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Reviewer #1 (Remarks to the Author):

In this manuscript, the authors assess the connection between particulate matter and oxidative
potential by employing 385 PM2.5 samples gathered from 14 diverse sites across 4 different
continents and utilizing 5 different endpoints. Indeed, sampling from so many locations worldwide
is quite exceptional, and the workload is substantial. However, there are deficiencies in novelty and
the rationality of experimental design. Overall, the manuscript does not seem to meet the
publishing standards of Nature Communications. The lower quality of the manuscript has also
impacted my reading experience, with the occurrence of frequent low-level errors.

Specific Comments

1) We note that the authors have actually evaluated the cytotoxicity of water-soluble PM extracts.
Considering the highly complex composition of PM, there are insoluble components in addition to
water-soluble extracts. Therefore, how can water-soluble PM extracts substitute for the overall
toxicity of complete PM? This to some extent limits the accuracy of the toxicity results assessment.
2) The author alternately uses “"PM” and “"PM2.5” when describing particulate matter. Please use
“PM2.5" consistently throughout the entire text.

3) The author employs oxidative potential, cell death, and ROS to assess PM cytotoxicity. However,
oxidative potential and ROS should have a certain correlation, for instance, hydroxyl radical
potential is also a type of ROS. What criteria did the author use to distinguish between these
indicators?

4) The author indicates in this work that the relationship between PM2.5 and health effects is not
solely driven by PM mass, and the role of chemical composition, which drives its intrinsic toxicity,
cannot be ignored. This conclusion appears too simplistic, lacking depth, and lacks novelty. Many
studies have already demonstrated that the chemical composition of PM2.5 does indeed influence
its health effects.

Reviewer #2 (Remarks to the Author):
Some comments and questions as follows :

Overall, the time-dependent effect for each indicator has not been considered thoroughly. For
example, in the Cellular ROS and cytotoxicity measurements, why the exposure time choose 24
hour. Do you have considered the difference of Cellular ROS and cytotoxicity in other exposure
time? Also in the Acellular OP Measurements, the time-dependent effect also need to be
considered. Multipoints slope method may be better to the endpoint method.

For the cellular ROS measurement, after incubation 24 h the cells may have dead, did the ROS can
be detect in dead cells? How do the dead cells affect the cellular ROS?

In this study, a lung epithelial cell line, A549 have been chosen, how about other cell lines? In the

epidemiology study, Particles have been proved to be greatest damage to cardiovascular diseases,

have you considered cardiovascular cells?

In this paper, you only test toxicity of the water-soluble extracts, how about the water-insoluble
parts? Do you consider the PM extracts extracted from other solvents?

Why not choose inflammatory factors as the indicators?
The discussion between toxic indicators and PM chemical components need be strengthened.

Reviewer #3 (Remarks to the Author):

Salana et al. present comprehensive aerosol mass, toxicity, and chemical composition
measurements performed on a large set of aerosol filter samples collected over a broad
geographical range. This is an important and valuable dataset because it allows for direct
comparison between the samples collected in different locations, which is often not possible due to



the non-standardized nature of the aerosol toxicity measurements performed by different research
groups. This comparison allows the authors to reach the conclusion that the relationships between
their measured health endpoints and PM mass is different in different locations. This is an
important observation that has several interesting implications as discussed by the authors. I have
a few specific comments that I believe require revision and/or clarification.

One important methodological detail that is currently missing is a description of how the PM2.5
mass concentrations were measured. Since part of the analysis hinges on the variability in PM2.5
mass concentrations relative to those in the measured health endpoints it would also be important
to report some uncertainty estimates for the different measurements.

The focus of the paper is on the relationship between the 5 aerosol toxicity metrics and PM2.5
mass. In my opinion this is a good choice since a clear message emerges from the paper.
Nevertheless, many experts will also be interested in the relationships between the 5 toxicity
metrics themselves, since the development of such metrics is an active area of research. Perhaps
the authors could add a heatmap or scatterplot matrix to the supplementary information to show
these relationships, while noting that a detailed discussion of all the differences would be beyond
the scope of the paper.

L46: Typo? 'a dearth', rather than simply 'dearth’.

L84: To perform a study with such broad geographical coverage it is necessary to use offline filter
samples. However, this brings the limitation that the toxicity measurements will not capture short-
lived ROS and OP-relevant species. I think it is worth briefly discussing this limitation, especially
since the samples had variable storage times.

L131: Could these differences be partly due to the use of CoV as a metric, given this partially
depends on sample size, which is more than an order of magnitude higher for the Midwest US than
India? The authors might consider ways of demonstrating that sample size is not a critical factor
when making comparisons across the different regions.

L138: One other potential issue with the use of CoV as a statistical metric is inflated values due to
division by means that approach zero. I am wondering if this could be an issue for some of the
GSHv CoV values, given the GSHv measurements sometimes approach zero, and even more so for
the element CoV values shown in Fig. S7, since I assume some of the elements were present in
very low concentrations. The authors could look at additional metrics of variability to support their
observation that the elemental concentrations varied more widely than the corresponding total
mass concentrations.

L151: For completeness it should be mentioned that there are chemical species that were not
resolved by the measurements that could be influencing the observed variability in the measured
health endpoints (e.g. different organic aerosol fractions within the total WSOC).

