT solution;
while there is no ‘right’ concentration for the standard, this proposed extract concentration
provides an adequate DTT response for typical ambient PM in our experience but uses relatively
little sample. ” For DTT-based endpoints, our preliminary tests indicated that the concentration
recommended in Charrier et al. (2016) (10 ug/mL) was very low for some of our samples with low
redox activity, while 30 ug/mL of PM>s extract was the safe concentration to produce the levels
well above detection levels for OPPTT and OPCHDTT activities. Since our samples are collected
from Midwest US, there could be a very different mix of aerosol sources for our samples compared
to their (Charrier et al., 2016) samples collected in California. Thus, it is reasonable to choose
the concentration based on the specific composition of our samples to obtain effective
measurements.

We adopted the concentration for SLF-endpoints based on many previous studies using OP** and
OPC®* as the OP indicators (Godri et al., 2011;Godri et al., 2010;Ayres et al., 2008;Kiinzli et al.,
2006;Szigeti et al., 2016). This concentration was sufficient for producing valid OP°H-StF values
(i.e. higher than the detection limit of our measurements) for most of our PM2 s samples.

Moreover, since we are keeping the concentration constant across all samples, the non-linear
biases caused by the concentration of Cu and Mn in the OP endpoints are not so relevant for the
comparison of OP responses of our samples collected from different sites.

It would be useful to provide the composition of the simulated lung fluid.
Response:

The surrogate lung fluid (SLF) used in our study consists of four antioxidants. The final
concentrations of these antioxidants in the reaction vial used for incubating with the PM extract
were 200 uM L-ascorbic acid (AA), 100 uM reduced glutathione (GSH), 300 uM citric acid (CA)
and 100 uM wuric acid (UA). We have included the procedures for making SLF and the final
concentrations of these antioxidants in the manuscript in lines 187 — 190 , “SLF was made
following the protocol of Yu et al. (2020), i.e. by mixing equal volumes (1 mL each) of four
antioxidant stock solutions — 20 mM AA, 10 mM GSH, 30 mM citric acid (CA) and 10 mM UA,
and diluting the mixture by DI to 10 mL. Final concentrations of the antioxidants in the RV used
for incubating the sample, were 200 uM AA, 100 uM GSH, 300 uM CA and 100 uM UA.”

One issue with current measurements of OP by the various methods is that there is a range of
approaches used for each of the methods. This makes comparisons between this work and other



studies complicated. It would be valuable to know exactly how these various methods compare to
what has been utilized in other studies. For example, maybe a table in the supplement could
provide more details on the methods used here links to past studies that used the exact same
approach.

Response:

In Table S2 of our submitted preprint, we have included the studies using the same OP endpoints,
and briefly described the differences of their methods in the notes. We thank the reviewer for this
suggestion, based on which we have further expanded this table by including more details of the
methodology of the studies we cited in the revised Table S6 (corresponding to Table S2 of the
preprint).

Line 238-239, this statement should be supported with data.
Response:

We have conducted one-way analysis of variance (ANOVA) test on both spatial and temporal
variability of PM2s mass. The results are included in SI Table S3, and the P-values are added in
lines 268 — 272, “The highest mass concentrations were recorded at CHI during winter (P < 0.01;
Table S3) and STL during summer (P < 0.05), while BON exhibited the lowest concentrations in
all seasons, except fall when the mass concentrations were lowest at CMP (P < 0.05). Other than
these minor variations, the PM2s mass concentrations are both spatially and temporally
homogeneous in the Midwest US with no significant seasonal differences (P > 0.05 at most sites). ”
We also added median values in lines 265 — 268, “Generally, the more urbanized sites of our study
(i.e. CHI, STL and IND) showed slightly higher mass concentrations (5.7 — 21.7 ug/m®, median:
11.8 ug/m®) compared to the smaller cities like CMP and its rural component (i.e. BON) (2.0 —
20.2 ug/m?, median: 9.2 ug/m®).” to support our statement.

Line 274, typo, change “into” to “in”?

Response:

We have made this change.

How do the authors explain the data where OP in water extracts is greater than OP methanol when
it is established that methanol extracts water soluble species plus organic species? Seems this
result demonstrates the lack of precision of the methanol method. Or are the authors implying that
some water soluble species that contribute to OP are not extracted and detected in the methanol
method?

Response:

We do not agree with the reviewer on the lack of precision of the method for methanol extraction

and analysis. As shown in Table 1 of the response document, the precision of methanol-soluble
OP is as good as water-soluble OP.
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The measured OP of PM is not simply the addition of the activities of all extracted PM components.
Previous studies have reported both synergistic and antagonistic interactions among transition
metals and organic species in multiple endpoints, such as OP** (Lin and Yu, 2020, 2021), OP°"-
SLF (Gonzalez et al., 2017;Wei et al., 2018;Charrier and Anastasio, 2015), OPP™ (Yu et al.,
2018;Xiong et al., 2017) and OP°"PTT (Yu et al., 2018;Xiong et al., 2017). Hence, lower methanol-
soluble OP does not necessarily imply fewer extracted species in methanol. Here, we infer that the
lower methanol-soluble OP**v than water-soluble OP*v might be attributed to the antagonistic
effect from the additional components in methanol-soluble extracts. Lin and Yu (2020) reported
an antagonistic interaction between HULIS extracted from rice straws burning and Cu on OP*4v,
They found an abundance of alkaloid compounds in the HULIS, which can chelate Cu and reduce
its reactivity with AA. Although we have not yet conducted chemical composition analysis, it is
possible that the PM.s samples collected at CMP could be strongly impacted by biomass burning
sources and therefore could contain high levels of alkaloids. Our previous studies also found an
elevated level of Cu [up to 60 ng/m?, compared to the typical Cu concentration (4 — 20 ng/m?®) at
most urban sites in US (Baumann et al., 2008;Buzcu-Guven et al., 2007;Hammond et al.,
2008;Kundu and Stone, 2014;Lee and Hopke, 2006;Milando et al., 2016)] at CMP (Wang et al.,
2018;Puthussery et al., 2018). Since many of the alkaloid compounds are methanol-soluble but
water-insoluble, it is possible that these compounds are more efficiently extracted in methanol and
are complexed with a large fraction of Cu, thus causing lower levels of methanol-soluble OP*v
compared to water-soluble OP**v at CMP. We have included this inference in lines 346 — 355 of
the original preprint and lines 467 — 479 in the revised manuscript.

What is the difference between methanol soluble OP and methods that attempt to measure all OP,
eg, that associated with surfaces of solid particles?

Response:

The methanol-soluble OP measured in our study cannot be called the total OP measured by Gao
et al. (2017). In our method, we sonicated punches of PMzs filters in methanol, and filtered the
suspensions through a 0.45 um PTFE syringe filter. The filtered extracts were then concentrated
to less than 50 ul using a nitrogen dryer to evaporate methanol and were subsequently
reconstituted in deionized water (DI). In comparison to this method, Gao et al. (2017) (cited in
Table S2) measured OPP™™ by three methods. In their first method, they extracted the filters
sequentially in water followed by methanol. After sonication, both suspensions were filtered
through a 0.45 um PTFE syringe filter. The subsequent methanol extracts were concentrated to
~200 uL by evaporating methanol, and were then reconstituted in DI. Note, neither ours (direct
extraction in methanol followed by filtration) nor their first method (sequential extraction followed
by filtration) measure the activity of methanol-insoluble fraction of PM.s and therefore cannot be
termed as total OP.

In Gao et al. (2017) ’s second method, they directly sonicated punches of PM: s filters in methanol
and removed the filter punches after sonication. The methanol extracts were concentrated to ~200
1L without being filtered, and were then reconstituted in DI. This method could include the activity
of water-insoluble and also methanol-insoluble species via surface reaction, but probably not to
100 % efficiency because some of the particles could always remain on the filter fibers irrespective
of the solvent used for extraction.

11



In Gao et al. (2017) ’s third method, they sonicated filter punches in a mixture of DI and potassium
phosphate buffer (K-PB, pH = 7.4) and directly measured OP of the suspensions containing filter
punches, without filtering anything. Since this method includes the contribution of even those
particles which are not extracted and remain on the filters, we believe that out of all these methods,
only this approach can be termed as the total OP. This was further demonstrated from the results
of Gao et al. (2017), showing a 5 — 18 % higher average OPP™" obtained from this method
compared to earlier two methods.

Overall, the “OPPT™™” obtained from their first method (i.e. the summation of water-soluble OP
and the subsequent methanol-soluble OP) was most similar with the methanol-soluble OP
measured in our study, but none of them can be considered as the “total OP”.

Reviewer: Anonymous Reviewer #1

In this work, the authors measured oxidative potential (OP) of particulate matter in five urban areas
in midwestern US. Particulate matter (PM) is a significant health hazard, and its oxidative potential
is thought to be representative of its toxicity. The authors assessed oxidative potential in 5 different
endpoints on a weekly basis. These OP measurements are often difficult to make, but the authors
had developed a system to automate the measurements of PM on filters. The results from the study
showed large variabilities across sites and endpoints, and these variabilities, along with poor
correlation with PM mass, suggest that PM2.5 mass alone is a poor indicator of potential health
impacts. The discussion of the results was not very deep, and, in many cases, more detailed
exploration is encouraged to better understand these results. In general, the manuscript is well
written, but some of the main messages can be more clearly communicated, rather than buried in
a lot of numbers and text. | believe that this manuscript should be published in ACP after some
major revisions.

Response:

We thank the reviewer for providing these valuable comments. In the revised manuscript, we have
tried our best to reduce the unnecessary information (such as numbers and text) so that the main
message of our study become clear. We have also enriched our discussion as well as the conclusion
to explicitly state the main take-away message from our exploration. In the following section, we
have addressed the reviewer’s comments on point-by-point basis.

Major comments:

In general, this work reads like a measurement report. | was very impressed by the ability to make
all these measurements, but somewhat disappointed with the lack of insights from the
measurements. More specifically:

- A lot of information about each site was given in Section 2.1, but when discussing the
spatiotemporal variability, there is virtually no discussion in these contexts in Section 3.3. Why
does CMP behave so differently? What are the spikes? The same goes for Section 3.5, where the
site-to-site comparison is discussed in the context of some statistical measures (correlation
coefficient, COD). Again, what are the physical insights?
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Response:

This is the first manuscript in the series of papers we plan to write from our yearlong Midwest
sampling campaign. In addition to the OP analysis, we are also conducting a lot of chemical and
mechanistic analysis (e.g. separation of PM components) on these samples, which we plan to
present in our subsequent manuscripts. The current manuscript is expected to serve as the
reference for all those subsequent papers and therefore we have to provide as much information
as possible about the sampling sites in this manuscript. We understand that all of this information
might not be relevant at the current stage given this manuscript is limited to only OP analysis.
However, we believe that as our further analysis (i.e. chemical and mechanistic analysis) will
emerge, some of this information could become relevant. We further note that the scope of this
manuscript was to discuss the patterns of spatiotemporal variability of PM2s OP in the Midwest
US. Therefore, description of the site features in Section 2.1 was intended to justify different
classification of the sites, i.e. urban, roadside and rural.

“Why does CMP behave so differently? What are the spikes?”

CMP was the only site which was adjacent (< 10 m) to a major urban road (University Avenue in
Urbana, IL) and was on the roof of a parking garage, indicating that PM.s collected at this site
was directly impacted by the daily traffic. Our previous study conducted at the same site, Wang et
al. (2018) has reported large variations in several redox-active metals, including Cu (4 — 60 ng/m?),
Fe (2 — 15 ng/m®), Mn (0.4 — 3 ng/m®), Pb (0.02 — 2.5 ng/m?) and Zn (3 — 10.5 ng/m®), which are
all related with the vehicles (both exhaust and non-exhaust emissions). Since the spikes occurring
in water-soluble OP at CMP (Figure 3) were generally observed for SLF-based endpoints (i.e.
OPA, OPCSH and OPCHSLF) which are all known to be highly sensitive towards metals (Ayres et
al., 2008;Calas et al., 2018;Fang et al., 2016;Moreno et al., 2017;Charrier and Anastasio,
2015;Wei et al., 2018), we expect a larger contribution of the variation in daily traffic intensity in
the spikes observed at CMP. Note, the OP** — an endpoint known to be highly sensitive towards
Cu (Ayres et al., 2008;Gaetke and Chow, 2003) emitted from brake wear (Hulskotte et al.,
2007;Garg et al., 2000;Gietl et al., 2010), showed the most frequent spikes. In comparison to CMP,
all other sites were relevantly farther (closest was STL ~230 m) to be directly affected by the road
emissions. Thus, such a different behavior of CMP is probably related to its close proximity to a
major roadway. We have included this discussion in lines 319 — 327, “A significant temporal
variation was observed for CMP with several spikes in the OP activities throughout the year, most
prominently for OP™ (Figure 3). These spikes might be attributed to the traffic, as CMP is the
only site adjacent (< 10 m) to a major urban road and located on the roof of a parking garage.
One of our previous studies, Wang et al. (2018), reported large variations in several redox-active
metals (e.g. Cu, Fe, Mn, Pb and Zn), which have been known to be related with the vehicular
emissions (Hulskotte et al., 2007;Garg et al.,, 2000;Gietl et al., 2010;Apeagyei et al.,
2011;Councell et al., 2004) at the same CMP site. Since SLF-based endpoints have been shown to
be highly sensitive towards metals (Ayres et al., 2008;Calas et al., 2018;Fang et al., 2016;Moreno
et al., 2017;Charrier and Anastasio, 2015;Wei et al., 2018), the temporal variation in traffic
intensity probably contributes to the spikes observed at CMP. ”

“The same goes for Section 3.5, where the site-to-site comparison is discussed in the context of
some statistical measures (correlation coefficient, COD). Again, what are the physical insights?
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The coefficient of divergence (COD) is a standard measure which has been used in several past
studies to explore the spatiotemporal variability in an environmental attribute (Kim et al.,
2005;Cheung et al., 2011;Massoud et al., 2011;Verma et al., 2011;Daher et al., 2013;Fang et al.,
2014;Huang et al., 2015;Gao et al., 2017;Mukherjee et al., 2019;Feinberg et al., 2019). The
primary purpose of Section 3.5 was to compare the COD and correlation coefficient (r) for
different OP endpoints versus mass concentration of PM.s. We believe that the key physical insight
from section 3.5 (section 3.4 in the revised manuscript) is that there is a larger spatial variability
in OP than the PM2s mass, as revealed from the CODs and r, indicating that the spatial
distributions for OP are potentially more affected by the chemical components rather than PM2s
mass. Large variations and weak correlations in most OP endpoints among different sites indicate
a more significant effect of the local sources on OP compared to the regional sources. This
message has been clearly outlined in lines 518 — 520.

- Lines 257 to 280 were very hard to follow. The discussion jumped around from OP measure to
another (sometimes mass-normalized, other times volume-normalized). The OP endpoints from
this particular study were compared to those reported in the literature, but the discussion focuses
on very shallow comparisons (e.g. higher, lower, different, the same). | am very confused about
the purpose of this discussion: are these comparisons meant to validate the measurements? Are
they meant to highlight the differences to illustrate differences between sources, or site
characteristics? Are we expecting the OPs to be the same, or different from previous studies? My
suggestion is to focus on some main message, and then show the comparisons that illustrate the
point.

Response:

We apologize for the reviewer’s confusion. However, we differ from the reviewer’s point on the
discussion jumping from one OP measure to another (sometimes mass-normalized, other times
volume-normalized). We are actually following a consistent structure for discussing these five
endpoints in the entire manuscript (including this section). SLF-based endpoints were generally
discussed first, in the sequence of OP**, OP®H and OP°H-SLF, followed by DTT-based endpoints
(first OPP™T, and then OP®™PTT). For each endpoint, we first discuss the mass-normalized OP,
and then volume-normalized OP. Methanol-soluble OP were discussed after water-soluble OP,
following the same sequence as described above. We suggest the reviewer to keep this flow in mind
when reading the lines 257 — 280 to avoid any confusion.

The reviewer is correct that the primary purpose of this section was to compare our measurements
with those reported in the literature. Here, we have compared the OP obtained from our study
with OP activities reported from previous literature using the same or similar techniques as ours.
In fact, we have further expanded Table S2 (Table S6 in the revised manuscript), by including the
methodology of the assays, following the suggestion of another reviewer (#2), who has appreciated
this comparison. Since this is the largest dataset on the OP of PM_ in the Midwest US, and is one
of very few studies in US, where all these OP endpoints have been measured on the same set of
samples, we think that it is imperative to have a perspective on the general levels of OP in the
Midwest US with the rest of the country and the world. Following the reviewer’s suggestion, We
have clearly expressed the purpose of this section at the beginning of this paragraph in the revised
manuscript (lines 360 — 362).
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From Table S6, we found that the activities of most OP endpoints measured in our study were
generally comparable with the previous literature, i.e. in the typical ranges of previously reported
OP levels. Regarding the reviewer’s point of illustrating the differences between sources, or site
characteristics, we don’t think it is practical to have it in our manuscript. There are around 20
studies conducted in more than 30 places cited in this section. It is clearly beyond our scope to
look into the site characteristics of all these studies and explain our OP results based on that.
Moreover, as we have mentioned earlier, we plan to discuss the source apportionment results in
our subsequent manuscripts, where we could consider to compare the sources in the Midwest US
from other regions, as appropriate. But, we don’t think it fits in the scope of the current manuscript.

- How are we supposed to make sense of the large differences between the various endpoints?
They are different measures and operate differently, so they are expected to be different. So, if
they are significantly different, then what? The suggestion from the authors is to measure all of
them, but then how do we make sense of the different numbers, or trends? A closer examination
of what each OP is measuring (and what chemical components are most linked with each measure)
would be useful.

Response:

We thank the reviewer. This comment is similar to the 1% comment raised by Reviewer #2.
Therefore, we would encourage the reviewer to also read our response to that comment (Pages 1
— 4 of this response document). To the specific points raised by this reviewer, we would like to
address them one by one:

“How are we supposed to make sense of the large differences between the various endpoints? They
are different measures and operate differently, so they are expected to be different.”

Yes, these are different measures and operate differently; however, they still come under the
umbrella term of “OP” and in the scientific community, they have been often used interchangeably.
Therefore, it is logically curious to know if they really produce different results and if so, to what
extent, towards the same PM2s. It would be somewhat irrational to assert that without measuring
all of them and comparing their outcomes from the same set of PM.s samples. There have been
some studies in the past which have compared their responses on the same set of samples but these
are either based on small sample size or have used only few selected assays. A systematic
comparison of all these OP assays, particularly in geographical regions of the United States, is
lacking and this is the gap our study is trying to fill-in.

“So, if they are significantly different, then what? The suggestion from the authors is to measure
all of them, but then how do we make sense of the different numbers, or trends?”

This is a good question. From our current investigation, we cannot say which of these assays is
the best in terms of representing the health effects. All we know is that the responses of these assays
do not correlate with each other. To understand the health relevance of these assays, we first need
to integrate them in an epidemiological study, which is beyond the scope of our current study.
Some previous studies have adopted this approach for investigating the health relevance of OP by
associating it with the health endpoints (Abrams et al., 2017;Strak et al., 2017;Zhang et al.,
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2016;Yang et al., 2016;Weichenthal et al., 2016a;He et al., 2021;Janssen et al., 2015). These
studies have definitely helped in enhancing our understanding on the relevance of OP
measurements and the role of specific endpoints in comparison to the PM mass. However, these
are very limited with their focus only on 2 or 3 endpoints. Incorporating all the available OP
endpoints measured on the same set of samples in epidemiological studies, will help to clearly see
their roles and rank them as per their relevance. Therefore, what we mean by “measure all of
them” is to develop a database on all these endpoints so that it can be integrated in the
epidemiological studies. This will eventually help to evaluate their associations with the health
effects and rank them based on their biological relevance. We have modified our discussion on
lines 576 — 585 to further clarify our point, “Overall, a poor-to-moderate and inconstant
intercorrelation trend among different endpoints of both water-soluble and methanol-soluble OP
at most sites indicates that all these assays could be deficient from being ideal and measuring a
single endpoint is not enough to represent the overall OP activity. Although the OP endpoints used
in our study have covered some of the well-known and important pathways of the in vivo oxidative
stress caused by PMa s, there are other endpoints (e.g. consumption of cysteine, formation of H>O»,
etc.), and more assays can be developed in the future. We suggest that a collection of diverse range
of OP endpoints, measured separately as done in our study could better capture the role of
different PM components and their interactions via different pathways for driving the oxidative
levels of the PM in a region. However, it should be noted that our study is not designed to assess
and rank the biological relevance of these acellular endpoints, which will require an integration
of these and possibly other novel assays involving different routes of oxidative stress, in either
toxicological or epidemiological studies. ”

- Given that ACP is an chemistry-focused journal, | believe that discussion of chemical
composition is well within the scope of this manuscript, and should not be separated for a later
publication. Chemical composition is central to many of the questions I posed, and including some
information of composition is necessary to make sense of these measurements.