L215: The non-linearity is mainly driven by the 1 set of India samples with generally lower intrinsic
toxicity. To some extent this is an unavoidable limitation of the sample size (385 samples is
already a lot relative to other studies). Nevertheless I think it argues against the usefulness of
purely data-driven non-linear fits. For example, do the authors consider the cubic fits or CDv and
OHv against PM2.5 to be physically reasonable? What are the risks of extrapolating these
relationships beyond their fitted ranges? I wonder if a better approach would be to assume a
specific non-linear functional form (e.g. a log function) that has some basis in the literature and/or
theory, and then to compare that against a standard linear fit. Are the authors aware of any non-
linear functional forms that have been proposed in previous studies that could perform this role?

Related to the above point, a clear point that emerges from Fig. 4 is the need for more
measurements at medium and high PM concentrations to better constrain the non-proportional
relationships between these metrics and PM2.5 mass. Perhaps the authors could discuss this point
as a goal for future studies.

Figure 4: The smallest data points (lowest intrinsic values) are difficult to see. The size of these



data points could be increased for better visualization, perhaps while reducing the number of
intrinsic categories (e.g. from >6 to ~3 or 4) so that the largest marker size is not too large.
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Response Document

We thank all three reviewers for their feedback and review of our manuscript and for providing us
the opportunity to address their comments. We have responded to all the comments individually
below and revised the manuscript as per the reviewers’ suggestions. All the responses are
highlighted in red font and all the changes in the manuscript are italicized and highlighted in red
font. Please note that the line and page numbers we provided in the point-by-point response refer
to the annotated copy of the revised manuscript that tracks deletions and additions unless stated
otherwise.

Reviewer #1 (Remarks to the Author):

In this manuscript, the authors assess the connection between particulate matter and
oxidative potential by employing 385 PMa2.5s samples gathered from 14 diverse sites across 4
different continents and utilizing 5 different endpoints. Indeed, sampling from so many
locations worldwide is quite exceptional, and the workload is substantial. However, there are
deficiencies in novelty and the rationality of experimental design. Overall, the manuscript
does not seem to meet the publishing standards of Nature Communications. The lower
quality of the manuscript has also impacted my reading experience, with the occurrence of
frequent low-level errors.

We thank the reviewer for their appreciation of the sampling and workload undertaken in this study.
We apologize for the low-level errors. The manuscript has been substantially revised and proof-
read to remove such errors. We hope the revised manuscript will provide a much improved reading
experience to the reviewer.

Specific Comments

We note that the authors have actually evaluated the cytotoxicity of water-soluble PM
extracts. Considering the highly complex composition of PM, there are insoluble components
in addition to water-soluble extracts. Therefore, how can water-soluble PM extracts
substitute for the overall toxicity of complete PM? This to some extent limits the accuracy of
the toxicity results assessment.

Response:

We agree with the reviewer that the composition of PM2 s is highly complex containing both water-
soluble and insoluble components. As mentioned in our manuscript, we have measured only water-
soluble oxidative potential (OP) and cytotoxicity. This decision was driven by several unavoidable
factors. Devising suitable extraction protocols for offline filters that could replicate the fate of
inhaled particles in the most physiologically relevant manner is a topic of ongoing research.
However, currently there is no universally accepted protocol for total PM» 5 extraction for OP and
toxicity measurements. A method for measuring total OP was proposed by Gao et al'., in which
the entire filter was submerged in the reaction vial so that all the particles in the filter could
participate in the oxidative stress reaction. Although this method is suitable for acellular OP
measurements, it cannot be applied to cellular OP and cytotoxicity measurements as filter fibers



could themselves be toxic to the cells®. Thus, application of this method will complicate the
computation of PM3 5’s actual contribution to cytotoxicity.

So far, two extraction procedures for extracting the PM2 5 from filters have been widely used: water
extraction and organic solvent extraction. Preparation of water extracts is rather straightforward.
However, there are several issues associated with the extraction of PM> s using organic solvents.
First, there are several organic solvents [e.g., methanol, dichloromethane (DCM), hexane, acetone,
and acetonitrile, etc.], typically used for extracting water-insoluble PM».s components® . These
solvents differ widely in their polarities, resulting in the extraction of different PM25s components?
leading to different OP responses. For example, it has been shown that the solubility of brown
carbon (BrC) in methanol could be significantly different compared to its solubility in DCM and
this difference could vary depending on the source of BrC°. Second, any organic solvent used to
extract the PM» s needs to be evaporated (e.g., using N2 gas or heating in a rotary evaporator)>®”7,
which could also result in the loss of labile PM2s components®, thus reducing the advantages
purported by these solvent extraction procedures. Third, the influence of these solvents on
modifying cellular responses has not yet been adequately quantified. For example, it has been
reported in a previous study that interactions between DCM and the filter material could
substantially amplify the cytotoxicity and thus misrepresent the actual toxicity of PMys
components®. Finally, the physiological relevance of using such organic solvents for toxicity
studies has not yet been established. It is possible that the solubility of water-insoluble compounds
in lung fluids could vastly differ from their solubility in organic solvents. Thus, by using such
organic solvents we might be overestimating the contribution of water-insoluble species to the
overall toxicity of PMj s.