Response:

We partly agree with the reviewer’s comment that chemical composition could explain some of the
questions raised by the reviewer. However, at the same we want the reviewer to understand that
unlike OP, chemical composition is not about making 4 or 5 measurements. We are currently in
the process of measuring several chemical species which include EC, OC, WSOC, NOs", SO4?2,
NH.", trace elements (Cu, Fe, Mn, Zn, K, Al, V, Cr, Ni, Sr, Ba, Pb, As and Se), brown carbon,
PAHSs, hopanes, steranes, alkanes, organic acids and organic nitrogen compounds. Since OP is
property inherently linked with the chemical components and their sources, we believe that to
properly explain the trends of various OP endpoints, we really need to measure all of these species
which have been directly or indirectly linked with the OP. Moreover, before linking the chemical
components with OP, we will need to explain their spatiotemporal trends as well. Given current
length of the manuscript (18 pages), including all this information will further complicate and
convolute the clear message (i.e. the divergent behavior of OP vs. PM2s mass), it is currently
delivering. Again, we agree that chemical composition is important for the OP, but it is not so
straight forward. The previous research from our own group (Xiong et al., 2017;Yu et al., 2018)
and others (Charrier and Anastasio, 2015;Gonzalez et al., 2017;Lin and Yu, 2020, 2021;Dou et
al., 2015) have shown that there are both synergistic and antagonistic interaction among the PM
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chemical components to alter an OP response. Including some description of the chemical
components in the current manuscript might allow us to conduct a shallow analysis of their
linkages with the OP, but will prevent us to conduct a thorough analysis in the future manuscript,
which we think is more important. Therefore, we believe this should be a separate topic altogether
in which we will not only link the OP with the chemical components, but also their interactions as
well as their sources, and we plan to address it in our next manuscript. Including all these analysis
in the current manuscript, which is focused on exploring the spatiotemporal trends of OP in the
Midwest US and its comparison with the PM2s mass, will unnecessarily lengthen it and mix the
important messages we plan to provide through these investigations.

Minor comments:

- Line 18 and elsewhere: it might useful to define what volume means. Presumably this is air
volume, not particle volume

Response:

Yes, the “volume” in “volume-normalized OP ” is the volume of sampled air for PM.s samples
analyzed for a particular OP endpoint. We have clarified this term in the revised manuscript in
lines 236 — 239, “The mass-normalized (intrinsic, OPm) and volume-normalized (extrinsic, OPv)
OP levels were obtained by dividing the blank corrected OP activities by the extracted PM2s mass
(for OPm) and by the volume of air collected on the extracted fractions of filters (for OPv),
respectively. The detailed calculations of OPm and OPv have been previously described in Yu et
al. (2020).”

- The introduction is very well-written and reflects the current state of knowledge.
Response:

We thank the reviewer for their comment. We have further enriched the introduction by including
more references in lines 64 — 73, “Calas et al. (2018) compared the responses of several OP
endpoints [i.e. OPP™", OPM, OP®SH and electron spin resonance (OPER)] on PM1o samples (N =
98) collected from Chamonix (France). Yang et al. (2014) also used four OP endpoints [OPA4,
OPPTT OPESR and reductive acridinium triggering (OP“RAN)] to investigate the effect of different
extraction solvents and filter types on OP responses using the PM.s samples (N = 20) collected
from two cities (Rotterdam and Amsterdam) in Netherland. The comparison of OP**, OPP™T and
OPC®H has been shown in two studies (Fang et al., 2016;Gao et al., 2020), both from the southeast
US. We are not aware of any study which has compared -OH generation in SLF or DTT with other
endpoints based on antioxidants consumption (e.g. AA or GSH consumption). Clearly, the studies
systematically comparing the responses of these different endpoints on a large sample-set
collected at an extensive spatial scale, particularly in the United States are very limited.”, and
lines 82 — 89, “Globally, the spatiotemporal profiles of OP have been characterized for some
geographical regions such as Los Angeles Basin (Saffari et al., 2014, 2013), Denver (Zhang et al.,
2008), Atlanta (Fang et al., 2016;Verma et al., 2014) in US, Ontario (Canada) (Jeong et al.,
2020;Weichenthal et al., 2019;Weichenthal et al., 2016a), France (Borlaza et al., 2021;Calas et
al., 2019;Weber et al., 2018;Weber et al., 2021), Italy (Cesari et al., 2019;Perrone et al.,
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2019:;Pietrogrande et al., 2018), Athens in Greece (Paraskevopoulou et al., 2019), Netherland
(Yang et al., 2015a;Yang et al., 2015b), and some coastal cities of Bohai [Jinzhou, Tianjin and
Yantai (Liu et al., 2018)] and Beijing (Yu et al., 2019;Liu et al., 2014) in China.”

- Lines 85-93: this might be a good place to define some research questions and hypotheses, and
address them accordingly at the end. It will help with adding some depth to the discussion and
going beyond just reporting measurements.

Response:

We thank the reviewer for their valuable suggestion. We have revised this paragraph to include
the research questions of this manuscript and clearly state our hypothesis. The revised paragraphs
in lines 100 — 102 read as, “The goal of this analysis is to compare the spatiotemporal distribution
of PM2s OP with that of the mass concentrations. We also want to investigate if different measures
of OP, i.e. OP*, OP®SH OPOH-SLE OPPTT and OPCH-DTT show different spatiotemporal trends or
are correlated with each other.” The research questions raised here are subsequently addressed
in different sections (Sections 3.1, 3.2, 3.4 and 3.6) of the manuscript. We have further tried to
clarify the main message of our analysis in these sections.

- Line 100: “Chicago, Indianapolis and St. Louis” seem redundant.
Response:

We have corrected this sentence in the revised manuscript in lines 111 — 113, “while three major
city sites [i.e. Chicago (CHI), Indianapolis (IND) and St. Louis (STL)] are representatives of urban
background regions of these respective cities.”

- Section 2.2: are the methanol extracts also kept the same PM mass for OP measurement? In the
water soluble extract, the volume of water was adjusted to achieve the same mass; how was this
done for the methanol soluble extract?

Response:

Yes, the concentrations of PMz s in the reaction mixtures used for methanol-soluble OP were kept
same as those for water-soluble OP measurement (i.e. 50 ug/mL for SLF-based endpoints, and 30
ug/mL for DTT-based endpoints). We first extracted the same area of the filters as that used for
the water-soluble OP in 10 mL methanol, and then filtered the extracts through a 0.45 um PTFE
syringe filter. Methanol in the filtered extracts was then evaporated using a nitrogen dryer, and
the dried methanol extracts were reconstituted in DI to reach exactly the same volume as the
corresponding water-soluble extracts. We have included this detail on lines 176 — 178 of the
revised manuscript, “The filtered extracts were then concentrated to less than 50 uL using a
nitrogen dryer to evaporate methanol, and were subsequently reconstituted in DI to the exact same
volume as the water-soluble extracts. ”

- Line 160: when the dried methanol extract was reconstituted in water (DI water), are there
insoluble components? For example, | can imagine some organic compounds are extracted by
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methanol and stick to the walls of the vial when dried, but does not dissolve in water during
reconstitution.

Response:

This is a reasonable point. To minimize the bias caused by this deposition loss, we never completely
dried the methanol extracts. Rather, we evaporated them to ~50 uL, followed by addition of water
to allow the resuspension of the water-insoluble species in water. Moreover, the DI-reconstituted
methanol-soluble extracts were always vigorously shaken using an analog vortex mixer (VWR
International, Batavia, IL, US) for at least 60 seconds at 3200 rpm to ensure a thorough flush of
the organic species which could have been deposited along the wall of the vials. We have revised
our manuscript to include these details in lines 176 — 180, “The filtered extracts were then
concentrated to less than 50 ul using a nitrogen dryer to evaporate methanol, and were
subsequently reconstituted in DI to the exact same volume as the water-soluble extracts.
Reconstituted methanol extracts were vigorously shaken on an analog vortex mixer (VWR
International, Batavia, IL, US) for at least 60 seconds at 3200 rpm to ensure a thorough flushing
of the components probably deposited along the wall of the vials during evaporation. ”

- Lines 235-236: 5.7-21.7 does not seem to be significantly higher than 2.0-20.2. Perhaps show
the median?

Response:

We thank the reviewer’s suggestion. We have included the median of the PM2s mass
concentrations in lines 265 — 268, “Generally, the more urbanized sites of our study (i.e. CHI, STL
and IND) showed slightly higher mass concentrations (5.7 — 21.7 ug/m®, median: 11.8 ug/m®)
compared to the smaller cities like CMP and its rural component (i.e. BON) (2.0 — 20.2 ug/m?®,
median: 9.2 ug/m®)”. As can be seen, the median at more urbanized sites is slightly higher than
the small city sites.

- Lines 240 and 281: how is the “time series” different from the temporal variation in
“spatiotemporal variation”? There are a lot of overlapping points between Sections 3.2 and 3.3,
and these sections are be significantly combined and condensed for easier reading. Or perhaps the
author intended the discussions to be separate, and if so, it would be good to convey the differences
in the section titles.

Response:

Figure 3 and 4 (described in section 3.2) gives a snapshot of the overall trend of OP at all the
sites. Although, the time-series plot with all its data points gives an idea of the overall picture, it
is unable to clearly illustrate the seasonal and spatial variations, which can be easily masked by
the outliers or extreme values. To quantify these variations, we computed the seasonal averages
(x standard deviation), which are shown in Figures 5 and 6 (described in section 3.3). However,
we agree with the reviewer that both sections are essentially focused on explaining the
spatiotemporal variability. Therefore, we combined sections 3.2 and 3.3 in the revised manuscript
as “Section 3.2 Spatiotemporal variation in PM>s OP”, and rearranged the paragraphs for a
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more clarified discussion, while retaining all four figures (i.e. Figures 3-6) for their original
purposes.

- Line 248-249: Just want to confirm: In line 217, the July 4th data were excluded from the
regression analysis, but are included here in the discussion. It is a little confusing; perhaps some
slight clarification would be useful.

Response:

Yes, the OP data in the week of July 4" were included in the analysis of spatiotemporal variability
but excluded from the regression analysis. This is to avoid the potential bias caused by a strong
but an episodic event in the regression analysis. We have clarified this in the revised manuscript
in lines 247 — 250, “All PM.s samples were assessed for spatiotemporal variability. However,
since several OP endpoints (e.g. OP**, OP®" and OPP™) were abnormally elevated in the week
of July 4th (Independence Day celebration; discussed in section 3.2), we removed this week’s
sample from our regression analysis to avoid any bias caused by this episodic event.”

- Line 294: why is different from SE US? The seasonal trend seems to be related to
photochemical activity (higher in the summer). In general, the midwestern US provides an
interesting contrast to previous studies because it has larger temperature differences between
summer and winter.

Response:

We thank the reviewer for this interesting observation. We agree that the midwestern US provides
an interesting contrast to the previous studies given the larger temperature differences (up to
100 °F) between summer and winter here. This large temperature variation could drive the
seasonal variability to some extent. However, it could be that the emission sources in these two
seasons (summer vs. winter) are substantially different. For example, Verma et al. (2014) reported
highest contributions to OPP™T from biomass burning in winter (47 %) and from secondary organic
aerosol in summer (46 %). Higher OPP™T during winter in the Southeast US was attributed to the
higher intrinsic redox activity of biomass burning aerosols than those formed during secondary
oxidation (Verma et al., 2015). Since we haven 't yet done the source apportionment on this dataset,
it would be unreasonable to compare the dominant sources (and their seasonality) for OP of our
study with Verma et al. (2014). However, we plan to investigate these differences in our subsequent
publication.

- Line 350-355: this seems like a somewhat handwavy explanation for an anomaly, not really
supported by evidence. What is the evidence for significant alkaloid compounds at this one
particular site? Are there other studies that show Cu can complex with organic compounds and
reduce OP?

Response:

We agree that from our study, there is no direct evidence for the high levels of alkaloid compounds
at CMP. However, the antagonistic interactions between Cu and certain organic species on OP
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have been reported in multiple studies. Our previous studies also revealed antagonistic interaction
of Cu with quinones, Suwannee River fulvic acid (SRFA) and ambient humic-like substances
(HULIS) for both OPP™™ and OP°H-PTT (Xiong et al., 2017;Yu et al., 2018). Pietrogrande et al.
(2019) also found a suppressing effect of Cu complexing with citric acid on OP*, further
substantiating the role of Cu complexes on reducing the OP. In addition to the antagonistic effect
of Cu and alkaloid compounds on OP*, Lin and Yu (2020) also found a substantial antagonistic
interaction between hydrophilic fraction (which contains high amount of metals) and hydrophobic
fraction (mainly organic species) on OP°H-SLF All these studies indicate that the complexation of
Cu with organic species has an important role on reducing the OP for various endpoints. Note,
the ranges and medians of M/W°” were generally the lowest at CMP for all endpoints (Figure 7),
which implies that the complexes of Cu with alkaloid compounds which are efficiently extracted
in methanol could probably be responsible for this trend.

Considering the reviewer’s point that we have not made the specific measurements of these species,
we have further toned down our hypothesis based on Cu-complexation with organic compounds
in general to explain these results in lines 473 — 479, “The unprotonated nitrogen atom in alkaloids
tends to chelate Cu, thus reducing its reactivity with AA. The antagonistic effect of Cu have been
reported with other organic compounds (e.g. citric acid) as well (Pietrogrande et al., 2019). Thus,
apparently lower levels of methanol-soluble OP** compared to the water-soluble OP** at CMP
might be associated with the chelation of Cu by these alkaloids or other organic species, which
could be more efficiently extracted in methanol. ”

- Lines 356-368: why focus on Fe-organic complex? The simpler explanation would be organic
compounds that contribute to OP that extracted in methanol but not in water.

Response:

We partially agree with the reviewer that the water-insoluble organic species extracted in
methanol could also contribute to the elevated OP°™SLF and OPO™PTT however we don'’t think
that this mechanism alone is able to explain the level of elevation observed for these two endpoints
(median of M/WOP =2.1—3.8 and 1.4 — 1.9 for OP®H-SLF and OPCH-PTT respectively). Our previous
study, Yu et al. (2018) reported moderate activities of OPCHPTT from multiple types of organic
species, including four different quinones, SRFA and ambient HULIS, and nearly zero activity
from Fe?* ion. However, much higher activities were observed when mixing Fe?* with all types of
organic species (interaction factor, defined as the ratio of the activity of the mixture over the sum
of their individual activities = 1.38 — 2.87), indicating the synergistic effect of Fe with organic
species for generation -OH in DTT. Similarly, Gonzalez et al. (2017) and (Wei et al., 2018) also
showed a strong synergistic interaction of Fe?* and SRFA through complexation in OPCH-SLF,
These evidences strongly suggest that complexes of Fe?* with organic compounds have a
prominent role in -OH formation. Wei et al. (2018) also observed that a substantial fraction of Fe
gets complexed with hydrophobic organic compounds (28 + 22 %), which is more efficiently
extracted in methanol than water. Moreover, the seasonality of methanol-extracted Fe observed
in Wei et al. (2018) followed the same trend as the M/W©°F in our study, i.e. the ratio of Fe in 50 %
methanol to that in water and M/W°P for OP°H-SLFy in our study were both higher in winter than
summer, further suggesting the contribution of Fe-complexes to the increased OP°H-SLF and OPOH
DTT activities of methanol-soluble extracts compared to water-soluble extracts. Therefore, we
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would like to keep our hypothesis based on Fe-organic complexes to explain these results.
However, following the reviewer’s suggestion we have also included the possibility of higher OP
contributed by the organic compounds extracted in methanol, in lines 482 — 484, “In addition to
-OH-active organic species, e.g. quinones (Charrier and Anastasio, 2015;Xiong et al., 2017;Yu et
al., 2018), which are more soluble in methanol, we suspect that one of such components could be
organic-complexed Fe.”

- Section 3.6: My suggestion is to point out that current regulations focus on PM mass only, and
these results show how inadequate this approach may be. (The reason | suggest this is, at first, |
felt it was obvious that OPm would not correlate with PM mass and was somewhat puzzled by the
need to do this analysis. But upon second thought, this analysis is useful in a regulatory context.)

Response:

We thank the reviewer for this very important point. We have included it in our discussion in
section 3.5 (lines 551 — 552) in the revised manuscript. However, we would like to clarify that we
conducted the regression analysis between volume-normalized OP (i.e. OPv and not OPm, which
is mass-normalized OP) and PM2s mass concentrations in Section 3.6. We believe this is what the
reviewer meant when they mentioned about the correlation analysis. Since OPm is already
normalized by the PM mass, it does not make sense to conduct the correlation between OPm and
PM mass. Instead OPvV is a property which is in the same equivalent units, i.e. nmol/min/m? of air
as the PM mass (ug/m® of air), and therefore, they are comparable to perform the regression
analysis.

- Line 474: “the results ... provide”, not “provides”

Response:

We have corrected this typo in line 616 of the revised manuscript.

- Figures and tables are generally too complex

Response:

We apologize but we would appreciate if the reviewer could specifically point out which of the
figures/tables are complex. We have tried our best to clearly show the information in our figures.
All of the figures are either time-series (Figures 2-4), bar charts (Figures 5, 6, 8 and 9) or box-
plots (Figure 7), which we believe are very easy to interpret. To make them more legible, we have
increased the font sizes of all these figures.

Moreover, we have tried to simplify our tables. Specifically, we have combined the average and

standard deviation in one column in Table 1, and replaced the P-values with asterisk symbols (*
denotes P < 0.05, ** denotes P <0.01) in Tables 3-5.
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Community: Samuel Weber

The present study reports the intercomparison of oxidative potential (OP) of PM using different
metrics of OP and different extraction protocols. As no consensus has emerged towards which OP
method to use, this study is of great interest for documenting various approaches.

However, it should be clarified that it is not the first study of its sort. Namely, Calas et al (2017)
have investigated the role of solvent and extraction method and Calas et al (2018) already
investigated 5 different OP end-points in Chamonix, France.

Moreover, there is an effort in this manuscript to refer to previous campaign all over the world.
We would like to mention to the authors that numerous recent studies in Europe have also reported
oxidative potential measurement with multiple assays and have investigated site specificity (Weber
et al (2018), Cesari et al (2019), Paraskevopoulou et al (2019), Peronne et al (2019), Pietrogrande
et al (2018)), including large-scale variability (Calas et al (2019), Weber et al (2021)) and small-
scale variability of OP (Borlaza et al (2021)).

Even if some of the cited studies sampled PM10 and not PM2.5, the discussion of the different OP
tests and drivers of OP have been discussed in these papers. These studies should be included in
the literature of this manuscript.

Calas, A., Uzu, G., Martins, J. M. F., Voisin, D., Spadini, L., Lacroix, T., and Jaffrezo, J.-L.: The
importance of simulated lung fluid (SLF) extractions for a more relevant evaluation of the
oxidative potential of particulate matter, Sci Rep, 7, 11617, https://doi.org/10.1038/s41598-017-
11979-3, 2017.