We fully agree with the reviewer that water-soluble extracts do not represent the overall toxicity
of PM>s. However, considering all these issues associated with the extraction of water-insoluble
PM> s components and the measurement of their cellular toxicity effects, we decided to choose
water-soluble extracts, so that the comparison between cellular and acellular OP or cytotoxicity is
reasonable. Moreover, water-soluble extraction has been employed in innumerous OP-related
studies in the past’'* and the OP measured on such extracts has even been shown to be associated
with several diseases such as asthma/wheeze and congestive heart failure!> and ischemic heart
disease!'®.

Considering the reviewer’s concern, we have added a few sentences to address this limitation in
the “Limitations and implications” subsection of the revised annotated manuscript (Page 15, Lines
299 to 307). We have reproduced the discussion here for the convenience of the reviewer:

“Second, our study focused only on water-soluble extracts of PM>s. Water-insoluble species of
PM; 5 have also been shown to contribute to PM s toxicity*""", and thus water-soluble fraction of
the PM> 5 used in our study can be considered as the lower limit, as it does not fully substitute for
the overall toxicity of PM>.s. Note, our choice of water-soluble fraction was driven by the lack of
a standardized protocol to measure total OP or cytotoxicity of PM> s that is equally applicable to
both acellular and cellular assays. Although, several solvents (e.g., methanol, dichloromethane,

hexane, acetone, and acetonitrile) have been suggested to extract the water-insoluble fraction of



2)

3)

the PM5*™*, the adequacy of these solvents to retain PMas chemical composition, which is
physiologically relevant for the cellular exposure has not been tested.”

The author alternately uses “PM” and “PM2.5” when describing particulate matter. Please
use “PM2.5” consistently throughout the entire text.

Response:

We apologize for the inconsistency. We have now used “PM; 5 throughout the text.

The author employs oxidative potential, cell death, and ROS to assess PM cytotoxicity.
However, oxidative potential and ROS should have a certain correlation, for instance,
hydroxyl radical potential is also a type of ROS. What criteria did the author use to
distinguish between these indicators?

Response:

In our study we have used acellular OP measurements to quantify the oxidative potential of PM2 s
in cell-free conditions and cellular ROS measurements to quantify the oxidative potential of PM 5
in A549 cells. For acellular OP measurements, we used three different assays: DTT depletion, GSH
depletion and OHe generation, and for cellular ROS, we used the DCFH-DA assay. All these assays
represent different aspects of the oxidative stress, as explained below.

Dithiothreitol or DTT depletion is primarily used as a proxy for the ability of PM» 5 to deplete the
cellular reductant NADPH (nicotinamide adenine dinucleotide phosphate)'®!® which plays a key
role in the energy production and metabolism of the cells by reducing oxygen to the superoxide
anion?’. Glutathione or GSH is the most abundant antioxidant present in the cells, which plays an
important role in protecting the cell against oxidative stress and performs other key cellular
activities such as redox signaling and cell proliferation'. Measuring GSH depletion provides an
estimate of the antioxidant depletion ability of PM»s. OHe is a highly reactive oxygen species with
a very short half-life (10s)?* that could damage critical cellular organelles (e.g., cytoplasmic
membrane) and molecules (e.g., DNA)?. Measuring the ability of PM s to generate OHe is thus
essential to assess the capability of the inhaled PM»>s to cause damage to the cytoplasmic
membrane and DNA of the cells in respiratory tract.

The DCFH-DA probe used in this study to measure cellular ROS response in A549 cells is a widely
used non-specific ROS probe, which reacts with a broad range of oxygen species (e.g., H2O2, OHe,
ROOe, "0y, etc.), providing a general assessment of the overall redox state of the cells rather than
a quantitative estimate of the specific ROS?’. We agree with the reviewer that hydroxyl radical is
a type of ROS, but it is only a subset of the overall ROS induced by the PM> 5. Therefore, it is not
reasonable to expect an explicit correlation between hydroxyl radical and total ROS because the
proportion of different ROS generated by PM» 5 could vary widely among different PM> s samples.
Similarly, GSH and DTT depletion measurements provide antioxidant depletion ability of PM2:s
which may or may not be correlated with ROS response of the cells as shown by several previous
studies®*2%. Thus, the different OP endpoints used in this study refer to different aspects of



oxidative stress, which is difficult to be captured by a single acellular or cellular assay,
necessitating the use of multiple endpoints to comprehensively assess PM2 s toxicity.