Calas, A., Uzu, G., Kelly, F. J., Houdier, S., Martins, J. M. F., Thomas, F., Molton, F., Charron,
A., Dunster, C., Oliete, A., Jacob, V., Besombes, J.-L., Chevrier, F., and Jaffrezo, J.-L.:
Comparison between five acellular oxidative potential measurement assays performed with
detailed chemistry on PM10 samples from the city of Chamonix (France), 18, 7863-7875,
https://doi.org/10.5194/acp-18-7863-2018, 2018.

Weber, S., Uzu, G., Calas, A., Chevrier, F., Besombes, J.-L., Charron, A., Salameh, D., Jezek, 1.,
Moc¢nik, G., and Jaffrezo, J.-L.: An apportionment method for the oxidative potential of
atmospheric particulate matter sources: application to a one-year study in Chamonix, France,
Atmos. Chem. Phys., 18, 9617-9629, https://doi.org/10.5194/acp-18-9617-2018, 2018.

Cesari, D., Merico, E., Grasso, F. M., Decesari, S., Belosi, F., Manarini, F., De Nuntiis, P., Rinaldi,
M., Volpi, F., Gambaro, A., Morabito, E., and Contini, D.: Source Apportionment of PM2.5 and
of its Oxidative Potential in an Industrial Suburban Site in South Italy, 10, 758,
https://doi.org/10.3390/atmo0s10120758, 2019.

Paraskevopoulou, D., Bougiatioti, A., Stavroulas, I., Fang, T., Lianou, M., Liakakou, E.,
Gerasopoulos, E., Weber, R. J., Nenes, A., and Mihalopoulos, N.: Yearlong variability of oxidative
potential of particulate matter in an urban Mediterranean environment, Atmospheric Environment,
206, 183-196, https://doi.org/10.1016/j.atmosenv.2019.02.027, 2019.
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Perrone, M. R., Bertoli, I., Romano, S., Russo, M., Rispoli, G., and Pietrogrande, M. C.: PM2.5
and PM10 oxidative potential at a Central Mediterranean Site: Contrasts between dithiothreitol-
and ascorbic acid-measured values in relation with particle size and chemical composition,
Atmospheric Environment, 210, 143-155, https://doi.org/10.1016/j.atmosenv.2019.04.047, 2019.

Pietrogrande, M. C., Perrone, M. R., Manarini, F., Romano, S., Udisti, R., and Becagli, S.: PM10
oxidative potential at a Central Mediterranean Site: Association with chemical composition and
meteorological parameters, Atmospheric Environment, 188, 97—
111, https://doi.org/10.1016/j.atmosenv.2018.06.013, 2018.

Calas, A., Uzu, G., Besombes, J.-L., Martins, J. M. F., Redaelli, M., Weber, S., Charron, A.,
Albinet, A., Chevrier, F., Brulfert, G., Mesbah, B., Favez, O., and Jaffrezo, J.-L.: Seasonal
Variations and Chemical Predictors of Oxidative Potential (OP) of Particulate Matter (PM), for
Seven Urban French Sites, 10, 698, https://doi.org/10.3390/atmos10110698, 2019.

Weber, S., Uzu, G., Favez, O., Borlaza, L. J., Calas, A., Salameh, D., Chevrier, F., Allard, J.,
Besombes, J.-L., Albinet, A., Pontet, S., Mesbah, B., Gille, G., Zhang, S., Pallares, C., Leoz-
Garziandia, E., and Jaffrezo, J.-L.: Source apportionment of atmospheric PM10 Oxidative
Potential: synthesis of 15 year-round urban datasets in France, 1-38, https://doi.org/10.5194/acp-
2021-77, 2021.

Borlaza, L. J. S., Weber, S., Jaffrezo, J.-L., Houdier, S., Slama, R., Rieux, C., Albinet, A., Micallef,
S., Trebluchon, C., and Uzu, G.: Disparities in particulate matter (PM10) origins and oxidative
potential at a city-scale (Grenoble, France) &ndash; Part I1: Sources of PM10 oxidative potential
using multiple linear regression analysis and the predictive applicability of multilayer perceptron
neural network analysis, 1-33, https://doi.org/10.5194/acp-2021-57, 2021.

Response:

We thank Samuel Weber for the useful comments. We agree that it is not the first study to analyze
multi-endpoints OP, and there have been studies investigating the spatiotemporal variability and
sources of OP using several endpoints. However, all of the studies cited by the reviewer are from
Europe. We are not aware of any study which has investigated the spatiotemporal variability of
more than 3 OP endpoints in the United States. At most, we could find only two studies both from
Southeast US (Atlanta, GA), one of which has compared only two OP endpoints (OPP™" and OP*)
(Fang et al., 2016) and another has compared three endpoints (OPP™", OP* and OP®H) (Gao et
al., 2020). Therefore, we have modified our introduction accordingly on lines 63 — 73, “Many of
these acellular endpoints have been widely implemented by various researchers for assessing the
oxidative properties of PM. Calas et al. (2018) compared the responses of several OP endpoints
[i.e. OPPTT, OPM, OP®®H and electron spin resonance (OPER)] on PMio samples (N = 98)
collected from Chamonix (France). Yang et al. (2014) also used four OP endpoints [OP**, OPP™T,
OPER and reductive acridinium triggering (OP°RAN)] to investigate the effect of different
extraction solvents and filter types on OP responses using the PM2s samples (N = 20) collected
from two cities (Rotterdam and Amsterdam) in Netherland. The comparison of OP**, OPP™ and
OPC®H has been shown in two studies (Fang et al., 2016;Gao et al., 2020), both from the southeast
US. We are not aware of any study which has compared -OH generation in SLF or DTT with other
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endpoints based on antioxidants consumption (e.g. AA or GSH consumption). Clearly, the studies
systematically comparing the responses of these different endpoints on a large sample-set
collected from an extensive spatial scale, particularly in the United States are very limited. ”

We also have included several studies from this list in our manuscript at several appropriate places,
e.g. lines 82 — 89 in the introduction, and lines 325 — 327 in the results and discussion section.
Table S6 of the manuscript (i.e. Table S2 in the preprint), where we compare our OP levels with
other measurements is also updated by including those studies from this list that used the same
extraction protocols (i.e. water and methanol extractions as used in our study) and measured OP
on PM2s samples. Inclusion of these studies has enriched our discussion.
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Abstract. We assessed the oxidative potential (OP) of both water-soluble and methanol-soluble fractions of ambient
fine particulate matter (PM,s) in the midwestern United States. A large set of PM2s samples (N = 241) were collected
from five sites, setup in different environments, i.e. urban, rural and roadside, in Illinois, Indiana and Missouri during
May 2018 — May 2019. Five acellular OP endpoints, including the consumption rate of ascorbic acid and glutathione
in a surrogate lung fluid (SLF) (OP”* and OP®SH, respectively), dithiothreitol (DTT) depletion rate (OPP™T), and -OH
generation rate in SLF and DTT (OP°SLF and OPCH-DTT respectively), were measured for all PM, s samples. PM,s
mass concentrations in the Midwest US as obtained from these samples were spatially homogeneously distributed,
while most OP endpoints showed significant spatiotemporal heterogeneity. Seasonally, higher activities occurred in
summer for most OP endpoints for both water- and methanol-soluble extracts. Spatially, roadside site showed highest
activities for most OP endpoints in the water-soluble extracts, while only occasional peaks were observed at urban
sites in the methanol-soluble OP. Most OP endpoints showed similar spatiotemporal trends between mass- and
volume-normalized activities across different sites and seasons. Comparisons between two solvents (i.e. water and
methanol) showed that methanol-soluble OP generally had higher activity levels than corresponding water-soluble
OP. Site-to-site comparisons of OP showed stronger correlations for methanol-soluble OP compared to water-soluble
OP, indicating a better extraction of water-insoluble redox-active compounds from various emission sources into
methanol. We found a weak correlation and inconsistent slope values between PM,s mass and most OP endpoints.
Moreover, the poor-to-moderate intercorrelations among different OP endpoints infer different mechanisms of OP
represented by these endpoints, and thus demonstrate the rationale for analyzing multiple acellular endpoints for a

better and comprehensive assessment of OP.

1 Introduction

Oxidative stress induced by ambient fine particulate matter (PM.s; particulate matter with size less than 2.5 pm) has
been widely recognized as a biological pathway for fine particles to exert adverse health effect in humans (Sgrensen
etal., 2003;Risom et al., 2005;Gar¢on et al., 2006;Wessels et al., 2010;Cachon et al., 2014;Haberzettl et al., 2016;Feng
etal., 2016;Rao etal., 2018;Mudway et al., 2020). A variety of chemical species in ambient particles, such as transition

metals and aromatic organic species, possess redox cycling capability and can catalyze electron transfer from cellular
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reductants (e.g. NADPH) to molecular oxygen (O.), which subsequently forms highly reactive radicals [e.g.
superoxide radical (-O2") and hydroxyl radical ((OH)] and non-radical oxidants [e.g. hydrogen peroxide (H20>)]
(Kampfrath et al., 2011;Qin et al., 2018;Kumagai et al., 2002;Lee et al., 2016). These oxygen containing species with
high redox activity and short lifetime are collectively defined as the reactive oxygen species (ROS). Several
antioxidants (e.g. ascorbic acid (AA), reduced glutathione (GSH) and uric acid (UA) etc.) that are present in human
respiratory tract lining fluid (RTLF) can counteract the ROS under normal conditions by donating extra electrons, thus
forming less-oxidative species and oxidized antioxidants (Kelly, 2003;Li and Nel, 2006;Allan et al., 2010;Zuo et al.,
2013;Poljsak and Fink, 2014). However, excessively produced ROS might penetrate the antioxidant barrier and induce
oxidative stress (Xing et al., 2016;Rao et al., 2018), leading to the cascade of detrimental biological effects such as
oxidation of DNA, lipids and proteins (Rossner et al., 2008;Franco et al., 2008;Grevendonk et al., 2016), tissue injury
(Feng et al., 2016;Gurgueira et al., 2002;Sun et al., 2020) and eventually cardiopulmonary impairment (Li et al.,
2018;Kodavanti et al., 2000;Kampfrath et al., 2011). The capability of particulate matter (PM) for catalyzing the
generation of ROS and/or the depletion of antioxidants is defined as the oxidative potential (OP) of PM (Bates et al.,
2019).

The assessment of PM, s-induced oxidative stress is conventionally carried out through biological tests, including both
in vitro (Becker et al., 2005;Zhang et al., 2008;0h et al., 2011;Yan et al., 2016;Abbas et al., 2016;Deng et al., 2013)
and in vivo designs (Kleinman et al., 2005;Riva et al., 2011;Pei et al., 2016;Araujo et al., 2008;Xu et al., 2011;Sancini
etal., 2014). Although, these biological tests are highly relevant in terms of representing the health effects in humans,
the time- and labor-intensive protocols as well as the cost of experimental materials generally limit their application
to only small sample sizes. Various acellular chemical assays which assess the OP by replicating intrinsic biological
mechanisms were therefore developed as alternatives. These assays are generally divided in two categories. The OP
analysis approaches in the 1% category directly probe the generation of ROS during redox cycling reactions in presence
of PM, such as the measurement of H,O; and -OH production in surrogate lung fluid (SLF) (Vidrio et al., 2009;Shen
et al., 2011;Charrier et al., 2014;Ma et al., 2015), and H,O, and -OH production in dithiothreitol (DTT) (Yu et al.,
2018;Xiong et al., 2017;Chung et al., 2006;Kumagai et al., 2002). The assays in 2" category utilize the consumption
of antioxidants such as AA (Visentin et al., 2016;Weichenthal et al., 2016b) and GSH (Kdinzli et al., 2006;Szigeti et
al., 2016), or surrogates of cellular reductants such as DTT (Verma et al., 2014;Cho et al., 2005), as the OP indicator.
Analyzing each PM sample for all of these chemical assays is also time-consuming. To address this concern, we have
previously developed an automated OP analysis instrument named SAMERA — Semi-Automated Multi-Endpoint
ROS-activity Analyzer, which can measure five most commonly used OP endpoints (i.e. consumption rate of AA and
GSH in SLF, OPA* and OP®SH respectively; consumption rate of DTT, OPP™T, and generation rate of :OH in SLF and
DTT, OPO"SLF and OPCH-DTT) for a PM extract in less than 3 hours (Yu et al., 2020). Fhese-Many of these acellular
endpoints have been widely implemented by various researchers for assessing the oxidative properties of PM.s. Calas

et al. (2018) compared the responses of several OP endpoints [i.e. OPP™", OP*4, OP®M, and electron spin resonance

(OPESR)] on PMg samples (N = 98) collected from Chamonix (France). Yang et al. (2014) also used four OP endpoints

[OPAA, OPPTT OPESR and reductive acridinium triggering (OP°RAT] to investigate the effect of different extraction

solvents and filter types on OP responses using the PM.s samples (N = 20) collected from two cities (Rotterdam and
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Amsterdam) in Netherland. The comparison of OPAA, OPPTT and OP®®H has been shown in two studies (Fang et al.,

2016;Gao et al., 2020a), both from the southeast US. We are not aware of any study which has compared -OH

generation in SLF or DTT with other endpoints based on antioxidants consumption (e.g. AA or GSH consumption).

Clearly, the studies systematically comparing the responses of these different endpoints on a large sample-set collected

from an extensive spatial scale, particularly in the United States are very limited. Hewever-there-has-not-been-a-single

Although OP is proposed as an integrative PM;s property, purportedly combining the individual and synergistic
actions of its many active components, there have been limited attempts to integrate it in the large-scale
epidemiological studies. This is because, unlike other PM properties such as mass, sulfate, nitrate etc., the OP
measurements in different geographical regions have been relatively sparse. Moreover, before integrating OP in the
epidemiological studies, it is important that we investigate the differences of its spatiotemporal distribution with other
commonly measured PM properties such as mass. An understanding of the temporal variation of OP in a specific
environment could be helpful in time series studies of short-term effects, while the spatial variation of OP can aid in
studying the long-term health effects of PM..s exposure among different regions (Yang et al., 2015a). Globally, the
spatiotemporal profiles of OP have been characterized for some geographical regions such as Los Angeles Basin
(Saffari et al., 2014, 2013), Denver (Zhang et al., 2008), Atlanta (Fang et al., 2016;Verma et al., 2014) in US, Ontario
(Canada) (Jeong et al., 2020;Weichenthal et al., 2019;Weichenthal et al., 2016a), France (Borlaza et al., 2021;Calas
et al., 2019;Weber et al., 2018;Weber et al., 2021), Italy (Cesari et al., 2019;Perrone et al., 2019;Pietrogrande et al.,
2018), Athens in Greece (Paraskevopoulou et al., 2019), Netherland (Yang et al., 2015a;Yang et al., 2015b), and some
coastal cities of Bohai [Jinzhou, Tianjin and Yantai (Liu et al., 2018)] and Beijing (Yu et al., 2019;Liu et al., 2014) in
China. Some of these studies have substantially contributed in enhancing our understanding of the role of OP in the
PM-induced health effects (Fang et al., 2016;Tuet et al., 2016;Abrams et al., 2017;Weichenthal et al., 2016a;Yang et
al., 2016;Bates et al., 2015). However, despite including many cities ranked high in terms of the air pollution [e.g.
Indianapolis (Rosenthal et al., 2008), Chicago (Dominici et al., 2003), St. Louis (Sarnat et al., 2015), Detroit (Zhou et
al., 2011), Cincinnati (Kaufman et al., 2019), and Cleveland (Kumar et al., 2013)], the midwestern region of the United

States is an understudied region in terms of assessing the oxidative levels of ambient PM;s.

Here, we investigate the detailed spatiotemporal profiles of ambient PM2s mass concentrations and OP in the

midwestern United States. Simultaneous ambient PM, s samples were collected from five different sites in the Midwest
US. The automated instrument — SAMERA facilitated the measurement of OP on our large bulk of PM_ s samples (N
= 241) collected from all the sites, which were extracted in both water and methanol separately. Fhis-papermainky

iscusses—the—spatiotemporaldistribution—of the-mass—concentration-and-OPof PM. s—measured-byfive different
endpeints-in-the-Midwest JS:The goal of this analysis is to compare the spatiotemporal distribution of PMys OP with
that of the mass concentrations. We also want to investigate if different measures of OP, i.e. OPAA, QPCSH, QpOH-SLF,

OPPTT and OP®H-PTT show different spatiotemporal trends or are correlated with each other. Correlations of OP with

PM chemical composition and source apportionment analysis of PM,s OP will be presented in our subsequent
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publications. Our paper presents the results from probably one of the most comprehensive OP analysis campaigns,
combining five different acellular OP endpoints measured on both water- and organic-soluble extracts.

2 Experimental methods
2.1 Sampling campaign

Simultaneous sampling in five different sites spread across three states (i.e. Illinois, Indiana and Missouri) was
conducted every week for this project in the Midwest US. The locations of the sampling sites are shown in Figure 1.
Champaign (CMP) and Bondville (BON) sites are paired sites representing the urban (roadside) and rural environment
of Champaign County, IL, respectively; while three major city sites [i.e. Chicago (CHI), Indianapolis (IND) and St.
Louis (STL)] are representatives of urban background regions of Chicago,—lndianapelis—and—St—Loeuis;
respeetivelythese respective cities.

CMP is located on a parking garage in the campus of University of Illinois at Urbana-Champaign, and is adjacent to
a 2-lane (both ways) road (i.e. University Avenue). This site is surrounded by the university facilities and is impacted
by traffic emissions from adjacent road. The site is about 1 km from downtown Champaign and is surrounded by

dense housing and business development.

BON is a rural site, 15 km west of downtown Champaign, and is also a part of the IMPROVE (Interagency Monitoring
of Protected Visual Environments) monitoring program. The station is managed by the Illinois State Water Survey,
and is surrounded by intensively managed agricultural fields. The major highways (1-57 and 1-74) are at least 6 km

north and east of this site, respectively.

CHl site is located on a dormitory building — Carman hall in Illinois Institute of Technology (11T) campus, Chicago,
IL. This site is ~500 m away from a two-way 6-lane (including an emergency lane) interstate highway 1-90/94, 1.5
km west of Lake Michigan and 5 km south of downtown Chicago. The highway 1-90/94 has an annual average daily
traffic flow of 300,000 vehicles per day, and heavy-duty vehicles account for ~10% in the traffic fleet (Xiang et al.,
2019). The site is situated in the mixed commercial and residential area of Chicago, and therefore the emissions from

both traffic mixed with residential and commercial activities are expected.

IND site is located inside the campus of School of Public Health, Indiana University — Purdue University Indianapolis
(TUPUI). This site is close to downtown Indianapolis (2 km southeast of IND site) and a two-way 4-lane interstate
highway 1-65 (1 km northeast of IND site). The site is surrounded by miscellaneous facilities of IUPUI and Riley
Hospital, therefore the sources of ambient aerosols at IND site may include vehicular emissions from highway, and

emissions from residential and commercial activities related to miscellaneous university and hospital operations.

STL site is located 3 km north of downtown St. Louis, MO. This site is 230 m west of the interstate 1-44/70 and 1.2
km west of Mississipi River. It is also surrounded by several industries for steel processing, zinc smelting and copper

production (Lee et al., 2006). Therefore, a significant portion of metals in PM at this site is supposed to be from
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industrial emissions. The urban activities in downtown St. Louis as well as traffic emissions from highway vehicles
and river boating are also potential sources of PM; s at this site.

The sampling period involved four seasons starting from May 22, 2018 to May 30, 2019. Integrated ambient PM_ s
samples were collected simultaneously for three continuous days from all the sites. Each site was instrumented with
a High-volume (Hi-Vol) air sampler equipped with PM. s inlet (flow rate = 1.13 m®/min; Tisch Environmental; Cleves,

OH). Both before and after the sampling campaign, we did a comparison of various samplers by running them in

parallel to collect PM, 5 samples and analyzing them for OPPTT (see Section S1 of the supplemental information, Sl).