Based on the reviewer’s suggestion, we have attempted a correlation analysis among all OP and
cytotoxicity endpoints. The heatmap with the correlation coefficients (Pearson’s r) for different
regions is shown in the Supplementary Fig. 9 (reproduced below for the convenience of the
reviewer). The figure shows that there was no appreciable correlation among most of the intrinsic
endpoints, except for the correlation between OP“m and CDm (r > 0.5). The correlations among
extrinsic endpoints were better, although no consistent pattern was observed across different
regions. For example, CDv showed a strong correlation with OP%v ( > 0.6) and a moderate
correlation with almost all acellular OP (0.4 < r < 0.6) in most of the regions, except Midwest US.
On the other hand, OP%!y and OP!'y showed a weak correlation (r < 0.4) with other endpoints
at most of the sites except West Midlands (» > 0.4). This inconsistent pattern of correlation could
also be due to the fact that various cellular and acellular OP endpoints are shown to be driven by
different chemical species. For example, OPP'TT has been shown to be mostly associated with
WSOC and metals such as Cu, Mn, Zn and Fe in previous studies”?’. OP! has been shown to be
associated with Fe, Cu, Pb and A1°, while OP°! seems to be driven mostly by Fe and Cu?®. Cellular
OP has also been associated with a number of different species such as Cu, Mn, Ni, Cr, As, Pb,
and WSOC?>¥, Such a diversity in the relationship between OP and chemical components
underlines the complex toxic mechanisms triggered by PM» 5, thus necessitating the use of different
assays. In fact, the use of multiple endpoints (both cellular and acellular) to evaluate oxidative
stress using such a wide array of samples is one of the strengths of our work as only a handful of
studies have evaluated PM» s OP in such a comprehensive manner.

Cbm OP™m  OPSSHm OP‘:.m QPTTm CIZIJV DPI‘j”v OPIESHV OF;EV OP-D'”\-'

Supplementary Fig. 9: Heatmaps showing correlations (Pearson’s 7) among different OP and
cytotoxicity endpoints for different regions. Panel a) shows correlations among intrinsic endpoints
and b) shows correlations among extrinsic endpoints.



4)

We apologize for the confusion that might have arisen due to the nomenclature used in the
manuscript. To clarify the difference between cell-based and cell-free OP measurements, we have
replaced “cellular ROS” with “cellular OP” in the revised manuscript. Therefore, we now use the
term “acellular OP (OPP™T OPS" and OP°M)” to refer to all OP measurements conducted in cell-
free conditions and “cellular OP (OP)” to refer to OP measurements (through DCFH-DA)
conducted in A549 cells.

The author indicates in this work that the relationship between PM2.s and health effects is
not solely driven by PM mass, and the role of chemical composition, which drives its intrinsic
toxicity, cannot be ignored. This conclusion appears too simplistic, lacking depth, and lacks
novelty. Many studies have already demonstrated that the chemical composition of PM2s
does indeed influence its health effects.

Response:

We disagree with the reviewer’s comment on the lack of novelty in our manuscript. We agree that
several studies, some of which have already been cited in our manuscript, have demonstrated that
chemical composition of PM; 5 influences its health effects. However, what is lacking in those
previous studies is the mechanism on how this variation in the chemical composition results in
variable health effects. Oxidative stress or OP is the property of PM»s, which has been
hypothesized as the bridge between chemical composition and health effects, with evidences
coming from both laboratory studies showing the linkages of chemical composition of PM> s with
OP!3:14.27.28.31-33 " and clinical/epidemiological studies to link OP with the health effects!>-163473¢,
For the first time, we showed a similar non-linear relationship between OP (or cytotoxicity) and
PM>s mass concentrations, as observed between the health effects vs. PMa2s in recent
epidemiological studies. This would have been impossible without the extensive measurements
we have made in different geographical regions with different emission settings and meteorology.
Thus, as stated on line 216 of the original manuscript, the novelty of our manuscript is to provide
an important mechanistic basis for the observed non-linearity in the relationship between PM3 s
mass concentrations and health effects.

Line 216 of the original manuscript:

“These results, which are strikingly consistent with newer epidemiological studies demonstrating
a supralinear relationship between PM2s mass and mortality observed at lower PMays
concentrations>® and the flattening of the CR curve at higher PM2 5 concentrations’!, provide an
important mechanistic basis for the nonlinear relationship between PM2 s mass and health effects.”

Interestingly, despite numerous studies showing a better relationship of health effects with OP than
PM: s mass, the studies measuring OP of PM> s on large spatial extents are very limited. There are
few studies which have demonstrated that the variation in PM» s mass concentrations does not
correspond to the variation in OP'7*7. However, these studies have been limited to specific
geographical regions such as Midwest US!” and Europe®’. Therefore, it is not yet clear if such
trends are specific to a given region due to biases from specific chemical composition of PM2 5 in
that region. For example, if the main drivers (i.e., PMa2s chemical constituents) of OP correlate



well with PM2 s mass in a region, mass could seem to capture the PM2 s toxicity or OP well, but
this relationship will change when OP drivers no longer correlate with mass.

In our current study, we have demonstrated that such trends (i.e., disparity of PM2s OP or
cytotoxicity vs. mass) are not specific to certain regions or a specific toxicity assay. Rather, the
variations in PM2s mass in general are almost always lower than the variations in its OP. This
finding is also significantly important because it shows the inability of PM2 s mass to adequately
capture the variations in toxicity of PM2s and thus justifies the importance of intrinsic toxicity
measurements in understanding the health effects of PM»s. We are not aware of any other study
which has demonstrated the importance of developing regional concentration-response (CR)
curves through intrinsic toxicity and/or OP measurements, as made possible through our extensive
measurements at 14 sites across the world.

To summarize, our conclusions go beyond simply stating that the health effects of PM> s are
dependent on its chemical composition. Rather, we provide the mechanistic basis for this
statement, underlining the importance of including toxicity measurements in epidemiological
studies.
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Reviewer #2 (Remarks to the Author):
Some comments and questions as follows:

Overall, the time-dependent effect for each indicator has not been considered thoroughly.
For example, in the Cellular ROS and cytotoxicity measurements, why the exposure time
choose 24 hour. Do you have considered the difference of Cellular ROS and cytotoxicity in
other exposure time? Also in the Acellular OP Measurements, the time-dependent effect also
need to be considered. Multipoints slope method may be better to the endpoint method.

Response:

We apologize if there is any confusion, but we have considered time-dependent effects, using
multipoint slope method as suggested by the reviewer for all acellular OP measurements. We have
used the instrument SAMERA to measure acellular OP. This instrument indeed uses a multipoint
slope method in which the concentrations of DTT, GSH, and OHe are measured at designated time
intervals, and then uses these measurements to calculate their depletion or generation rates over
the entire time period. This procedure is described in detail in a previous publication (Yu et al.
2020) from our research group?®.

Briefly, the designated time intervals for various acellular OP assays are as follows:

1. For OPPTT the absorbance of 2-nitro-5-thiobenzoic acid (TNB, a yellow-colored complex
formed as a result of the reaction of DTNB with residual DTT in the measurement vial)
was measured at 5, 17, 29, 41, and 53 min.

2. For OPYSH fluorescence of GS-OPA was measured at 5, 24, 43, 62, and 81 min.

3. For OP®H, fluorescence of 2-OHTA was measured at 10, 29, 48, 67, and 86 min.

The calibration curves to quantify GSH, OHe, and DTT are prepared by measuring initial
fluorescence (for GSH, OHe) and absorbance (for DTT) intensity of different known
concentrations of GSH, OHe, and DTT, following the same protocol as described in the
manuscript. The consumption rate [uM/min (in case of GSH and DTT) and generation rate (in case
of OHe)] are then derived from these calibration curves.

Considering the reviewer’s concern that it might not have been clear from the original manuscript,
we have now modified the description of acellular assays in the “Methods” section of the revised
annotated manuscript (Page 24, Line 506 to Page 25, Line 532) to briefly describe the multipoint
slope method used in this study for acellular OP measurements. The modified section is reproduced
here for the convenience of the reviewer:

“DTT consumption rate was measured using the 5,5’-dithiobis- (2-nitrobenzoic acid) (DTNB)
method as described in our previous publication®®. Briefly, DTNB and a small aliquot from the RV
containing a mixture of PM> s extract and DTT were added to a measurement vial (MV). The DTNB
reacts with residual DTT to form a yellow-colored compound called 2-nitro-5-thiobenzoic acid
(TNB). TNB was then diluted using DI and passed through a liquid waveguide capillary cell
(LWCC-410 3100; World Precision Instruments, Inc., Sarasota, FL, USA), where the absorbance
at 412 nm and 600 nm (background) was measured by the spectrophotometer (Ocean Optics;



Dunedin, FL, US). This process was repeated at time intervals of 5, 17, 29, 41, and 53 min to
obtain the PM> s-catalyzed DTT decay rate. GSH depletion rate was measured using the o-
phthaldialdehyde (OPA) method®®. /n this method, a small aliquot from the RV containing PM s
extract and SLF was withdrawn at time intervals of 5, 24, 43, 62, and 81 min, and transferred to
a MV along with OPA. GSH reacts with OPA to form a fluorescent product called GS-OPA, and
the fluorescence was measured at an emission wavelength of 427 nm (excitation wavelength =310
nm) to estimate the residual GSH concentration. Finally, OHe generation rate was measured using
the 2-OHTA method?®. In this method, disodium terephthalate (TPT) is added to the R} containing
SLF and PM> s extract to capture the OHe generated during the reaction of PMas with the
antioxidants contained in SLF. The reaction between TPT and OHe produces a fluorescent product:
2-OHTA, which was withdrawn from the RV at time intervals of 10, 29, 48, 67, and 86 min and
diluted with DI in a MV. The diluted 2-OHTA was then passed through the flow cell of the
spectrofluorometer (Fluoromax-4, Horiba Scientific, Edison, NJ, USA) to measure its fluorescence
(excitation: 310 nm; emission: 427 nm). The instrument was calibrated with known standards of
2-OHTA (0-200 nM) and a yield factor of 0.35 (formation of 2-OHTA from OHe) was applied to
determine the concentration of OHe. The slopes of the DTT, GSH, and OH* concentration vs. time
curves were then used to determine the consumption (in case of DTT and GSH) and generation (in
case of OH*) rates (uM/min) in various OP assays.”