All the samplers were equipped with a timer to enable automatic start of the sampling on each Tuesday 0:00, and turn-
off on each Friday 0:00. After the sampled filters were collected on Friday (before noon), new filters were loaded in

the filter holder to start next run of sampling. All five samplers were monthly calibrated for the flow rate by using a

variable flow calibration kit (Tisch Environmental), and the flow rate was measured every week before and after the

sampling. We used quartz filters (Pall TissuquartzTM, 8”x10”) for collecting PM2s. The filters were prebaked at
550 °C for 24 hours before sampling. Total 241 filters were collected during the whole campaign (44 from CHI, 47
from STL, 54 from IND, 51 from CMP and 45 from BON). We also collected field blank filters (N = 10 from each
site) once in every five weeks by placing a blank quartz filter in filter holder of the sampler for 1 hour but without

running the pump.

All filters were weighed before and after sampling using a lab-scale digital balance (0.2 mg readability, Sartorius
A120S, Gotingen, Germany) for determining the PM2s mass loading on each filter. Prior to each weighing, filters
were equilibrated in a constant temperature (24 °C) and relative humidity (50 %) room for 24 hours. After sampling,
the filters were individually wrapped in prebaked (550 °C) aluminum foils and stored in a freezer at -20 °C before
analysis. More information on sampling including the exact dates of sampling are provided in Table S1 in the

supplemental information (SI).

2.2 Sample extraction protocol

Sample extraction protocol for OP analysis was determined by the requirement to keep a relatively constant
concentration of PM_5 in the liquid extracts. This is due to non-linear response of certain OP endpoints with PM;s
mass in the extracts (Charrier et al., 2016). Thus, fraction of the filter and the volume of water used for extraction
were varied depending on the PM2s mass loading on each Hi-Vol filter. For the analyses of water-soluble OP, a few
(usually 3-5) circular sections (16-25 mm diameter) were punched from the filter and immersed into 15-20 mL of
deionized Milli-Q water (DI, resistivity = 18.2 MQ/cm). The volume of water was adjusted to achieve ~100 pg of
total PM2s per mL of DI. The vials containing filter sections suspended in the DI were sonicated in an ultrasonic water
bath for 1 hour (Cole-Palmer, Vernon-Hills, IL, US). These suspensions were then filtered through a 0.45 pm PTFE
syringe filter to remove all water-insoluble components including filter fibers. 10.5 mL of these filtered extracts were
separated and diluted with DI to 15 mL. These diluted extracts were then kept in the sample queue of SAMERA for
OP analyses. SAMERA withdraws different volume of these extracts into the reaction vials (RVs) for each OP

measurement, i.e. 3.5 mL for OPAA, OP®SH and OP®"-SLF and 2.1 mL for OPP™T and OP®H-PTT measurements, all of
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which were further diluted to 5 mL in the RVs. Thus, the concentrations of PM;s in RVs for SLF-based (i.e. OPA4,
OPCSH and OPCH-SLFY and DTT-based (i.e. OPP™T and OPO"PTT) assays were maintained constant at 50 pg/mL and 30

pg/mL (£1%), respectively.

For methanol-soluble OP measurements, another fraction from each filter having the same area as used for the water-
soluble PM. s extraction was punched and extracted in 10 mL of methanol. After sonication for 1 hour, the suspensions
were filtered through 0.45 um PTFE syringe filter. The filtered extracts were then concentrated to less than 50 pL
using a nitrogen dryer to evaporate methanol, and were subsequently reconstituted inte-15-20-mk—of DI to the exact

same volume as the water-soluble extracts. Reconstituted methanol extracts were vigorously shaken on an analog

vortex mixer (VWR International, Batavia, IL, US) for at least 60 seconds at 3200 rpm to ensure a thorough flushing

of the components probably deposited along the wall of the vials during evaporation. These methanol-soluble extracts

were thenand analyzed for OP in the same way as water-soluble extracts.

2.3 OP analysis

OP activities of PM_s extracts were analyzed using SAMERA. The setup and operation protocol of SAMERA has
been discussed in detail in Yu et al. (2020). Briefly, the analysis of all OP endpoints for each extract was conducted
in two stages: SLF-based endpoints were analyzed first, while DTT-based assays were conducted in the second stage.
For measuring OPA* and OP®SH, 3.5 mL of the extract was mixed with 0.5 mL SLF and 1 mL of 0.5 M potassium
phosphate buffer (K-PB) in an RV. SLF was made following the protocol of Yu et al. (2020), i.e. by mixing equal
volumes (1 mL each) of four antioxidant stock solutions — 20 mM AA, 10 mM GSH, 30 mM citric acid (CA) and 10
mM UA, and diluting the mixture by DI to 10 mL. Final concentrations of the antioxidants in the RV used for
incubating the sample, were 200 uM AA, 100 uM GSH, 300 uM CA and 100 uM UA. At certain time intervals (i.e.

5, 24, 43, 62 and 81 minutes), two small aliquots of the reaction mixture were withdrawn and dispensed into two
measurement vials (MV1 and MV2) separately. The mixture in MV1 was diluted by DI, and was directly injected into
a liquid waveguide capillary cell (LWCC-3100; World Precision Instruments, Inc., Sarasota, FL, USA) coupled to an
online spectrophotometer (Ocean Optics, Inc., Dunedin, FL, USA), which measured the absorbance at 265 nm (signal
from AA) and 600 nm (background) for determining the concentration of AA. 1.6 mL of o-phthalaldehyde (OPA) was
added into the reaction mixture contained in MV2 to react with GSH, which forms a fluorescent product. The final
mixture in MV2 was then pushed through a flow cell equipped in a Horiba Fluoromax-4 spectrofluorometer (Horiba
Scientific, Edison, NJ, USA), and the fluorescence was measured at excitation/emission wavelength of 310 nm/427
nm. Simultaneously with the preparation of the reaction mixture for OPA* and OP®S" analyses, 3.5 mL of the extract
was mixed with 0.5 mL SLF and 1 mL of 50 mM K-PB buffered disodium terephthalate (TPT) (pH = 7.4) in another
RV2. TPT captures -OH generated in the reaction and forms another fluorescent product 2-hydroxyterephthalic acid
(2-OHTA). Small aliquots of this reaction mixture were withdrawn into MV2 at selected time intervals (10, 29, 48,
67 and 86 minutes), diluted by DI, and injected into the flow cell of the spectrofluorometer for measuring fluorescence
at the same wavelengths as used for GSH measurement (i.e. 310 nm excitation/427 nm emission). The concentration
of 2-OHTA was determined by calibrating various concentrations (10-500 nM) of 2-OHTA standards, and the
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generation rate of -OH was determined as the formation rate of 2-OHTA divided by a yield factor (0.35) (Son et al.,
2015).

Both RVs and MVs were flushed with DI after all SLF-based endpoints were analyzed, and DTT-based assays started
immediately after this cleaning. Similar to the first step of SLF assay, 2.1 mL of the diluted PM, s extract was mixed
with 1 mL of 50 mM TPT, 1.4 mL of DI and 0.5 mL of 1 mM DTT in an RV. At certain time intervals (i.e. 5 min, 17
min, 29 min, 41 min and 53 min), two small aliquots of this reaction mixture were withdrawn and diluted with DI in
MV 1 and MV2 separately for the measurement of DTT and ‘OH, respectively. DTNB was added into MV1 to capture
residual DTT. The final mixture in MV1 was pushed through LWCC to measure the absorbance at 412 nm, while the
mixture in MV2 was pushed through flow cell of the spectrofluorometer for fluorescence measurement (310 nm
excitation/427 nm emission), respectively. The system was again cleaned by flushing DI to RVs, MVs, LWCC and
flow cell of the spectrofluorometer for the next run. Once in a week, we conducted thorough cleaning of the entire
system, by replacing all chemicals and samples first with methanol followed by DI, and running the program script

10 times with each solvent.

2.4 Quality Control/Quality Assurance

One field blank filter extract along with a DI blank were used as the negative controls for each set of PM,s samples
analyzed in a batch (usually ~10). Selected metals and organic compounds that are known to be sensitive for different
OP endpoints, i.e. Cu(ll) for OPA* and OP®SH, Fe(ll) for OPCH-SLF phenanthraquinone (PQ) for OPP™ and 5-hydroxy-
1,4-naphthoquinone (5-H-1,4-NQ) for OP®H-PTT were used as the positive control, and were analyzed weekly with
PMa.5 samples to ensure the stability of SAMERA and correct for any possible drift.

The average and standard deviation of OP of negative and positive controls are shown in Table 1. Our previous study
on the development of SAMERA (Yu et al., 2020) reported the values of OP for negative controls, as 0.17 + 0.07
uM/min for OPA4, 0.37 £ 0.06 uM/min for OP®H, 4.57 + 1.21 nM/min for OPSLF (.65 + 0.02 uM/min for OPP™T

and -0.38 * 0.24 uM/min for OP°"PTT which are consistent with the values reported in Table 1. The precision of

SAMERA was assessed previously using water-soluble extracts and the coefficient of variations (CoVs) were reported
to be less than 14 % (7.9 — 13.3 %) for all OP endpoints (Yu et al., 2020). We also assessed the precision using

methanol-soluble extracts and found similar levels of CoVs, i.e. 8.9 -14.5 % for all OP endpoints (see Table S2 in SI).

Consistency of our current results for negative controls with those reported earlier, and a-the low ceefficientof
variation{CoVs) obtained for the positive controls (1.1 — 11.8%) and PM s extracts ensured a good quality assurance

for the overall OP analysis. We blank corrected all OP values of ambient samples by subtracting the averaged field
blank measurements. After blank correction, the OP values below detection limit were replaced with half of the

detection limits for the corresponding OP endpoint._The mass-normalized (intrinsic, OPm) and volume-normalized

(extrinsic, OPv) OP levels were obtained by dividing the blank corrected OP activities by the extracted PM,s mass

(for OPm) and by the volume of air collected on the extracted fractions of filters (for OPv), respectively. The detailed

calculations of OPm and OPv have been previously described in Yu et al. (2020).
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2.5 Statistical analysis

To assess spatiotemporal variability in both OP and PM,s mass, we compared their differences among all sites and
seasons using one-way analysis of variance (ANOVA) test, and different pairs (i.e. pairs of different sites or seasons)
were compared by Fisher’s least significant difference (LSD) post-hoc test. The significant and highly significant
differences were considered by one-way ANOVA when P < 0.05 and P < 0.01, respectively. Pearson’s correlation
coefficient (r) for single linear regression was computed to determine the correlation of OP between different sites,
between water-soluble and methanol-soluble OP, between OP and PM;s, as well as the intercorrelation among

different endpoints for each site. All PM. s samples were assessed for spatiotemporal variability. However, Sinee-since

several OP endpoints (e.g. OPA4, OP®H and OPPTT) were abnormally elevated in the week of July 4™ (Independence
Day celebration; discussed in section 3.2), we removed this week’s sample from our regression analysis to avoid any
bias caused by this episodic event. Site-to-site comparisons were performed by calculating the coefficient of

divergence (COD) of mass concentration and volume-normalized OP (i.e. OPv) for all site pairs, as follows:

o= 1
0 N (C” +Clk>

where: cjj and cix are the PM.s mass or OPv measured in the same week i at sites j and k, respectively; N is the number

of the comparable sample pairs for sites j and k. COD ranges from 0 to 1. A larger COD (closer to 1) indicates more
spatial heterogeneity between the sites, while a smaller COD (closer to 0) implies spatial homogeneity. One-way

ANOVA test was conducted in Matlab R2019a, while other statistical analyses were carried out using Excel.

3 Results and Discussion
3.1 PM_5 mass concentration

Figure 2 shows the time series of three-days averaged PM.s mass concentration at five sampling sites, while the
seasonal averages are shown in Table 2. The mass concentrations ranged from 2.0 to 21.7 pug/m? across all sites, and
the median was 11.0 ug/m®. These results are comparable with previous-studies-enthe typical ranges of PM,s in
Midwest US cities (2.1 — 48.6 ug/m®), e.g. St. Louis {3:9—48-6-pe/m®)-(Lee et al., 2006), Chicago {median-9.4—10.7
re/m®)-(Milando et al., 2016), Detroit {0-6— 562 e/’ —median-14-4—17.6-ne/m®)(Gildemeister et al., 2007),

Bondville (21—365pe/m®—median-9-5-pe/m®) and selected cities in lowa (e.g. Cedar Rapids, Des Moines and
Davenport) (8-4—11-6-pefm®)-(Kundu and Stone, 2014), as measured in several previous studies. Generally, the more

urbanized sites of our study (i.e. CHI, STL and IND) showed slightly higher mass concentrations (5.7 — 21.7 pg/m?®;

median: 11.8 ug/m®) compared to the smaller cities like CMP and its rural component (i.e. BON) (2.0 — 20.2 pg/m3;

median: 9.2 png/m®). The highest mass concentrations were recorded at CHI {during winter (P < 0.01; Table S3) and

STL {during summer (P < 0.05), while BON exhibited the lowest concentrations in all seasons, except fall when the

mass concentrations were lowest at CMP (P < 0.05). Other than these minor variations, the PM,s mass concentrations
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are both spatially and temporally homogeneous in the Midwest US with no significant seasonal differences (P > 0.05
at most sites).

3.2 Fime-seriesSpatiotemporal variation in-of PM,s OP

Time series of both mass- and volume-normalized OP (OPm and OPv, respectively) at all the sites are shown in Figure

3 (water-soluble OP) and Figure 4 (methanol-soluble OP). Seasonally averaged OPm and OPv of water-soluble and

methanol-soluble PM, s are also shown in Figures 5 and 6, respectively. Differences in both OPm and OPv among

different seasons or sites were determined by one-way ANOVA and the results are listed in Sl, Table S4 (water-
soluble OP) and Table S5 (methanol-soluble OP). Generally, OP ferbeth-water—and-methanel-seluble-extracts-showed

much more spatiotemporal variability than the PM.s mass in the Midwest US.

Water-soluble PM,s OP

Fhe-Figures 3 and 5 (time series and seasonal averages of water-soluble OP) showed a significant spatial variability
for SLF-based endpoints, particularly—{i-e: OPAA; and OP®SM, apnd-OPR°HSR)in comparison to DTT-based OP (i.e.
OPPTT and OP®HPTT) infor both mass- and volume-normalized results—{Figure—3a-c). Highest OPA* and OPCSH
activities (both mass- and volume-normalized) occurred at the-readside-site-CMP (as-confirmed-by-1-way-ANOVA
test:-P < 0.01) in most seasons-(except-winter-for OPAv)-while STLand IND-had-the lowest OP* and- OP®SH, OPCH-

SLF was more spatially uniformly distributed than OPA* and OP®SH; significantly higher OP°H-StFm and OP°H-SLFy

were observed at CMP only in summer and spring (P < 0.05). For the DTT-based endpoints, OPP™Tv was only
marginally higher at CHI in winter, and at CMP in summer and spring. Other than that, no significant differences were
observed for OPP™"v among various sites. The spatially uniform pattern for OPP™"v is consistent with Verma et al.
(2014) which found limited spatial variation for OPP™"v in the Southeast US. In contrast, there was a significant
variation in the OPP™"m with elevated levels at CMP (P < 0.01) in all seasons. Interestingly, the OP°"-PTT endpoint
showed more spatial variability and was generally lowest at CMP (P < 0.05) — the site which showed highest levels
for all-other OP endpoints. It implies that although OPP™T and OP®"PTT endpoints are measured in the same DTT
assay, different chemical components play differential roles in these endpoints. We found very similar spatial patterns
of mass- and volume-normalized OP activities for most endpoints, agair-indicating only a marginal role of PM2s mass
concentrations in causing the spatial variability in OP levels.

lieni variati itos with only slichtlv: hi orr o .

<-0:05)-An exception to this trend was OPP™™, which exhibited limited temporal variation at most sites with only
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slightly higher OPP™™ observed in summer at BON (P < 0.05). The temporal variation-trenduniformity of OPP™T in
this study does not correspond with previous studies conducted in Southwest and Southeast US. For the Southeast US,

Verma et al. (2014) found significantly higher OPP™™v in winter (December, 2012) compared to summer (June to
August, 2012), and this difference was even more pronounced in mass-normalized OP. Saffari et al. (2014) also
observed higher OPPT activities of quasi-ultrafine particles (PMo_s) in fall and winter seasons for the Southwest US
(Los Angeles Basin), and attributed this trend to the partitioning of redox-active semi-volatile organic compounds to
particle phase in colder seasons. However, the trend of OP”A in our study is in agreement with another study in
Southeast US H&lﬂg@PAAa&th&endpan(Fang et al., 2016) which showed hlgher OPAA in warmer seasons (i.e.
summer and fall) than winter.

endpeints-in-US-to-which-we-can-compare-ourresults- The seasonal trend of mass- and volume-normalized activities

were nearly identical for all endpoints, again indicating a marginal effect of PM2s mass concentration in the temporal

variation of OP.

~A significant temporal

variation was observed for CMP with several spikes in the OP activities throughout the year, most prominently for

OPAA (Figure 3). These spikes might be attributed to the traffic, as CMP is the only site adjacent (< 10 m) to a major

urban road and located on the roof of a parking garage. One of our previous studies, Wang et al. (2018), reported large

variations in several redox-active metals (e.g. Cu, Fe, Mn, Pb and Zn), which have been known to be related with the
vehicular emissions (Hulskotte et al., 2007;Garg et al., 2000;Gietl et al., 2010;Apeagyei et al., 2011;Councell et al.,
2004), at the same CMP site. Since SLF-based endpoints have been shown to be highly sensitive towards metals
(Ayres et al., 2008;Calas et al., 2018;Fang et al., 2016;Moreno et al., 2017;Charrier and Anastasio, 2015;Wei et al.,
2018), the temporal variation in traffic intensity probably contributes to the spikes observed at CMP. The peaks in the

week of July 3 were observed for multiple endpoints (e.g. OPA#, OP®H and OPPTT) at most sites, which is attributed

to the emissions from firecrackers on Independence Day (July 4) celebrations (Yu et al., 2020;Puthussery et al., 2018).

Methanol-soluble PM, s OP

Seasonal-averages-of-methanol-soluble-PM. s-OPm-and-OPv-are-shown-in-Figure-6—Compared to water-soluble OP,

most OP endpoints in the methanol-soluble extracts showed weaker seasonal variations_(Figure 4 and 6), as also

ndieated-confirmed by relatively lower F-values [median of F = 1.61 (Table S5a), compared to 2.71 for the water-

soluble OP endpoints (Table S4a)]. Similar to water-soluble OP, highest activities for the methanol-soluble OP were

generally observed in summer (Figure 6). F%examate—MghesWaiues%@PMand-Omeereuebsewed—msummer
10
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The spatial variations in OP were also weaker for the methanol-soluble extracts in comparison to water-soluble

extracts [median of F = 1.96 (Table S5b), compared to 4.52 for the water-soluble OP endpoints (Table S4b)}:-)].

hHowever, some spikes-significantly higher OP levels were observed at certain sites in different seasons, e.g. OPA%v

at CHI in winter and spring, OP%Sty at CHI and CMP during winter and spring, OP%%"m at CMP in all seasons, OP°H-
SLF at CHI in summer and winter, and OP9"PTm and OP9P-PTTy at CHI in summer (P < 0.05). Substantially-higher

marginally clevated-values o OPPTT HFS%&uﬁﬂg#&l%&nd%ﬂ%eFGP—QO%%Other than these few cases, Fthe

spatiotemporal trends were again very-largely similar between mass- and volume-normalized methanol-soluble OP
activities-exeeptfew-—eases-diseussed-here.

Comparison of OP in the Midwest US with previous investigations

A comparison of the ranges of OP endpoints ebserved-measured in our study anrd-with those reported in previous
investigations-studies is has-beenbriefly-provided in SHTable S62 (SI). The purpose of this comparison is to validate

our measurements and present a larger perspective on the general levels of OP in the Midwest US in comparison to

other regions of the world. For water-soluble PM, 5 in our study, OP**m ranged from 0.002 to 0.077 nmol'min'-pg-!,

which is within the ranges reported from previous studies conducted in Europe (Kiinzli et al., 2006;Szigeti et al.,
2016;Godri et al., 2011;Perrone et al., 2019) and India (Mudway et al., 2005). Hewever—eurOur range of OPAv
(0.012 — 0.908 nmol'min"!-m™) is comparable with Gao et al. (2020a) (0.023 — 0.126 nmol'min""-m™), but is much
lower than that reported by Fang et al. (2016) (0.2 — 5.2 nmol'min"!'m~)_and Yang et al. (2014) (0.8 — 35.0 nmol-s"
Lm), probably because of a different protocol used in those their studiesy, both of which involved only AA in the

assay. The median of water-soluble OP“S"m (0.007 nmol'min'-ug™') is also comparable with the average of those
reported (0.0041 — 0.0083 nmol-min-"-ug!) in previous studies (Mudway et al., 2005;Kiinzli et al., 2006;Godri et al.,
2011). Similarly, the median of OP®H-S¥m (0.142 pmol-min™'-ug™') is comparable to the averages reported by Vidrio
et al. (2009) (0-253-pmel-min'-pe)-and Ma et al. (2015) (0.092_ — 0.253 pmol-min!-pg™). The median of OPPT'm
(0.014 nmol'min'-ug™) of our samples is significantly lower than the medians or averages reported from most studies
conducted in US 0-019—0.041 nmelminpe)(Cho et al., 2005;Charrier and Anastasio, 2012;Gao et al., 2020b;Hu
etal., 2008;Fang et al., 2015) and Greece (0.019 — 0.041 nmol-min-'-pg™!) (Paraskevopoulou et al., 2019), but is closer

to the averages reported from the studies conducted in Italy (0.010 —0.012 nmol'-min~"-pg") (Cesari et al., 2019;Perrone

et al., 2019). Similarly, the median of our OPP™v (0.150 nmol'min""'m=) is lower compared to several studies in

Southeast US and Europe (0.19 — 0:310.33 nmol'min"'-m) (Fang et al., 2015;Gao et al., 2017;Gao et al., 2020a;Gao

11
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et al., 2020b;Paraskevopoulou et al., 2019;Perrone et al., 2019;Cesari et al., 2019), but closer to one study conducted
in Southwest US (0.14 nmol-min"*-m3) (Hu et al., 2008). The range of water-soluble OP°HPTTy of our samples is quite
large (0.004 — 3.565 pmol-min’-m); however, there is no previous data to compare it, other than reported in the
studies conducted by our own group (Xiong et al., 2017;Yu et al., 2018), which were based on a much smaller sample
size (N = 10) and limited spatial extent (single site) and thus resulting inte a much narrower range (0.2 — 1.1 pmol'min
1.m3). Compared to water, only a handful of studies on PM-OP”* and OPP™T have used methanol as the PM extraction
solvent, while no previous literatures-have-investigated is available on the OP of methanol-soluble PM for other
endpoints._Similar to the water-soluble OP results, the level of methanol-soluble OP**v in our study (0.030 — 0.311

nmol-min*-m-%) was lower than that reported by Yang et al. (2014) (2.2 —43.5 nmol-s™*-m), probably due to different

measurement protocols (only AA in comparison to SLF in our approach). The medians of our methanol-soluble

OPP™m (0.021 nmol'-min?-ug™) and OPP™v (0.234 nmol-min"*-m-3) are slightly lower than the medians or averages

reported in previous studies in the Southeast US (0.027 — 0.034 nmol-min™*-pg? and 0.28 — 0.30 nmol'min*m?,
respectively for OPP™"m and OPP™Tv) (Verma et al., 2012;Gao et al., 2017;Gao et al., 2020b), which is consistent with

the trend for water-soluble OPP (i.e. lower levels of our samples than reported previously at other sites).

12
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3.4-3 Comparison of water-soluble and methanol-soluble OP

To assess the effect of solvent on the OP response, we computed the ratio of methanol-soluble OPv to water-soluble
OPv (M/WP©°P) for all samples, and plotted it for the individual sites in Figure 7. As shown in the figure, methanol-
soluble extracts generally showed greater response for most of the OP endpoints than the water-soluble extracts, with
medians of M/W©°P being either close or greater than 1. The medians for M/W©°P for OP®S"v and OPP™Tv were closer
to 1 at many sites{0-6—21.3-for OP®SMv:and-1.1—1.9-for ORPPTHy), while significantly greater than 1 for the other
three endpoints (OPA%v, OPO"-StFy and OPCHPTTy). The only exception to this trend was for OPA*v at CMP, where
significantly lower levels of methanol-soluble OP than water-soluble OP were observed (median of M/W©F = 0.7 for
OPA%y at CMP). Our previous studies analyzing the chemical composition of PM collected at CMP have shown an
elevated level of Cu (up to 60 ng/m?) at this site (Wang et al., 2018;Puthussery et al., 2018), compared to the typical
range (4 — 20 ng/m3) at most urban sites in US (Buzcu-Guven et al., 2007;Kundu and Stone, 2014;Lee and Hopke,
2006;Hammond et al., 2008;Baumann et al., 2008;Milando et al., 2016). Although water-soluble Cu has been shown
as the most important contributor to OPA” (Fang et al., 2016;Ayres et al., 2008;Visentin et al., 2016), Lin and Yu
(2020) reported a strong antagonistic interaction of Cu with imidazole and pyridine, both of which are alkaloid
compounds (i.e. reduced organic nitrogen compounds), for oxidizing AA. The unprotonated nitrogen atom in alkaloids

tends to chelate Cu, thus reducing its reactivity with AA. The antagonistic effect of Cu have been reported with other

the-Thus, apparently lower levels of methanol-soluble OPA* compared to the water-soluble OPA* at CMP might be

associated with the chelation of Cu by these alkaloids or other organic species, which could be more efficiently

extracted in methanol.

The medians of M/W©°P were very high (1.4 — 3.8) for both -OH based endpoints (i.e. OP°H-SLF and OPCHDPTTy) (2.1 —
3.8-for OPOHSthy and 1.4 1.9 for OPPPTy) indicating that methanol is able to more efficiently extract the redox-

active components driving the response of these OP endpoints. In addition to -OH-active organic species, e.g. guinones

(Charrier and Anastasio, 2015;Xiong et al., 2017;Yu et al., 2018)\e-, which are more soluble in methanol, we suspect

14



485
486
487
488
489
490
491
492
493
494
495

496
497
498
499
500
501
502

503

504
505
506

507

508
509
510
511
512
513
514
515
516

517
518

that one of such components could be organic-complexed Fe. As a Fenton reagent, Fe can catalyze the transfer of
electrons from H,O; to -OH (Held et al., 1996). The generation of -OH is further enhanced by the complexation of Fe
with organic species (Wei et al., 2018;Gonzalez et al., 2017;Xiong et al., 2017;Yu et al., 2018). In a previous study
conducted at our CMP site, Wei et al. (2018) found a significant fraction of Fe complexed with hydrophobic organic
species (28 + 22 %). That study also reported a substantially higher ratio of Fe concentration in 50 % methanol to that
in water (1.42 £ 0.19), which showed some seasonality (1.97 = 0.17 during winter and 1.33 £ 0.20 in summer). This
seasonal pattern of Fe solubility in methanol versus water is consistent with the time series of M/W©°P for OPCH-SLFy
at most sites (showing higher values in winter than summer; Sl Table S75), which further corroborated that Fe
complexed with hydrophobic organic fraction of PM, s could be majorly responsible for the OP°H-SLFy and OPOHPTTy
in the methanol extracts. However, detailed chemical characterization will be needed to confirm these hypotheses,

which will be explored in our subsequent publications.

We also calculated Pearson’s r for the regression between respective water-soluble and methanol-soluble OP endpoints
for individual sites, which are shown in Table 3. OPP™"v showed some good correlation between two extraction
protocols (r = 0.43 — 0.74 except at STL), while correlations were generally poor (r < 0.60) for other four endpoints
(i.e. OPAy, OP®SHy, OPOH-SLRy and OPCH-PTTy), It indicates that the components driving the response of OPPTT could
be more uniformly extracted in both water and methanol. However, there are additional water-insoluble species driving
the response of OPA%v, OPCSty, OPOH-SLFy and OPCH-PTTy, which are more efficiently extracted in methanol than

water.

3.5-4 Site-to-site comparison of OP and mass concentration of PMz s

To further evaluate the spatial trend of OP across the Midwest US region, we calculated both COD and correlation
coefficients (Pearson’s r) for different site pairs, which are shown in Figure 8 (mass concentrations and water-soluble
OP of PMy35), and Figure 9 (methanol-soluble PM_s OP).

PM.s mass concentration and water-soluble PM,s OP

PM,s mass concentrations showed low levels of CODs (0.13 — 0.25, median: 0.20), confirming a spatially
homogeneous distribution of PM.s as indicated earlier (Figure 8a). Conversely, we observed generally higher CODs
(median = 0.27 — 0.43) for all water-soluble OPv endpoints—i-e—OP*v{0.38—0.56 -median:0-43)-OP*SMv (028
—0:38,-median-0-27) (Figure 8b-f). Our results showing a stronger spatial variability in OP than PM mass are largely
in agreement with a recent study (Daellenbach et al., 2020) analyzing a comprehensive dataset for OP in Europe,

which showed that both OPv (measured by DTT, 2',7-Dichlorofluorescin Diacetate and AA assays) and PM1g mass
concentrations were elevated in the urban environments (e.g. Paris and the Po valley), but PM1, was more regionally
distributed than OPv.

Interestingly, we found poor correlations for PM2s among all site pairs (r < 0.60), except IND and BON (r = 0.63). It

implies that despite a homogeneous spatial distribution, emission sources of the chemical species composing PM:s
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are different at different sites. The correlations were also weak (r < 0.60 for most cases) for the OP endpoints showing
high CODs, i.e. OPA%, OP®SH, OPOH-SLF and OPOHPTT which indicates a more pronounced effect of local point sources
on these OP endpoints compared to the regional sources. In contrast, OPP™Tv showed stronger correlation (r = 0.48 —
0.76, median: 0.62) for most site pairs. Higher correlations for the DTT activity combined with lower CODs suggests
that the regional sources such as long-range transport or atmospheric processing could have a larger influence on

OPPTT than the local sources.
Methanol-soluble PM, s OP

In comparison to water-soluble PM»s OP, CODs for the methanol-soluble OP were generally lower (median: 0.21 —
0.35; Figure 9), indicating higher spatial homogeneity of methanol-soluble PM chemical components that are sensitive
to OP. Similar to water-soluble OPP™Ty, the methanol-soluble OPP™"v showed the lowest COD (0.14 — 0.26, median:
0.21) among five endpoints (Figure 9d), which was consistent with Gao et al. (2017) showing a rather low COD (less
than 0.23) for both water-soluble and methanol-soluble OPPT in Southeast US. Overall, higher correlation coefficients
were observed for the methanol-soluble OP (median: 0.41— 0.67 for different endpoints) than the corresponding water-
soluble endpoints (median: 0.13 — 0.62). The correlation coefficients were more elevated for certain endpoints such
as OPv (r = 0.38 — 0.62, median: 0.46) and OP®S"v (r = 0.23 — 0.65, median: 0.41) than others. It is possible that
methanol is able to extract more redox-active PM components coming from eemmen-regional emission sources, €.9.

biomass burning or secondary organic aerosols, present at these sites. The components originated from these common

sources could mask the effect of other components originated from the local sources having a narrower range of

solubilities,and thus yielding to an overall lower spatiotemporal variability and better correlation among different sites.

3.6-5 Correlations of OP with PM25s mass concentration

Pearson’s r and the slope for simple linear regression of volume-normalized OP activities versus PMzs mass
concentrations were computed for each individual site, and are listed in Table 4. For both water-soluble and methanol-
soluble OP, the endpoints of OPA%Ay, OPC"-StFy and OPCH-PTTy were poorly correlated with PMzs mass (r < 0.60 in
most cases), while OP®SHv and OPP™Tv were moderately-to-strongly correlated with PM,s mass (r = 0.38 — 0.73 for
OP®%SHy, and 0.54 — 0.82 for OPP™Ty, except at STL). The lower correlation of OPA* and higher correlation of OPPTT
are consistent with multiple previous studies comparing these endpoints (Visentin et al., 2016;Yang et al.,
2014;Janssen et al., 2014). Decent correlations for OP®SHy and OPP™™v showed that PM mass concentrations can drive
these endpoints to some extent at few locations. However, it is important to note that despite these good correlations,
the slope of regression for OP vs. PM,s mass varied a lot among five sampling sites (range for OP®Hy is 0.003 —
0.016 nmol/min/pg, and 0.005 — 0.028 nmol/min/pg for OPPTTv), indicating substantial spatiotemporal heterogeneity
in the intrinsic potency of the particles to generate ROS at these sites. This is further corroborated by the spatiotemporal
variability of OP®SHm and OPP™"m at different sites as shown in Figure 5 and 6. Thus, PM_ s mass concentrations have
only a limited role in determining the oxidative levels of the PM, s at these sites, and OP seems to be largely driven
by the PM chemical composition._Given that the current air guality standards across the world focus only on mass

concentration of PM, s, these results indicate towards the inadequacy of this mass-centered approach.
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3.76 Intercorrelation among different OP endpoints

We also calculated the correlation coefficient (Pearson’s r) for all pairs of different OPv endpoints at each site, which
are listed in Table 5. A high correlation coefficient indicates a common source (or a common pool of chemical
components) driving the response of those OP endpoints. For water-soluble OP, the intercorrelations among different
endpoints were generally poor at urban sites, i.e. CHI, STL, and IND (r < 0.60). Correlations were also poor for nearly
all pairs of methanol-soluble OP at STL and IND, but CHI showed significantly elevated r values among different OP
endpoints (r=0.59 —0.82). Compared to more urbanized sites, the correlations were generally higher at the local sites,
i.e. CMP and BON, with r > 0.60 for many pairs of both water-soluble and methanol-soluble OPv. Since both of these
sites are located in smaller cities, the sources of redox-active components probably have lesser complexity compared
to the major city sites, which have multiple and more complex emission sources. ForexampleAs discussed in section

3.2, CMP is adjacent-to-a—majorread—and-thus-largely impacted by the vehicular emissions_owing to its location
adjacent to a major road. Similarly, BON being a rural site is largely impacted by the agricultural emissions with

marginal impact from vehicular emissions and other sources such as long-range transport from surrounding cities
(Kim et al., 2005;Buzcu-Guven et al., 2007). Thus, a lack of other major sources contributing to components, which
can drive these endpoints in different directions through their interactions (i.e. synergistic or antagonistic), leads to
the similarity of their responses and hence a good correlation among them at these two sites. Among all OP endpoints,
OPOH-DTTy showed poorest correlations with other endpoints except OPCH-SLFy, with which it was correlated at most
sites (i.e. CHI, IND, CMP and BON) for the methanol-soluble extracts (r = 0.66 — 0.84). Since both of these endpoints
measure the rate of generation of -OH, it probably indicates a synergistic role of metals with organic compounds [e.g.
Fe with humic-like substances (HULIS), as shown in many previous studies (Yu et al., 2018;Charrier and Anastasio,
2015;Gonzalez et al., 2017;Wei et al., 2018;Ma et al., 2015)] in partly driving the response of both of these endpoints.
Note, OPCHDTT is a relatively newly developed assay, and there is hardly any previous literature on its comparison
with other OP endpoints.

Overall, a poor-to-moderate and inconstant intercorrelation trend among different endpoints of both water-soluble and

methanol-soluble OP at most sites indicates that all these assays could be deficient from being ideal and measuring a

single endpoint is not enough to represent the overall OP activity. Although, the OP endpoints used in our study have

covered some of the well-known and important pathways of the in vivo oxidative stress caused by PM,s, there are

other endpoints (e.g. consumption of cysteine, formation of H,O,, etc.), and more assays can be developed in the

future. We suggest that a collection of diverse range of OP endpoints, measured separately as done in our study could

better capture the role of different PM components and their interactions via different pathways for driving the

oxidative levels of the PM in a region. However, it should be noted that our study is not designed to assess and rank

the biological relevance of these acellular endpoints, which will require an integration of these and possibly other

novel assays involving different routes of oxidative stress, in either toxicological or epidemiological studies.measuring
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4 Conclusion

We analyzed both water-soluble and methanol-soluble OP of ambient PM. s in the Midwest US using five different
acellular endpoints, including OPAA, OP®SH OPOH-SLF OPPTT and OPCH-PTT, The spatiotemporal profiles of all OP
endpoints and PM;s mass concentration were investigated for one-year timescale from May 2018 to May 2019 using
the Hi-Vol filter samples collected from five Midwest US sites located in urban, rural, and roadside environments.
Compared to homogeneously distributed PM2s mass, all OP endpoints showed significant spatiotemporal variations
among different seasons and sites. Seasonally, most OP endpoints generally peaked in summer for both water-soluble
and methanol-soluble OP. Spatially, the roadside site showed the highest OP levels for most OP endpoints in water-
soluble extracts, while there were occasional peaks in methanol-soluble extracts at other urban sites. Our results
showed very limited differences in the spatiotemporal profiles between OPm and OPv for most endpoints, indicating

a marginal role of PM; s mass in causing the spatiotemporal variability of OP.

Comparing the OP for water- and methanol-soluble extracts, we observed significantly higher OP levels in methanol
extracts than the corresponding water-soluble OP activities. This trend was much stronger for -OH generation
endpoints (i.e. OP°H-SLF and OPCHPTT) indicating a substantial contribution of Fe and its organic complexes, which
could be more efficiently extracted in methanol. In comparison to water-soluble OP, methanol-soluble OP showed
lower spatial heterogeneity, and higher intercorrelations among different endpoints, which is probably attributed to a
more efficient extraction of water-insoluble redox-active species in methanol originated from various emission sources

at different sites.

The correlations of OP with PM_s mass showed a diverse range, with certain endpoints such as OPA4, OPOH-SLF and
OPOH-DTT showing a poor correlation, while other endpoints (i.e. OP®H and OPP™T) showing a moderate-to-strong
correlation. Despite these occasional strong correlations, the sensitivity of all OP endpoints towards mass, indicated
by the slope of OP vs. PM_s mass as well as the intrinsic OP (OPm), varied substantially for all OP endpoints across
different sites and seasons, showing only a marginal effect of mass concentrations in controlling the oxidative levels
of PM2s. Moreover, relatively poor and inconsistent correlations among different OP endpoints reflected different

pathways of various ROS-active PM,s components for exerting oxidative stress. Since our study cannot comment on

the biological relevance of these different pathways, we recommend integrating all these and other assays in

toxicological or epidemiological studies, to assess their relative utilities.

Collectively, the results obtained through our study provides a strong rationale to recommend that the different
endpoints of OP provide useful and additional information than the mass concentrations, which could be relevant to
assess the public health impacts associated with ambient PM2s. Our future studies will explore the contribution of
different chemical components and their emission sources in determining the oxidative levels of ambient PM2s in the
Midwest US.

Data availability. The data on OP and mass concentration of ambient PM; s samples collected in the Midwest US are

available upon request from the corresponding author.
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1  Figuresand Tables

‘ 2  Table 1. Averages and (+ standard deviation) of OP from various control groups (N = 10) analyzed by SAMERA.