For cellular ROS and cytotoxicity measurements, our choice of 24 h was driven by two factors: 1.
the stability of DCFH-DA probe used in cellular OP assay; and 2. the consistency between the
duration for cellular OP and cytotoxicity experiments so that their results are comparable. For the
1* factor, we conducted some initial experiments to assess the stability of DCFH-DA working
solution at different time points and chose the most optimal exposure duration for our experiments.
A working solution of DCFH-DA (450 uM) was prepared, and its absolute fluorescence was
measured at various time points: 0, 1, 3, 4, 5, 6, 8, 12, 25, 48 and 72 h. Concurrently, DCFH was
prepared by deacetylating DCFH-DA (450 pM) using the method described in Reiniers et al.** and
mixed with 100 uM H»>O> (working as a surrogate for the ROS generated by the cells). The
fluorescence of this mixture was also measured at the same time points (i.e., 0, 1, 3,4, 5, 6, 8, 12,
25, 48, and 72 h). It was observed that the fluorescence of DCFH-DA was relatively negligible
until 25 h and started to gradually increase thereafter. However, the absolute fluorescence of DCFH
and H>O»> mixture attained its maximum value within 8 h and stayed constant thereafter, indicating
that the entire DCFH had reacted with H2O2 within 8 h to form DCF. Therefore, it can be concluded
that the fluorescence of DCF formed due to the reaction between DCFH and ROS would remain
stable till 24 h or more. However, the working solution of DCFH-DA could become unstable and
undergo autoxidation for an incubation period of more than 24 h. Thus, any measurement of ROS
after 24 h using this method may not be reliable. Therefore, the maximum duration for cellular OP
experiment was limited to 24 h in our study.

Although, we could have measured cellular OP and cytotoxicity for shorter exposure durations,
most cytotoxicity experiments involving PMz s use a minimum exposure duration of 24 h. We
wanted to keep the same duration for cellular OP and cytotoxicity experiments, so that their results
are comparable (2 factor). Therefore, 24 h exposure was chosen to keep a consistent exposure
duration for both assays. However, we acknowledge that both cellular ROS and cytotoxicity could



show time dependent response and this response could vary with the chemical composition of
PM. 5. To address the reviewer’s concern, we have added this limitation to the “Limitations and
implications” subsection of the revised annotated manuscript (Page 15, Lines 316 to 319):

“We also acknowledge that although we measured the time-dependent responses of acellular
assays, given the laborious protocols of cellular assays, we followed the conventional method
based on measuring cellular responses only at 24 h, which could underestimate some of these
endpoints.”

We have added the following lines (Page 20, Line 429 to Page 21, Line 436) to the revised
annotated manuscript to highlight the reason for choosing 24 h as the exposure duration:

“In the second step, PM» s water extract (78 pL), working solution of DCFH-DA (22 pL; DCFH-
DA preparation details are given in the Supplementary Method 1 in SI) and culture medium (100
uL), were added and the cells were incubated in the dark for 24 h. The exposure duration of 24 h
was chosen because the working solution of DCFH-DA was found to be stable till at least 25 h in
our initial experiments. Details of the experiment showing the time-dependent absolute
fluorescence of DCFH-DA are provided in Supplementary Method 2 and Supplementary Fig. 1 in
SL”

We have also added the following details about the experiments conducted on the stability of
DCFH-DA in the SI of the revised manuscript:

Supplementary Fig. 1: Variation in the absolute fluorescence of DCFH-DA over time. The blue
line represents the fluorescence of DCFH treated with H,O> whereas the red line represents the
fluorescence of the working solution of DCFH-DA without any treatment.

“Supplementary Method 2: Stability of the working solution of DCFH-DA

To determine the stability of DCFH-DA for cellular OP measurements, the working solution of
DCFH-DA (450 uM) was prepared, and its absolute fluorescence was measured at various time
points: 0, 1, 3,4, 5, 6,8, 12, 25, 48 and 72 h. Concurrently, DCFH was prepared by deacetylating
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DCFH-DA (450 uM) using the method described in Reiniers et al.** and mixed with 100 uM H>0>
(working as a surrogate for the ROS generated by the cells). The fluorescence of this mixture was
also measured at the same time points (i.e., 0, 1, 3, 4, 5, 6, 8, 12, 25, 48, and 72 h). As shown in
Supplementary Fig. 1, the absolute fluorescence of DCFH-DA was relatively negligible until 25 h
and started to gradually increase thereafter. However, the fluorescence of the DCFH and H:0:
mixture attained its maximum fluorescence within 8 h and stayed constant thereafter, indicating
that the entire DCFH had reacted with H>O: to form DCF. Therefore, it can be concluded that the
Sfluorescence of DCF formed due to the reaction between DCFH and ROS remains stable till at
least 24 h. However, the working solution of DCFH-DA could become unstable and undergo
autoxidation for an incubation period of more than 24 h.”

For the cellular ROS measurement, after incubation 24 h the cells may have dead, did the
ROS can be detect in dead cells? How do the dead cells affect the cellular ROS?

Response:

Yes, in our modified DCFH-DA method, the ROS generated in the dead cells are also detected.
We agree with the reviewer that the traditional cellular OP protocol, which first involves incubating
the cells with the toxicant for 24 h (in absence of DCFH-DA), followed by incubating them with
DCFH-DA for 30-60 min**?, fails to capture the ROS response of dead cells during first
incubation period. This is because DCFH-DA needs esterase enzymes to form DCFH and these
esterase enzymes are present only in viable cells®, therefore they do not capture any ROS that may
have been generated in the dead cells. However, we have modified the DCFH-DA method based
on a few recent studies*** to address this issue. Our method ensures that the cells are preloaded
with DCFH-DA to capture the total ROS generated during the entire 24 h exposure period. In our
protocol, by exposing the cells to a mixture of DCFH-DA, culture medium and PM; 5 extract, we
can capture both intracellular and extracellular ROS causing cytotoxicity throughout the exposure
duration. Therefore, even though the cells are dead, most of the ROS in the cells would have been
captured by DCFH-DA.