Negative control Positive control
Endpoint Unit Average (+ standard Chemical used as Average (+ standard Coefficient of
deviation) positive control deviation) variation (CoV, %)

OopPAA uM/min 0.18+0.07 1 uM Cu 0.34+0.04 11.8

OpesH uM/min 0.26 + 0.06 1 uM Cu 0.77+0.02 2.6
OPOH-SLF nM/min 7.69+1.37 2 uM Fe 13.80 £ 0.70 5.1

OpPTT uM/min 0.48+0.07 0.2 uM PQ 1.84+£0.02 1.1
QPpCOH-DTT nM/min 0.55 + 0.07 0.2 uM 5-H-1,4-NQ 1545+ 1.19 7.7

‘ 3

4 Table 2. Seasonal averages (+ standard deviation) of PM, s mass concentrations (unit: pg/m?) at our sampling sites.

CHI STL IND CMP BON
Summer 2018 11.2+3.2 14.7+3.4 11.9+35 11.4+3.9 10.4+2.0
Fall 2018 109+3.4 13.1+3.7 11.5+4.2 75+4.3 9.7+35
Winter 2018 146+ 3.6 11.8+2.8 11.0+2.7 10.0+3.0 8.6+3.0
Spring 2019 12.6+4.2 13.8+4.0 12.2+2.1 11.6+3.1 9.2+23
5
6  Table 3. Pearson’s correlation coefficient (r) and-the-asseciated-tevels-of significance{P)-between water-soluble and
7 methanol-soluble OPv for different endpoints at five sampling sites. Correlations with r > 0.60 are shown in bold.
8 Asterisks - * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) correlations, respectively.
. Pearson’s risignificance-level {P) for OP-endpoints
Slte OPAA OPGSH OPOH»SLF OPDTT OPOH»DTT
CHI 0.09 0.34* 0.53** 0.55** 0.40**
STL 0.24 0.11 0.18 0.28 0.38**
IND 0.24 0.40** 0.33* 0.43** 0.21
CMP 0.42** 0.63** 0.10 0.74** 0.58**
BON 0.60** 0.52** 0.41** 0.68** 0.54**
9

10  Table 4. Pearson’s r-the-asseciated-levels-of significance(P)- and slope for simple linear regression of water-soluble

11 OPv versus PM2s mass concentration at five sampling sites. Correlations with r > 0.60 are shown in bold. All slope
12 values are in italic. Asterisks - * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) correlations,

13 respectively.

14 (a) Water-soluble OP
CHI STL IND CMP BON
| OPAA Pearson’s r/P -0.02 0.33* 0.19 0.54** 0.26
Slope (nmol/min/ug) 0.000 0.005 0.004 0.031 0.007
| OPGSH Pearson’s r/P 0.45** 0.34* 0.45** 0.72** 0.38*
Slope (nmol/min/ug) 0.005 0.003 0.005 0.016 0.005
|  OPOHSLF  pearson’s r/P 0.09 0.26 0.37** 0.43** 0.24
Slope (pmol/min/ug) 0.041 0.107 0.128 0.277 0.165
| OopPTT Pearson’s r/P 0.62** 0.27 0.55** 0.82** 0.63**
Slope (nmol/min/ug) 0.013 0.005 0.013 0.020 0.015
| OPOHDTT  Pearson’s r/R 0.24 0.60** 0.37** 0.51** 0.45**
Slope (pmol/min/ug) 0.043 0.062 0.051 0.048 0.052
15



16

(b) Methanol-soluble OP

CHI STL IND CMP BON
OPAA Pearson’s r/P 0.55** 0.12 0.52** 0.64** 0.61**
Slope (nmol/min/ug) 0.010 0.002 0.010 0.011 0.012
OPGSH Pearson’s r/P 0.53** 0.38** 0.51** 0.73** 0.63**
Slope (nmol/min/ug) 0.007 0.005 0.007 0.012 0.009
OPOH-SLF Pearson’s r/P 0.19 0.34* 0.45** 0.48** 0.52**
Slope (pmol/min/ug) 0.264 0.514 0.666 0.576 0.735
OPPTT Pearson’s r/P 0.54** 0.49** 0.61** 0.79** 0.61**
Slope (nmol/min/ug) 0.017 0.016 0.019 0.028 0.022
OPPH-DTT  Pearson’s r/P 0.25 0.44* 0.51** 0.43** 0.50**
Slope (pmol/min/ug) 0.072 0.079 0.143 0.075 0.165
17
18 Table 5. Pearson’s correlation coefficient (r) anre-the-assectatecevel-of-significance-{P}-among various endpoints of
19  OPv measured at five sampling sites. The values below the diagonal are for water-soluble OPv, while above are for
20 methanol-soluble OPv. Correlations with r > 0.60 are shown in bold. Asterisks - * and ** indicate significant (P <
21 0.05) and highly significant (P < 0.01) correlations, respectively.
22 (@ CHI
OP endpoint OPAA PeaOI’ISD(();r;HS r OPOH-SLF OPDTT OPOH-DTT
OPAA 0.66** 0.60** 0.69** 0.49**
OPCsH 0.32* 0.30 0.45** 0.17
QPOH-SLF 0.09 0.39** 0.53** 0.82**
OpPTT 0.05 0.40** 0.40** 0.64**
QPpOH-bTT 0.03 0.30 0.48** 0.18
OPAA OPGSH OPOH»SLF OPDTT OPOH»DTT
23 (b) STL
OP endpoint OPAA Peaorlspc();r;Hs ' OPOH-SLF opDTT QPOH-DTT
OPAA 0.40** 0.19 0.50** 0.33*
OPCsH 0.30 0.13 0.36* 0.23
OPOH-SLF 0.51** 0.17 0.17 0.42**
OpPPTT 0.28 0.29 0.22 0.57**
QPOH-bTT 0.40** 0.38** 0.53** 0.34*
OPAA OPGSH OPOH»SLF OPDTT OPOH»DTT
24 (c) IND
OP endpoint OPAA Peaorlspc();r;Hs ' OPOH-SLF opDTT QPOH-DTT
OPAA 0.57** 0.54** 0.62** 0.57**
OPGSH 0.37** 0.59** 0.52** 0.55**
OPOH-SLF 0.32* 0.23 0.44** 0.84**
OpPPTT 0.17 0.42** 0.44** 0.54**
QpOH-DTT 0.08 0.20 0.29* 0.15
OPAA OPGSH OPOH»SLF OPDTT OPOH»DTT

25
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(d) C™MP
OP endpoi
dpoint Opaa Pears%n'sr ignifi :
OPAA opP SH OPOH»SLF
QPGSH 0.68%* 0.55** a5 QPPTT OPOH-DTT
OPOHStF 0.77%* 0.30% 0.70° 0.45%*
OpoTT o 0.80%** : 0.69** 015
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Figure 1. Map for our five sampling sites in the Midwest US.
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Figure 2. Time series of PM.s mass concentrations at our sampling sites in the Midwest US.
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Figure 3. Time series of mass-(left) and volume-(right)normalized water-soluble OP activities for (a) OP*4,
(b) OPCSM, (c) OPPMSEF (d) OPP™™ and (e) OPCHPTT at our sampling sites.



37

38
39

_—
~

a
D 004 -
El Summer 3 Fall 3 Winter 3 Spring
€ : : : ——CHI
3 STL
2 003 IND
£ ——CMP
£ ——BON
3
002
o
2
)
32
% 001
°
c
©
£
Q |
S 000 : T 1 v T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/4/2  2019/6/4
Sample Start Date
2 0.025 - -
< Summer | Fall | Winter Spring
£ : : ——CHI
= ! : STL
g 0.020 | 3 IND
g : i ——CMP
= ' ] ——BON
E o015 : ;
? ! !
Q ' |
[N i
o |
© 0010
o |
E 1
?
L 0.005-] » 1
o i
c ?
o i
< | |
2 0.000 T T T T T
= 2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/4/12  2019/6/4
Sample Start Date
(c)
)
= 25 - .
£ Summer | Fall | Winter | Spring
£ : ! ! ——CHI
] ! ] ! STL
20 ' ' {
g : : : IND
= i i ~——— CMP
£ 1 1 ——BON
7 % ‘\ ] i
I | {
Q 1 {
P : |
O 4o
2
=} \
= |
% s [\
2 ' . \
3 | ] |
< i 1 |
g 00 - T 1 Tt
S 2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/4/12  2019/6/4
Sample Start Date
2 005 5
= Summer Fall | Winter Spring
€ | ! ——CHI
3 : : STL
004 H
g IND
£ ——CMP
£ ——BON
003
&
ol I3
[e]
@ 002+
Qo
2 H
o 1
2 o014 !
° i
c . i
© . i
£ h h
2 o0 T T 1 T T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/412  2019/6/4

A
2

0.5

Sample Start Date

Summer

Fall Winter Spring

Methanol-soluble OP°*2™"m (pmol/min/ug
o

2018/522 20187124 2018/9/25 2018/11/27 2019/1/29 20191412  2019/6%4

Sample Start Date

Methanol-soluble OP**v (nmol/min/m?)

Methanol-soluble OP®S"y (nmol/min/m?)

Methanol-soluble OP°HSLFy (pmol/min/m?)

Methanol-soluble OP°™"v (nmol/min/m?)

04

Summer

Winter

Spring

Methanol-soluble OP°HPTTy (pmol/min/m?)

0.3+

0.2+

0.1+

0.

04

0 —— ; T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/4/2 2019/6/4

Sample Start Date

034

0.24

0.1+

Summer |  Fall i Winter |

Spring

|

0.0 T T T T T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/412  2019/6/4

Sample Start Date

Summer Fall Winter Spring

0 T T T T T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/42  2019/6/4

Sample Start Date

08
Summer | Fall | Winter Spring
06
0.4
J
\
024 1\

0.0 T T T T T
2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1129 2019/412  2019/6/4.

Sample Start Date

Fall Winter Spring

0
0

2018/5/22 2018/7/24 2018/9/25 2018/11/27 2019/1/29 2019/412  2019/6/4

Sample Start Date

Figure 4. Time series of mass-(left) and volume-(right)normalized methanol-soluble OP activities for (a)
OP”A, (b) OP®SM, (c) OPOH-SLF (d) OPP™ and (e) OPP™PTT at our sampling sites.



40

41
42

(

°
®

Water-soluble OPA*m (nmol/min/ug) 2’,
°
c E=3

e
3
8

il

—_
(=
-~

)
©
2
&

STL IND
Sampling Slte

CHI

o
9
8
S

°

0154

°
o
S

o
=Y
3
]

Water-soluble OP®$Hm (nmol/min/ug

o
5
8
8

WWWM

—_
(2)
-~

o
®

Samplmg Site

o
>

o
o

°
o

1t

?

Ll

I

Water-soluble OP°"StFm (pmol/min/ug)
°
S

—_
Q.
=]

)
o
g
g

0.025

£.00204

0.015+

0.010 4

0.005 4

Water-soluble OPDTTm nmol/mln/ug

0.000

—_
()
~

o
N
]

0.204

e
@

e
3

0.05

o
3
8

Water-soluble OP°"2TTm (pmol/min/ug)

Figure 5. Seasonal averages of mass-(left) and volume-(right) normalized water-soluble OP activities for

Sampllng Site

cHI '
Sampllng Slte

CHI ' STL ' IND ' CMP ' BON
Sampling Site

[ ]Summer 2018
[_JFall 2018

[_Iwinter 2018
[_1Spring 2019

[ ] Summer 2018

[_IFall2018

[ |winter 2018
[___1Spring 2019

[ ]Summer 2018
[ |Fall2018

[ ]winter 2018
[ ]spring 2019

Summer 2018
Fall 2018
Winter 2018
Spring 2019

Hien

Summer 2018,
Fall 2018
Winter 2018
Spring 2019

]

0.6

Water-soluble OP**v (nmol/min/m®)
o
2

00 .

" cmp

CHI STL IND BON
Sampling Site

—~04

&

E

£

E

B 03

£

£

>

=

8 02

o

[e]

K

E

EXey N

3 1

g

©

; 0.0 T T T
CHI STL IND CMP BON

Sampling Site

®

o

Water-soluble OP°"StFy (pmol/min/m?)
< i b

?

ETE*

°
=

L

o
©

~
o

N
o

CHI STL IND BON
Sampling Site
E
£
E
3 B
£
£
>
E
3 024 B
(o]
2
e
=
?
]
©
=00 : . :
CHI STL IND CMP BON
Sampling Site
a
E
c N
£
°
£
L=
> 154
EI -
3
Q
% 10
2
o
3
C 05
@
5]
©
=00 T T T
CHI STL IND CMP BON
Sampling Site

(a) OP”A, (b) OP®SH, (c) OPCHSLF (d) OPP™T and (e) OP°HPTT at our sampling sites.




(@)

30030

=

£

£ 00251

o

£ .

Eoo20 T . T

c 7 o

g . B

% 0015+ B R

° =

g 0.010

° 1 1

2 L L

2 0.005

©

E=]

Q

0.000

= CHI ' STL ' IND ' CMP ' BON
Sampling Site

\g’o 020

£

£

©° .

€o00154 N

5 N .

£ B .

£ B R

% -

Q

o 0.010 R .

(o) .

P R R

Q2

= N T 1

% 0005 L |

° 1

=

@

£

2 0.000

= CHI ' STL ' IND ' CMP ' BON
Sampling Site

—_
(2)

N
o

o

o

o
o

Methanol-soluble OP°"SFm (pmol/min/ug) ~

T

[ | Summer 2018

[_IFall2018

[ Jwinter 2018
[ ]Spring 2019

Summer 2018

Fall 2018
Winter 2018

[ |Spring 2019

[ | Summer2018
[ |Fall2018
Winter 2018
Spring 2019

-

Summer 2018
Fall 2018
Winter 2018
Spring 2019

EEL

0.0
Sampling Site

2005
£
15
C 0.04
£ B
= R
c R

0.03 4
2 R
g R
© 0.02
o 1
=3
2 L
? L
30.01-
e
©
£
2 0.00
= CHI ' STL ' IND ' CMP ' BON

Sampling Site

°
=

o
w

o
Y

°

o
°

—_
Methanol-soluble OPH0TTm (pmol/min/pg)g

43 Sampling Site

[ | Summer 2018

[ IFall2018
[ Jwinter 2018

[ ]Spring 2019

e 14
w b

S
Y

°
—

Methanol-soluble OP*v (nmol/min/m?)

e
°

CHI STL IND ' CMP ' BON
Sampling Site
‘;E\ 0.30
£
§ 0.254
[<]
£
c
0204
>
B .
z o
@ o015 1 I T T
g .
2 - T T
< 0.10
2 .
2
§ 0.05 4 4 l
£
2 000
= CHI ' STL ' IND ' CMP ' BON
Sampling Site

N
38

@

3

«

o

Methanol-soluble OPCHStFy (pmol/min/m®)

CHI STL IND CMP BON
Sampling Site

14
@

14
o

S
®

CHI ' STL ' IND ' CMP ' BON

Sampling Site

o
Y

)
°

Methanol-soluble OPP™"v (nmol/min/m?)

s

w

~

o

Methanol-soluble OP*CTTy (pmol/min/m?)

TIMS

Sampling Site
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47  Figure 7. Ratio of methanol-soluble OPv to water-soluble OPv (M/W°®) for (a) OP**v, (b) OP®!y, (c)
48  OP°HStRy (d) OPP™y, and (e) OPCHPTTy at five sampling sites.
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Figure 8. Coefficient of divergence (CoD) and Pearson’s r for site-to-site comparison of (a) PM2s mass
and water-soluble OP activities: (b) OP*v, (c) OP®Hy, (d) OP°H>Fy, (e) OPP™'v and (f) OPOHPTTy,
Asterisks - * and ** on the bars of Pearson’s r indicate significant (P < 0.05) and very significant (P < 0.01)
correlations, respectively. Note: r for the correlations of OP**v between CHI and CMP and for the
correlations of OP®Hv between IND and BON were negative (-0.14 and -0.06, respectively).
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Figure 9. Coefficient of divergence (CoD) and Pearson’s r for site-to-site comparison of methanol-soluble
OP activities: (a) OP*v, (b) OP®y, (c) OPH>tFy, (d) OPP™™v and (e) OPCHPTTy, Asterisks - * and ** on
the bars of Pearson’s r indicate significant (P < 0.05) and very significant (P < 0.01) correlations,
respectively.
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Section S1. Comparison of five Hi-Vol samplers before and after the sampling campaign

Out of five samplers used in our study, two were old samplers (about 5 years old, used in various sampling
campaigns) and three were brand new, which were bought from TISCH Environmental (Cleves, OH, US) a
month before the sampling. These new samplers were factory calibrated and installed at three farther sites, i.e.
Chicago (CHI), Indianapolis (IND) and St. Louis (STL). The other two old samplers were installed at Champaign
(CMP) and Bondville (BON). For the sole purpose of this discussion, we will name them as CHI (N), IND (N),
STL (N), CMP (O) and BON (O). Since the new samplers were factory calibrated, we had more confidence in
them, therefore, we chose one of those samplers, i.e. CHI (N), as a reference and compared the responses of
other two old samplers, i.e. CMP (O) and BON (O), by running them in pairs, i.e. first CHI (N) and CMP (O)
pair, followed by CHI (N) and BON (O) pair, at a site in Urbana in April 2018 (due to some practical constraint,
we couldn’t run all three of them together). We collected 9 sets of 24-hours integrated Hi-VVol PM2 s samples on
quartz filters from each pair, and analyzed them for the DTT assay using the same extraction and analysis
procedure as used in our current study. The comparison of OPP™T response was conducted by the orthogonal fit
regression analysis of OPP™Tv of PM,s samples collected from CHI (N) and old samplers (Figure S1). The
correlations between the old samplers and CHI (N) sampler were excellent (R? = 0.92 — 0.94) with slopes almost
equal to 1 (1.02 —1.03), indicating that the samplers collect identical PM. ., and had negligible internal difference
in sample collection.
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Figure S1. Comparison of OPP™T of PM, s samples collected from CHI (N) sampler with old samplers: (a) CMP (O)
sampler; (b) BON (O) sampler.

After the sampling campaign, we again moved the new samplers [i.e. CHI (N), STL (N) and IND (N)] back to
CMP site, kept them side-by-side, and collected 9 Hi-VVol samples (24-hours integrated) from each sampler. All
these samples were extracted in DI and analyzed for OPP™T in the same manner as used in our current study. The
comparison of the reference sampler [i.e. CHI (N)] with other two new samplers was also conducted by
orthogonal fit (Figure S2). Excellent correlations (R = 0.93 — 0.95) and consistent slopes (1.05 — 1.06, close to
1) both showed a good consistency of three new samplers.
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Figure S2. Comparison of OPP™T of PM, 5 samples collected from CHI (N) sampler with other new samplers: (a) STL
(N) sampler; (b) IND (N) sampler.
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Table S1. Dates of samples collection at five sampling sites.

Season Week count Sampling period CHI STL IND CMP BON
1 2018/5/22 — 2018/5/25 v v v v x
2 2018/5/29 - 2018/6/1 v v v v x
3 2018/6/5—-2018/6/8 4 v v v v
4 2018/6/12—2018/6/15 v v v v v
5 2018/6/19- 2018/6/22 v v v v x
6 2018/6/26—2018/6/29 v v v v v
7 2018/7/3-2018/7/6 v v v v v
S“ngf;er 8 2018/7/10- 2018/7/13 v v v v x
9 2018/7/17— 2018/7/20 v v v v x
10 2018/7/24—- 2018/7/27 x v v v v
11 2018/7/31-2018/8/3 4 v v v v
12 2018/8/7—2018/8/10 v v v v v
13 2018/8/14—2018/8/17 v v v v v
14 2018/8/21- 2018/8/24 v v v v v
15 2018/8/28—2018/8/31 v v v v v
16 2018/9/4—2018/9/7 v v v v v
17 2018/9/11-2018/9/14 v v v v v
18 2018/9/18-2018/9/21 v v v v v
19 2018/9/25- 2018/9/28 x v v v x
20 2018/10/2— 2018/10/5 x v v v x
21 2018/10/9- 2018/10/12 v x v v v
Fall 2018 22 2018/10/16— 2018/10/19 v v v 4 v
23 2018/10/23- 2018/10/26 v v v v v
24 2018/10/30—-2018/11/2 v v v x v
25 2018/11/6—2018/11/9 v x v v v
26 2018/11/13—-2018/11/16 v x v v v
27 2018/11/20- 2018/11/23 v v v x v
28 2018/11/27-2018/11/30 v v v v v
29 2018/12/4—- 2018/12/7 v v v v v
30 2018/12/11-2018/12/14 x 4 v v v
31 2018/12/18-2018/12/21 x 4 v v v
32 2018/12/25-2018/12/28 x v v v v
33 2019/1/1-2019/1/4 x v v v v
Winter 34 2019/1/8-2019/1/11 x v v v v
2018 35 2019/1/15- 2019/1/18 x 4 v v x
36 2019/1/22— 2019/1/25 v v v v x
37 2019/1/29- 2019/2/1 v v v v v
38 2019/2/5-2019/2/8 v v v v v
39 2019/2/12— 2019/2/15 v v v v v
40 2019/2/19- 2019/2/22 v v v v v
41 2019/2/26— 2019/3/1 v v v v v
42 2019/3/5-2019/3/8 v v v v v
43 2019/3/12— 2019/3/15 x v v v v
44 2019/3/19- 2019/3/22 v v v v v
45 2019/3/26— 2019/3/29 v v v v v
46 2019/4/2—2019/4/5 v v v v v
Spring 47 2019/4/9-2019/4/12 4 v v v v
2019 48 2019/4/16- 2019/4/19 v v v x v
49 2019/4/23— 2019/4/26 v v v v v
50 2019/4/30- 2019/5/3 v x v v v
51 2019/5/7-2019/5/10 v v v v v
52 2019/5/14— 2019/5/17 v x v v v
53 2019/5/21- 2019/5/24 v x v v v
54 2019/5/28- 2019/5/31 v x v v v

The symbol v* denotes the collection of a sample, and the symbol % denotes no collection of the sample in that week
(due to several reasons such as unfavorable weather conditions, broken sampler, etc.).
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Table S2. Precision of SAMERA for methanol-soluble OP measurements compared with water-
soluble OP measurements.

Endpoint Unit Average Standard CoV (%) CoV (%) for the water-soluble
Deviation PM, s extract (Yu et al., 2020)
OpAA nmol/min/m®*  0.132 0.018 13.51 11.87
OPpGSH nmol/min/m®*  0.098 0.010 10.65 7.89
OPCHSLE  pmol/min/m®  0.740 0.011 14.49 10.56
OpPTT nmol/min/m®*  0.187 0.017 8.89 10.52
OPOH-PTT  phmol/min/m?® 0.216 0.023 10.88 13.28

Table S3. Results of 1-way ANOVA test for assessing the temporal and spatial variability of PM2s
mass concentrations.

Variability Sampling Site/Season F value Significantly different group(s)
CHI 1.95
STL 1.79
Temporal IND 0.33
CMP 3.25* Fall 2018
BON 0.82
Summer 2018 3.48* STL
Spatial F_aII 2018 3.13* CHI, STL, IND, CMP
Winter 2018 5.01** CHI
Spring 2019 3.35* BON

Asterisks — * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) differences, respectively.
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Table S4. Results of 1-way ANOVA test for assessing the temporal and spatial variability of mass-
normalized and volume-normalized OP endpoints for water-soluble PM2s samples.
(a) Temporal variability

Sampling Site Endpoint F value Significantly different group(s)
OP*m 112
OPMvy 0.69
OP®S"m 3.19* Summer 2018, Fall 2018, Spring 2019, Winter 2018
OPCSHy 0.78
Chicago, IL OPCH-SLFm 21.84** Summer 2018, Fall 2018, Spring 2019, Winter 2018
(CHI) OPCH-SLRy 17.72%* Summer 2018, Fall 2018, Spring 2019, Winter 2018
OPP™™m 2.67 Summer 2018, Fall 2018, Spring 2019
OPPTTy 1.03
OPOHDTT 7.26%* Summer 2018, Winter 2018, Fall 2018, Spring 2019
QPCHDTTy 6.68** Summer 2018, Fall 2018, Spring 2019
OPAm 1.37
OPAy 1.48
OP®S"m 1.74 Spring 2019, Fall 2018
OPCSHy 1.40
St. Louis, MO OPCH-SLFm 4.25%* Summer 2018, Winter 2018, Spring 2019
(STL) OPCH-SLRy 5.33** Summer 2018, Fall 2018, Winter 2018, Spring 2019
OPP™™m 1.83
OPPTTy 0.56
OPOH-DTT 0.12
QpOH-DTTy 0.17
OPAm 2.02 Summer 2018, Fall 2018
OP My 211 Summer 2018, Spring 2019, Fall 2018
OP%SHm 0.53
OPGSHy 0.49
Indianapolis, OPCH-SLFm 3.16* Summer 2018, Winter 2018, Spring 2019
IN (IND) OPCH-SLRy 2.75% Summer 2018, Winter 2018, Spring 2019
OPP™m 1.29
OPPTTy 0.33
OPOHDTTy 4.28** Summer 2018, Winter 2018, Fall 2018, Spring 2019
QPOHDTTy 2.57 Summer 2018, Winter 2018, Fall 2018
OP*m 2.59 Summer 2018, Winter 2018
OPAv 2.77% Summer 2018, Winter 2018
OP%SHm 3.44* Spring 2019, Summer 2018, Winter 2018
OPGSHy 4,92** Spring 2019, Summer 2018, Winter 2018, Fall 2018
Champaign, IL ~ OP°"StFm 5.47%* Summer 2018, Fall 2018, Winter 2018
(CMP) OPCH-SLRy 7.59%* Summer 2018, Spring 2019, Fall 2018, Winter 2018
OPPTTm 0.70
OPPTTy 1.55
OPCH-DTTm 8.06** Summer 2018, Winter 2018, Fall 2018, Spring 2019
QpOHPTTy 6.18** Summer 2018, Winter 2018, Spring 2019, Fall 2018
OP*m 5.26** Summer 2018, Spring 2019, Fall 2018, Winter 2018
OPAMy 8.17** Summer 2018, Spring 2019, Fall 2018, Winter 2018
OP®S"m 8.16** Summer 2018, Spring 2019, Fall 2018, Winter 2018
OPCSHy 13.81** Summer 2018, Spring 2019, Fall 2018, Winter 2018
Bondville, IL OPOH-SLFm 16.82** Summer 2018, Spring 2019, Fall 2018, Winter 2018
(BON) OPCH-SLRy 17.33** Summer 2018, Spring 2019, Fall 2018, Winter 2018
OPP™Tm 3.15* Summer 2018, Spring 2019
OPPTTy 3.37* Summer 2018, Winter 2018, Spring 2019
OPOH-DTT 2.10 Winter 2018, Fall 2018
QpOH-DTTy 1.34

S5



(b) Spatial variability

Season Endpoint F value Significantly different group(s)
OPAm 8.60** CMP, BON, CHI, STL, IND
OPA %y 5.28** CMP, CHI, STL, IND
OPSSHm 28.41%* CMP, BON, CHI, STL, IND
OPCSHy 9.30** CMP, BON, CHI, STL, IND
Summer 2018 OPPH-SLFm 8.60** CHI, CMP, BON, STL, IND
OPOH-SLFy, 4.83%* CMP, CHI, STL, IND
OPP™™m 6.97** CMP, STL, IND
OPPTTy 2.21 CMP, STL, IND
OPOH-DTT 5.92%* CHI, IND, CMP, BON, STL
QPOH-DTTy, 4.70%* CHI, STL, IND, CMP, BON
OPAm 12.08** CMP, CHI, STL, IND, BON
OPA%y 3.81** CMP, STL, IND, BON
OP®SHm 27.05%* CMP, CHI, BON, IND, STL
OPSSHy 4.07** CMP, CHI, STL, IND
OPOH-SLFm 1.46 CMP, IND
OPP™™m 13.39%* CMP, CHI, BON, STL, IND
OPPTTy 0.51
OPOH-DTTy 3.52* CHI, STL, IND, BON, CMP
QPOH-DTTy, 4.00%* CHI, STL, IND, BON, CMP
OPAm 2.21 CMP, CHI, STL, IND, BON
OPA%y 1.95 CMP, STL, IND, BON
OP®SHm 15.75%* CMP, CHI, STL, IND, BON
OPSSHy 12.37** CMP, CHI, STL, IND, BON
. OPOH-SLFm 2.23 CMP, CHI
Winter 2018 OPOH-SLFy, 1.78 STL, BON
OPP™TTm 4.33** CMP, STL, IND
OPPTTy 3.23* CHI, STL, IND, BON
OPOH-DTT 2.60* IND, BON, STL
QPOH-DTTy, 2.49* CHI, IND, STL, CMP
OPAm 5.20%* CMP, CHI, STL, IND, BON
OPAAy 4.92%* CMP, CHI, STL, IND, BON
OP®SHm 14.59%* CMP, CHI, STL, IND, BON
OPCSHy 10.74** CMP, CHI, STL, IND, BON
Spring 2019 OPOH-SLFm 3.20* CMP, CHI, STL, IND, BON
pring QPOH-SLFy 3.19% CMP, CHI, STL, IND, BON
OPP™TTm 10.78** CMP, CHI, BON, STL
OPPTTy 6.04** CMP, CHI, STL, IND, BON
OPOH-DTTy 2.57* IND, BON, CMP
QPOH-DTTy, 1.89 STL, IND, CMP

Asterisks - * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) differences, respectively.
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Table S5. Results of 1-way ANOVA test for assessing the temporal and spatial variability of mass-
normalized and volume-normalized OP endpoints for methanol-soluble PM. s samples.

(a) Temporal variability

Sampling Site Endpoint F value Significantly different group(s)
OPMm 1.03
OPAy 0.07
OP®SHm 141
OPSSHy 0.28
Chicago, IL OPCH-SLFm 1.68 Summer 2018, Spring 2019
(CHI) OPOH-SLRy, 0.99
OPP™'m 4.27* Summer 2018, Fall 2018, Winter 2019
OPPTTy 1.53
OPOHDTT 3.84* Summer 2018, Fall 2018, Winter 2018, Spring 2019
OPOH-DTTy 3.37* Summer 2018, Fall 2018
OPMm 2.16 Fall 2018, Spring 2019
OPAv 3.41* Summer 2018, Fall 2018, Spring 2019
OP®SHm 3.62* Fall 2018, Summer 2018, Winter 2018, Spring 2019
OPCSHy 1.92 Fall 2018, Spring 2019
St. Louis, MO~ OPOHSLFm 1.05
(STL) OPOH-SLFy 1.23
OPP™™m 1.14
OPPTTy 1.87 Summer 2018, Winter 2019
OPOH-DTT 0.50
QpOH-DTTy 1.11
OPAm 2.42 Summer 2018, Spring 2019
OPA%v 1.39
OP%SHm 2.15* Fall 2018, Spring 2019
OPGSHy 0.63
Indianapolis, OPOH-SLFm 3.49* Fall 2018, Spring 2019, Winter 2018
IN (IND) OPOH-SLFy 2.41 Fall 2018, Winter 2018
OPP™™m 1.42
OPPTTy 0.94
OPOHDTTy 0.20
QpOHPTTy 0.67
OP*m 1.64 Summer 2018, Winter 2018
OPMv 2.95* Summer 2018, Fall 2018, Winter 2018
OP%SHm 142
OPGSHy 0.03
Champaign, IL ~ OP®H-StFm 1.00
(CMP) OPOH-SLFy 1.22
OPP™Tm 3.73* Summer 2018, Winter 2018
OPPTTy 2.93* Summer 2018, Fall 2018, Winter 2018
OPpOHDTTY 0.08
QpOHPTTy 0.59
OP*m 8.76** Summer 2018, Fall 2018, Spring 2019, Winter 2018
OPAMy 9.27** Summer 2018, Fall 2018, Spring 2019, Winter 2018
OP%SHm 151
OPCSHy 1.58 Summer 2018, Winter 2018
Bondville, IL OPOH-SLFm 4.30** Summer 2018, Spring 2019, Winter 2018
(BON) OPCH-SLRy 4,70%** Summer 2018, Spring 2019, Winter 2018
OPP™Tm 2.95* Summer 2018, Spring 2019, Winter 2018
OPPTTy 4.28%* Summer 2018, Fall 2018, Spring 2019, Winter 2018
OPOH-DTTm 2.24
QpOH-DTTy 1.64
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(b) Spatial variability

Season Endpoint F value Significantly different group(s)
OPAm 1.17 BON, STL
OPA %y 0.13
OP®SHm 2.00 CMP, STL, IND
OPGSHy 0.40
Summer 2018 OPOH-SLFm 2.80* CHI, CMP, IND, STL
OPOH-SLFy, 1.67 CHI, CMP, IND
OPP™Tm 0.74
OPPTTy 0.46
OPOH-DTT 3.75%* CHI, STL, CMP
QpOH-DTTy, 3.11* CHI, IND, STL, CMP
OPAm 0.62
OPA %y 2.40 STL, CMP, BON
OP®SHm 2.55* CMP, STL, BON, IND
OPGSHy 1.05
OPOH-SLFm 0.81
OPP™TTm 0.33
OPPTTy 2.50* STL, CMP, BON
OPOH-DTTy 1.99 IND, STL, CMP
QPOH-DTTy, 2.28 IND, CMP, BON
OPAm 1.06
OPA%y 3.62%* CHI, STL, IND, BON
OP®SHm 6.31** CMP, CHI, BON, STL, IND
OPGSHy 2.86* CHI, CMP, IND, BON
. OPOH-SLFm 1.79 CHI, BON, STL
Winter 2018 QPOH-SLFy 3.21* CHI, IND, CMP, STL, BON
OPP™TTm 0.86
OPPTTy 2.45* CHI, STL, CMP, BON
OPOH-DTT 2.21 IND, CMP, BON, STL
QPOH-DTTy, 2.67* CHI, IND, CMP, BON
OPAm 1.60
OPAAy 2.46* CHI, CMP, BON
OP®SHm 7.44%* CMP, CHI, IND, STL
OPCSHy 4.33** CMP, CHI, BON, IND, STL
) OPOH-SLFm 0.46
Spring 2019 OPpOH-SLFy, 0.60
OPP™TTm 0.79
OPPTTy 1.93 CHI, BON
OPOH-DTTy 2.15 BON, IND, CMP
QPOH-DTTy, 1.63 IND, CMP

Asterisks - * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) differences, respectively.
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Table S6. Comparison of ambient PM» s OP measured in our current study with those reported in the literatures. Asterisk - * indicates that the reported
results are methanol-soluble OP, while all the other results (without the asterisk) are water-soluble OP.

(a) OPAA

Reference PM size Levels Location Location Sample Methodology
(um) type size

Fang et al. (2016) <25 0.2 - 5.2 nmol-min™'-m™ Southeast US Urban 483 Ambient PM; 5 samples were collected using a Hi-Vol
and rural sampler on quartz filters, extracted in DI and filtered

through a syringe filter. OP** of filtered extracts was
assessed with an AA-only assay (no other antioxidants
involved; concentration of AA was 200 uM) with an
automated system. AA was measured based on a
photometric method (at 265 nm).

Mudway et al. (2005)

IA

2.5 0.012 = 0.0001 nmol-min™'-ug! Eksaal, India Biomass 3 Biomass burning samples were collected from dung-
burning cake combustion, and extracted in Chelex-treated DI
with 5% methanol. OPA* of filtered extracts was
assessed in a respiratory tract lining fluid (RTLF;
composition was 200 uM AA, 200 uM GSH and 200
uM UA). AA was measured based on a photometric

method (at 265 nm).
2.5 0.0096 £ 0.0025 nmol-min'-ug? 19 European Urban 716 Ambient PM; 5 samples were collected using a Basel-
cities Sampler, and extracted in metal-free DI. OP**
assessed in the same manner as Mudway et al. (2005).
Szigeti et al. (2016) <25 0.0017 — 0.04 nmol-min™-ug™! 8 European cities Urban 22 Ambient and indoor PM;s samples were collected
using a Low-Vol sampler, and directly incubated in
RTLF having same composition as in Mudway et al.
(2005). AA was measured based on a photometric

method (at 265 nm).
Godri et al. (2011) 1.0-1.9 0.0058 + 0.0025 nmol-min™'-ug!  London, United Urban 14 Ambient size-segregated samples were collected using
Kingdom a MOUDI sampler, and extracted in Chelex-treated DI
with 5% methanol. OP** was assessed in the same

manner as Mudway et al. (2005).

Kiinzli et al. (2006)

IA

was
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Perrone et al. (2019)

Gao et al. (2020a)

Yang et al. (2014)

Yu et al. (2020)

Yang et al. (2014)*

This study

This study*

0.006 + 0.001 nmol-min™'-pg™!
0.136 + 0.020 nmol-min"'-m™

0.023 — 0.126 nmol-min™'-m?

0.8 —35.0 nmol's'-m?

0.004 — 0.077 nmol-min™'-ug’!
median: 0.012 nmol-min™'-ug™!
0.044 — 0.745 nmol-min™-m™
median: 0.160 nmol-min!-m™
2.2—-43.5nmol's'-m>

0.002 — 0.077 nmol-min™-pg’!
median: 0.007 nmol-min!-pg"
0.012 — 0.908 nmol-min'-m™
median: 0.078 nmol-min!-m™
0.004 — 0.029 nmol-min™-pg’!
median: 0.012 nmol-min!-pg"
0.030 — 0.311 nmol-min™'-m™
median: 0.134 nmol-min!-m™

1

1

Lecce, Italy

Atlanta, GA

Rotterdam and
Amsterdam,
Netherland

Midwest US (5
sites)

Rotterdam and
Amsterdam,
Netherland

Midwest US (5
sites)

Midwest US (5
sites)

Urban

Urban

Urban

Urban
(4), rural

M

Urban

Urban
(4), rural
ey

Urban
(4), rural
(D

39

349

10

54

20

241

241

Ambient PM, s samples were collected using a low
volume HYDRA-FAI dual sampler, and extracted in
DI. OP* of filtered extracts was assessed with an AA-
only assay similar as in Fang et al. (2016).

Ambient PM» 5 samples were collected using a Hi-Vol
sampler on quartz filters, extracted in DI and filtered
through a syringe filter. OP** was assessed in the same
manner as Mudway et al. (2005).

Ambient PM,s samples were collected using a
Harvard Impactor and extracted in ultrapure water.
OP of filtered extracts was assessed AA-only assay
similar as in Fang et al. (2016).

PM, s sampling, preparation and OP** measurement
were conducted in the same manner as the current

study.

Ambient PM,s samples were collected using a
Harvard Impactor and extracted in methanol. Filtered
methanol extracts evaporated using an
evaporator set, and reconstituted with DI. OP** of

WEre

water-reconstituted methanol extracts was assessed
AA-only assay similar as in Fang et al. (2016).
See section 2 (experimental methods).

Asterisk - * indicates that the reported results are methanol-soluble O

PAA,
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(b) OPGsH

Reference PM size Levels Location Location Sample Methodology
(nm) type size
Mudway et al. (2005) <2.5 0.0083 £ 0.0002 nmol-min"'-ug’  Eksaal, India Biomass 3 OPSSH of filtered extracts was measured in RTLF. GSH
burning was measured with a glutathione disulfide (GSSG)-
reductase-5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB)
recycling assay, based on a photometric method (at 405
nm).
Kiinzli et al. (2006)  <2.5 0.0041 £0.0017 nmol'min"-ug? 19  European Urban 716 OPSSH was assessed in the same manner as Mudway et
cities al. (2005).
Szigeti et al. (2016)  <2.5 0 —0.0275 nmol-min™!-pg’! 8 European cities Urban 22 Punches of filter samples were directly incubated in
RTLF, and measured for OP%S" in the same manner
with Mudway et al. (2005).
Godri et al. (2011) 1.0-1.9 0.0042 + 0.0033 nmol-min'-pg?!  London, United Urban 14 OPSS was assessed in the same manner as Mudway et
Kingdom al. (2005).
Gao et al. (2020a) <25 0.025 — 0.067 nmol-min-m Atlanta, GA Urban 349 OPSS! was assessed in the same manner as Mudway et
al. (2005).
Yu et al. (2020) <25 0.001 — 0.040 nmol-min-pg’! Midwest US (5 Urban 54 PM, 5 sampling, preparation and OP%" measurement
median: 0.010 nmol-min!-pg! sites) (4), rural were conducted in the same manner as the current
0.008 — 0.463 nmol-min'-m™ (1) study.
median: 0.100 nmol-min!-m™
This study <25 0.002 — 0.035 nmol-min™ -ug™! Midwest US (5 Urban 241 See section 2 (experimental methods).
median: 0.007 nmol-min!-pg!  sites) (4), rural
0.013 — 0.419 nmol-min'-m™ (1)

median: 0.074 nmol-min!-m
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( C) OPOH-SLF

Reference PM size Levels

(pm)

Methodology

Vidrio et al. (2009) <25 0.253 £0.135 pmol-min!-pg!