In this study, a lung epithelial cell line, A549 have been chosen, how about other cell lines?
In the epidemiology study, Particles have been proved to be greatest damage to
cardiovascular diseases, have you considered cardiovascular cells?

Response:

We agree with the reviewer that PM»s has been associated with cardiovascular diseases in
epidemiological studies and evaluating the effect of PM2 s toxicity on cardiovascular cells may
help establish the mechanistic basis of such studies. However, our choice of a lung cell line was
driven by the fact that inhaled ambient particles are first intercepted by cells in the respiratory tract.
The toxicity caused in these cells and the associated damage to lungs can also translate to the other
parts of the body such as the cardiovascular region. Therefore, to understand the genesis of
cardiovascular diseases, it is important that we have a firm understanding of the effect of PM2 s on
the pulmonary region first. We chose A549 as it is a human alveolar basal epithelial cell line which
is representative of the cells responsible for the diffusion of substances, such as water and
electrolytes, across the alveoli of lungs*®. The cells in this region play a crucial role in preventing
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inflammation*’” and maintaining the normal lung architecture by renewing other types of alveolar
cells*®. It is possible that the inhaled particles can translocate to the cardiovascular region*->, but
it is the alveolar region, which facilitates the entrainment of particles and their constituents into
other regions of our body by crossing the blood-air barrier’!. Therefore, to understand the effect of
PM2: 5 on any other organs of our body, it is crucial that we understand its effect on the alveoli first.
A549 is a well-established and one of the most widely used cell lines in PM> 5 studies®*>°.

We have added the following sentences in the “Methods” section of the revised annotated
manuscript (Page 20, Lines 413 to 419) to justify the choice of A549 cells in our study:

254 and s

“A549 is one of the most widely used cell lines in PM>;s toxicological studies
representative of the cells responsible for the diffusion of substances, such as water and
electrolytes, across alveoli of the lungs. The cells in this region play a crucial role in preventing
inflammation*’, and maintaining the normal lung architecture by renewing other types of alveolar
cells®. Moreover, the alveolar region facilitates the entrainment of particles and their constituents
into other regions of our body by crossing the blood-air barrier®', making A549 a suitable choice

for our study.”

We also acknowledge that there are cell lines which are representative of other parts of the
pulmonary and cardiovascular region that could be used as a model for testing PM» 5 toxicity. We
have added the following sentences in the “Limitations and implications” subsection (Page 15,
Lines 307 to 313) of the revised annotated manuscript:

“The choice of our cell line and the endpoints could also limit implication of cellular toxicity
results. Although, A549 is a widely used alveolar epithelial cell line relevant to alveolar exposure
to PM> s, its responses cannot be equated to other cell lines such as BEAS-2B, 16-HBE14o0, Calu-
3 (relevant to broncho tracheal region exposure to PM> 5), and pulmonary and cardiovascular cell
lines [e.g., THP-1 (macrophages), HEK-293, HMVEC-L and HULEC-5a (human lung
microvascular endothelial cells), and H9C2].”

In this paper, you only test toxicity of the water-soluble extracts, how about the water-
insoluble parts? Do you consider the PM extracts extracted from other solvents?

Response:

We thank the reviewer for bringing up the point about other solvents. This comment is similar to
the 1% comment of Reviewer #1. We have reproduced our response to the comment here for the
convenience of the reviewer:

“We agree with the reviewer that the composition of PM» s is highly complex containing both
water-soluble and insoluble components. As mentioned in our manuscript, we have measured only
water-soluble oxidative potential (OP) and cytotoxicity. This decision was driven by several
unavoidable factors. Devising suitable extraction protocols for offline filters that could replicate
the fate of inhaled particles in the most physiologically relevant manner is a topic of ongoing
research. However, currently there is no universally accepted protocol for total PM» 5 extraction
for OP and toxicity measurements. A method for measuring total OP was proposed by Gao et al'.,
in which the entire filter was submerged in the reaction vial so that all the particles in the filter



could participate in the oxidative stress reaction. Although this method is suitable for acellular OP
measurements, it cannot be applied to cellular OP and cytotoxicity measurements as filter fibers
could themselves be toxic to the cells?. Thus, application of this method will complicate the
computation of PM 5’s actual contribution to cytotoxicity.