Ma et al. (2015) <25 0.092 +0.019 pmol-min™ g

Yu et al. (2020) <25 0.085 — 0.967 pmol-min™-pg’!
median: 0.307 pmol-min!-pg!
0.857 — 7.884 pmol-min'-m™
median: 3.559 pmol-min!-m™

This study <25 0.040 — 1.217 pmol-min™-pg’!
median: 0.142 pmol-min!-pg!
0.269 — 12.13 pmol-min'-m™
median: 1.449 pmol-min!-m™

Location Location Sample

type size
Davis, CA Urban ~90
Guangzhou, Urban 72
China

Midwest US (5 Urban 54

sites)

(4), rural
)]

Midwest US (5 Urban 241

sites)

(4), rural
)]

Ambient PM,s samples were collected using
IMPROVE Version II samplers on Teflo filters,
directly incubated in SLF (composition was 114 mM
NaCl, 10 mM sodium benzoate, 10 mM total
phosphate to buffer the solution at pH 7.4, 200 uM
AA and 300 uM CA) with desferoxamine (DSF) for
24 hours, and measured for -OH generation. -OH was
captured by sodium benzoate and measured based on
a photometric method (at 256 nm) using a high-
performance liquid chromatography (HPLC).
Ambient PM; 5 samples were collected using a Low-
Vol sampler on Teflon filters. OPCH-SLE
measured in the same manner as in Vidrio et al.
(2009).

PM,s sampling, preparation and OQPOHSLE
measurement were conducted in the same manner as
the current study.

was

See section 2 (experimental methods).
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(d) OPDTT

Reference

(pm)

PM size

Levels

Location Location

type

Sample

size

Methodology

Fang et al. (2015) <25

Xiong et al. (2017)

Cho et al. (2005)

Charrier and
Anastasio (2012)

Gao et al. (2017)

0.010 — 0.097 nmol-min™'-ug’!

median: 0.024 — 0.041 nmol-min"

I.Mg—l

0.05 —0.81 nmol'min!*m™

median: 0.23 — 0.31 nmol-min"

l.m—3

0.1 —0.18 nmol'min'-m

0.013 — 0.047 nmol-min™-pg’!
median: 0.029 nmol-min!-pg!

0.02 — 0.061 nmol-min™'-pg™!
median: 0.029 nmol-min!-pg!

0.09 — 0.30 nmol'min™!*m?

median: 0.19 nmol-min™-m™

Southeast US Urban

and rural

Urbana, IL Urban

Los Angeles Urban

basin, CA

San Joaquin, CA  Urban,
rural

Atlanta, GA (2
sites)

Urban

S13

503

10

11

66

Ambient PM; s samples were collected using a Hi-
Vol sampler on quartz filters, extracted in DI and
filtered through a syringe filter. Filtered extracts
were then incubated in a mixture of 100 uM DTT and
0.5 mM potassium phosphate buffer (K-PB; pH =
7.4). DTT was captured by DTNB and measured
based on a photometric method (at 412 nm) using an
automated system.

Ambient PM, s samples were collected with Hi-Vol
sampler on quartz filters, extracted in Milli-Q water,
and filtered through a syringe filter. OPP™T were
assessed in the same manner with Fang et al. (2015).
Ambient size-segregated samples were collected
using a VACES in conjunction with a BioSampler.
Collected suspensions were then incubated in a
mixture of 100 uM DTT and 0.5 mM potassium
phosphate buffer (K-PB; pH = 7.4). DTT was
captured by DTNB and measured based on a
photometric method (at 412 nm) at designated time
points within 90 min.

Ambient PM,s samples were collected on Teflon
filters, but the filter extraction method was not
reported. DTT assay was conducted by incubating
the aqueous sample extracts in 100 uM DTT. DTT
was captured by DTNB and measured based on a
photometric method (at 412 nm) at four time points
within 16 min.

PMys preparation and  OPP™!
measurement were conducted in the same manner as

sampling,



Gao etal. (2020a) and
Gao et al. (2020b)

Hu et al. (2008)

Cesari et al. (2019)

Paraskevopoulou et
al. (2019)

Perrone et al. (2019)

IA

2.5

0.25
2.5

IA

2.5

0.005 — 0.070 nmol-min™'-pg’!
average: 0.024 nmol-min™'-pg’!
0.05 — 0.48 nmol-min'-m
average: 0.22 nmol-min™'-m"
0.014 — 0.024 nmol-min™'-ug’!

median: 0.019 nmol-min™'-ug™!
3

3

0.10 — 0.16 nmol-min™'-m

median: 0.14 nmol-min!-m™

0.012 + 0.008 nmol-min™'-pg!
0.19 + 0.10 nmol'min’'-m

0.028 £+ 0.014 nmol-min!-pg*!

0.33 + 0.20 nmol'min™"-m

0.010 = 0.001 nmol-min!-pg*
0.228 + 0.024 nmol-min'-m?

Atlanta, GA Urban

Los Angeles Urban
harbor, CA

Sarno, Italy Urban

Athens, Greece Urban

Lecce, Italy Urban

S14

349

~50

361

39

Fang et al. (2015).
PM,s sampling, preparation and OPP™T
measurement were conducted in the same manner as
Fang et al. (2015).

Ambient size-segregated samples were collected
with Sioutas samplers on Zefluor and Quartz filters,
and extracted in Milli-Q water. DTT assay was
conducted by incubating the PM suspensions in 100
uM DTT at pH = 7.4 adjusted by K-PB. DTT was
captured by DTNB and measured based on a
photometric method (at 412 nm) at designated time
points within 30 min.

Ambient PM; s samples were collected using a Low-
Vol sequential sampler on quartz filters, extracted in
DI and filtered through a syringe filter. DTT assay
was conducted by incubating the extracts in DTT
(concentration not reported) at pH = 7.4 adjusted by
K-PB. DTT was captured by DTNB and measured
based on a photometric method (at 412 nm) at
designated time points (details not reported).
Ambient PM,s samples were collected using a
Dichotomous Partisol sampler on quartz filters,
extracted in DI and filtered through a syringe filter.
OPPTT was assessed in the same manner as Fang et
al. (2015).

Ambient PM, s samples were collected using a low
volume HYDRA-FAI dual sampler, and extracted in
DI. DTT assay was conducted by incubating the
aqueous sample extracts in 100 uM DTT. DTT was
captured by DTNB and measured based on a
photometric method (at 412 nm) at five time points
within 40 min.



Yang et al. (2014) <25 0.4 —7.2 nmol-s'-m Rotterdam and Urban 10
Amsterdam,
Netherland
Yu et al. (2020) <25 0.004 — 0.193 nmol-min™'-ug’! Midwest US (5 Urban 54
median: 0.014 nmol-min™'-ug! sites) (4), rural
0.041 — 1.282 nmol-min™'-m (1)
median: 0.146 nmol-min!-m™
Verma et al. (2012)* <25 0.020 — 0.054 nmol-min™'-ug’! Atlanta, GA Urban 8
median: 0.034 nmol-min™'-ug’!
Gao et al. (2017)* <25 0.14 — 0.47 nmol-min"!-m™ Atlanta, GA (2 Urban 66
median: 0.30 nmol-min™!-m™ sites)
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Ambient PM,s samples were collected using a
Harvard Impactor and extracted in ultrapure water.
OPPTT of water-soluble extracts was assessed in the
same manner as Hu et al. (2008).

PM,s sampling, preparation and OPP™T
measurement were conducted in the same manner as
the current study.

Ambient PM; 5 samples were collected using a Hi-
Vol sampler on quartz filters, extracted in both
methanol and water, and filtered through a syringe
filter. Methanol extracts were evaporated to nearly
dryness using a rotary evaporator and reconstituted
to 15 mL with 0.1 M K-PB (pH = 7.4). Reconstituted
methanol extracts were incubated in 100 uM DTT
and 0.5 M K-PB (pH = 7.4). DTT was captured by
DTNB and measured based on a photometric method
(at 412 nm) at seven time points within 20 min.
Method 1: Ambient PM; 5 samples were extracted in
a stepwise manner with DI and methanol. Both
extracts were filtered through a syringe filter.
Methanol extracts were evaporated to ~200 pL using
high-purity nitrogen and reconstituted with DI. Total
OP was calculated by adding the OP of both extracts.
Method 2: Samples were extracted in methanol.
Punches were removed after sonication. The
remaining suspensions were analyzed for OPPTT
without being filtered through a syringe filter.
Method 3: Samples were sonicated in K-PB (pH =
7.4). The mixture was analyzed for OPP™T without
removing inside punches or being filtered through a
syringe filter.

OPP™ measurement was conducted in the same



Gao etal. (2020b)*  <2.5 0.012 - 0.116 nmol-min™"-ug™!
average: 0.027 nmol-min'-pg™!
0.13 — 0.58 nmol-min™'-m™
average: 0.28 nmol-min™'-m

Yangetal. (2014)* <25 0.5 — 5.2 nmol'min'-m™

This study <25 0.004 — 0.032 nmol min™-ug™!

median: 0.014 nmol-min™'-ug™!
0.029 — 0.561 nmol-min™!-m
median: 0.150 nmol-min!-m™
This study* <25 0.004 — 0.042 nmol-min™-pg’!
median: 0.021 nmol-min!-pg!
0.031 — 0.639 nmol-min™!-m
median: 0.234 nmol-min!-m™

Atlanta, GA Urban 349

Rotterdam and Urban 20

Amsterdam,
Netherland
Midwest US (5 Urban 241
sites) (4), rural

(1
Midwest US (5 Urban 241
sites) (4), rural

(1

manner as Fang et al. (2015) using a modified
automated system for analyzing suspensions with
insoluble fractions.

PM,s sampling, preparation and OPPTT
measurement were conducted in the same manner as
Gao et al. (2017) (Method 3).

Ambient PM>s samples were collected using a
Harvard Impactor and extracted in methanol.
Filtered methanol extracts were evaporated using an
evaporator set, and reconstituted with DI. OPP™T of
water-reconstituted methanol-soluble extracts was
assessed in the same manner as Hu et al. (2008).

See section 2 (experimental methods).

Asterisk - * indicates that the reported results are methanol-soluble OPPTT,
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( e) OPOH-DTT

Reference PM size Levels Location Location Sample size Methodology
(um) type
Xiong et al. (2017) <25 0.2 — 0.6 pmol-min™'-m™ Urbana, IL Urban 10 PM, s extracts were incubated in 100 uM DTT
and K-PB (pH = 7.4) with 50 mM TPT. -OH was
captured by TPT and measured based on a
fluorometric = method  (excitation/emission
wavelength of 310/425 nm) at six time points
within 120 min.
Yu et al. (2018) <25 0.2 — 1.1 pmol-min™'-m™ Urbana, IL Urban 10 PM,s sampling, preparation and OPCH-PTT
measurement were conducted in the same
manner as Xiong et al. (2017).
Yu et al. (2020) <25 0.034 — 0.357 pmol-min™' -ug’! Midwest US (5 Urban 54 PM,s sampling, preparation and OPCHPTT
median: 0.082 pmol-min'-ug’! sites) (4), rural measurement was conducted in the same manner
0.360 — 4.152 pmol-min'-m (1) as the current study.
median: 1.054 pmol-min!-m™
This study <25 0.004 — 0.357 pmol-min™ -ug™! Midwest US (5 Urban 241 See section 2 (experimental methods).
median: 0.065 pmol-min!-pg! sites) (4), rural
0.022 — 3.565 pmol-min'-m™ (1)

median: 0.722 pmol-min!-m™
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Table S7. Seasonal median of the ratio of methanol-soluble OPv to water-soluble OPv (M/W°P)
for OPOHSLFy at five sampling sites.

CHI STL IND CMP BON
Summer 2018 2.1 2.6 2.0 11 2.0

Fall 2018 3.5 4.9 5.5 2.7 4.6
Winter 2018 9.4 2.9 3.3 3.2 3.9
Spring 2019 3.2 2.7 7.2 4.1 3.9

References

Cesari, D., Merico, E., Grasso, F. M., Decesari, S., Belosi, F., Manarini, F., De Nuntiis, P., Rinaldi, M.,
Volpi, F., and Gambaro, A.: Source apportionment of PM2. 5 and of its oxidative potential in an industrial
suburban site in South Italy, Atmosphere, 10, 758, 2019.

Charrier, J., and Anastasio, C.: On dithiothreitol (DTT) as a measure of oxidative potential for ambient
particles: evidence for the importance of soluble transition metals, Atmospheric Chemistry and Physics, 12,
11317-11350, 10.5194/acp-12-9321-2012, 2012.

Cho, A. K., Sioutas, C., Miguel, A. H., Kumagai, Y., Schmitz, D. A., Singh, M., Eiguren-Fernandez, A.,
and Froines, J. R.: Redox activity of airborne particulate matter at different sites in the Los Angeles Basin,
Environmental Research, 99, 40-47, 10.1016/j.envres.2005.01.003, 2005.

Fang, T., Verma, V., Guo, H., King, L. E., Edgerton, E. S., and Weber, R. J.: A semi-automated system for
guantifying the oxidative potential of ambient particles in agueous extracts using the dithiothreitol (DTT)
assay: results from the Southeastern Center for Air Pollution and Epidemiology (SCAPE), Atmospheric
Measurement Techniques, 8, 471-482, 10.5194/amt-8-471-2015, 2015.

Fang, T., Verma, V., Bates, J. T., Abrams, J., Klein, M., Strickland, M. J., Sarnat, S. E., Chang, H. H.,
Mulholland, J. A., and Tolbert, P. E.: Oxidative potential of ambient water-soluble PM. s in the southeastern
United States: contrasts in sources and health associations between ascorbic acid (AA) and dithiothreitol
(DTT) assays, Atmospheric Chemistry and Physics, 16, 3865-3879, 10.5194/acp-16-3865-2016, 2016.
Gao, D., Fang, T., Verma, V., Zeng, L., and Weber, R. J.: A method for measuring total aerosol oxidative
potential (OP) with the dithiothreitol (DTT) assay and comparisons between an urban and roadside site of
water-soluble and total OP, Atmospheric Measurement Techniques, 10, 2821, 2017.

Gao, D., Godri Pollitt, K. J., Mulholland, J. A., Russell, A. G., and Weber, R. J.: Characterization and
comparison of PM 2.5 oxidative potential assessed by two acellular assays, Atmospheric Chemistry and
Physics, 20, 5197-5210, 2020a.

Gao, D., Mulholland, J. A., Russell, A. G., and Weber, R. J.: Characterization of water-insoluble oxidative
potential of PM.s using the dithiothreitol assay, Atmospheric Environment, 224, 117327,
https://doi.org/10.1016/j.atmosenv.2020.117327, 2020b.

Godri, K. J., Harrison, R. M., Evans, T., Baker, T., Dunster, C., Mudway, I. S., and Kelly, F. J.: Increased
oxidative burden associated with traffic component of ambient particulate matter at roadside and urban
background schools sites in London, PloS One, 6, €21961, 10.1371/journal.pone.0021961, 2011.

Hu, S., Polidori, A., Arhami, M., Shafer, M., Schauer, J., Cho, A., and Sioutas, C.: Redox activity and
chemical speciation of size fractioned PM in the communities of the Los Angeles-Long Beach harbor,
Atmospheric Chemistry and Physics, 8, 6439-6451, 10.5194/acp-8-6439-2008, 2008.

Kinzli, N., Mudway, I. S., Gétschi, T., Shi, T., Kelly, F. J., Cook, S., Burney, P., Forsberg, B., Gauderman,
J. W., and Hazenkamp, M. E.: Comparison of oxidative properties, light absorbance, and total and elemental
mass concentration of ambient PM:s collected at 20 European sites, Environmental Health Perspectives,
114, 684-690, 10.1289/ehp.8584, 2006.

Ma, S., Ren, K., Liu, X., Chen, L., Li, M., Li, X,, Yang, J., Huang, B., Zheng, M., and Xu, Z.: Production
of hydroxyl radicals from Fe-containing fine particles in Guangzhou, China, Atmospheric Environment,
123, 72-78, 10.1016/j.atmosenv.2015.10.057, 2015.

Mudway, I. S., Duggan, S. T., Venkataraman, C., Habib, G., Kelly, F. J., and Grigg, J.: Combustion of dried
animal dung as biofuel results in the generation of highly redox active fine particulates, Particle and Fibre
Toxicology, 2, 6, 10.1186/1743-8977-2-6, 2005.

518



Paraskevopoulou, D., Bougiatioti, A., Stavroulas, I., Fang, T., Lianou, M., Liakakou, E., Gerasopoulos, E.,
Weber, R., Nenes, A., and Mihalopoulos, N.: Yearlong variability of oxidative potential of particulate
matter in an urban Mediterranean environment, Atmospheric Environment, 206, 183-196, 2019.

Perrone, M. R., Bertoli, I., Romano, S., Russo, M., Rispoli, G., and Pietrogrande, M. C.: PM2. 5 and PM10
oxidative potential at a Central Mediterranean Site: Contrasts between dithiothreitol-and ascorbic acid-
measured values in relation with particle size and chemical composition, Atmospheric Environment, 210,
143-155, 20109.

Szigeti, T., Dunster, C., Cattaneo, A., Cavallo, D., Spinazze, A., Saraga, D. E., Sakellaris, I. A., de
Kluizenaar, Y., Cornelissen, E. J., and Hanninen, O.: Oxidative potential and chemical composition of
PM:; in office buildings across Europe-The OFFICAIR study, Environment International, 92, 324-333,
10.1016/j.envint.2016.04.015, 2016.

Verma, V., Rico-Martinez, R., Kotra, N., King, L., Liu, J., Snell, T. W., and Weber, R. J.: Contribution of
water-soluble and insoluble components and their hydrophobic/hydrophilic subfractions to the reactive
0Xxygen species-generating potential of fine ambient aerosols, Environmental Science & Technology, 46,
11384-11392, 10.1021/es302484r, 2012.

Vidrio, E., Phuah, C. H., Dillner, A. M., and Anastasio, C.: Generation of hydroxyl radicals from ambient
fine particles in a surrogate lung fluid solution, Environmental Science & Technology, 43, 922-927,
10.1021/es801653u, 2009.

Xiong, Q., Yu, H., Wang, R., Wei, J., and Verma, V.: Rethinking the dithiothreitol-based particulate matter
oxidative potential: measuring dithiothreitol consumption versus reactive oxygen species generation,
Environmental Science & Technology, 51, 6507-6514, 10.1021/acs.est.7b01272, 2017.

Yang, A., Jedynska, A., Hellack, B., Kooter, I., Hoek, G., Brunekreef, B., Kuhlbusch, T. A., Cassee, F. R.,
and Janssen, N. A.: Measurement of the oxidative potential of PM.s and its constituents: The effect of
extraction solvent and filter type, Atmospheric Environment, 83, 35-42, 10.1016/j.atmosenv.2013.10.049,
2014.

Yu, H., Puthussery, J. V., and Verma, V.: A semi-automated multi-endpoint reactive oxygen species activity
analyzer (SAMERA) for measuring the oxidative potential of ambient PM,s aqueous extracts, Aerosol
Science and Technology, 54, 304-320, 2020.

519



	response_document_R6
	OPinMWC_Manuscript_textonly_R5_appendix
	OPinMWC_Manuscript_Figures&Tables_R2
	OPinMWC_SI_Revision_R3