So far, two extraction procedures for extracting the PM> s from filters have been widely used: water
extraction and organic solvent extraction. Preparation of water extracts is rather straightforward.
However, there are several issues associated with the extraction of PM> s using organic solvents.
First, there are several organic solvents [e.g., methanol, dichloromethane (DCM), hexane, acetone,
and acetonitrile, etc.], typically used for extracting water-insoluble PM» s components® . These
solvents differ widely in their polarities, resulting in the extraction of different PM2.s components?
leading to different OP responses. For example, it has been shown that the solubility of brown
carbon (BrC) in methanol could be significantly different compared to its solubility in DCM and
this difference could vary depending on the source of BrC>. Second, any organic solvent used to
extract the PM s needs to be evaporated (e.g., using N gas or heating in a rotary evaporator)>®’,
which could also result in the loss of labile PM2s components®, thus reducing the advantages
purported by these solvent extraction procedures. Third, the influence of these solvents on
modifying cellular responses has not yet been adequately quantified. For example, it has been
reported in a previous study that interactions between DCM and the filter material could
substantially amplify the cytotoxicity and thus misrepresent the actual toxicity of PMas
components®. Finally, the physiological relevance of using such organic solvents for toxicity
studies has not yet been established. It is possible that the solubility of water-insoluble compounds
in lung fluids could vastly differ from their solubility in organic solvents. Thus, by using such
organic solvents we might be overestimating the contribution of water-insoluble species to the
overall toxicity of PM3s.

We fully agree with the reviewer that water-soluble extracts do not represent the overall toxicity
of PM>s. However, considering all these issues associated with the extraction of water-insoluble
PM; s components and the measurement of their cellular toxicity effects, we decided to choose
water-soluble extracts, so that the comparison between cellular and acellular OP or cytotoxicity is
reasonable. Moreover, water-soluble extraction has been employed in innumerous OP-related
studies in the past’'* and the OP measured on such extracts has even been shown to be associated
with several diseases such as asthma/wheeze and congestive heart failure'> and ischemic heart
disease!®.

Considering the reviewer’s concern, we have added a few sentences to address this limitation in
the “Limitations and implications” subsection of the revised annotated manuscript (Page 15, Lines
299 to 307). We have reproduced the discussion here for the convenience of the reviewer:

“Second, our study focused only on water-soluble extracts of PM>s. Water-insoluble species of
PM: s have also been shown to contribute to PM. s toxicity*""", and thus water-soluble fraction of
the PM> 5 used in our study can be considered as the lower limit, as it does not fully substitute for
the overall toxicity of PM:s. Note, our choice of water-soluble fraction was driven by the lack of
a standardized protocol to measure total OP or cytotoxicity of PM> 5 that is equally applicable to
both acellular and cellular assays. Although, several solvents (e.g., methanol, dichloromethane,
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hexane, acetone, and acetonitrile) have been suggested to extract the water-insoluble fraction of
the PM>5**, the adequacy of these solvents to retain PM>s chemical composition, which is
physiologically relevant for the cellular exposure has not been tested.””

Why not choose inflammatory factors as the indicators?
Response:

The reviewer raises a valid point about the importance of inflammatory factors as indicators of
PM: 5 toxicity. However, there are several inflammatory factors such as CXCLS, IL-1a, IL-1f,
COX2, and TNF-a which are triggered by PM»5*, and it is not yet established which one of these
is most relevant to PM> s-induced toxicity. Moreover, given the constraint we had related to the
PM> s mass loadings on these filters (minimum mass = 1200 pg), it was not possible for us to
evaluate all these inflammatory factors for all of the samples along with the acellular OP
measurements. Even the conducted analyses (i.e., acellular and cellular OP, and cytotoxicity)
consumed some of the filters completely. Therefore, the choice of cytotoxicity and ROS response
was driven by the need for bulk parameters, which could better represent the PM; s-induced
toxicity. For example, the cytotoxicity endpoint (i.e., cell death) measured in our study probably
incorporates some of these intermediate inflammatory responses and is a more wholesome metric
than the inflammatory markers.

Considering the reviewer’s concern, we have added the following additional sentences (Page 15,
Lines 313 to 316) in the “Limitations and implications” subsection of the revised annotated
manuscript acknowledging that there might be other indicators of PMa2 s toxicity that were not
measured in our study:

“Measurement of cellular responses other than cellular OP and cytotoxicity, such as inflammatory
cytokines, gene expressions and specific type of cell death (e.g., necrosis, apoptosis and
autophagy) could provide more valuable insights into the toxicity mechanisms triggered by PM>5.”

The discussion between toxic indicators and PM chemical components need be strengthened.
Response:

We thank the reviewer for this suggestion. However, we intentionally avoided the discussion on
the relationship between different toxic indicators and PM2 s chemical components for two reasons:
1. It will dilute the focus of the current manuscript, which is the relationship between PM> 5 mass
and OP (or cytotoxicity), 2. The relationship between toxicity and chemical components requires
an in-depth discussion and we plan to prepare another manuscript on that topic, where we will
include some mechanistic analyses as well along with statistical correlation. However, following
the reviewer’s suggestion, we have added a brief discussion in the revised annotated manuscript
about the association of different toxicity indicators and chemical species (Page 8, Line 161 to
Page 9, Line 167). The discussion has been reproduced here for the convenience of the reviewer:

“A simple correlation analysis conducted between OP (or cytotoxicity) vs. measured chemical
components (Supplementary Table 5 in SI), showed that different OP and cytotoxicity endpoints
were associated with different chemical species in different regions. In general, OP°™v showed a



strong correlation with Fe, Cu, and WSOC (r > 0.5), OPP""v was strongly correlated with Fe, Mn,
and Cu (r > 0.6), and OPv was associated with Co, Mn, Fe, and Cu (r > 0.5). OP%™y showed
moderate association with Cu, Al, and K, while CDv showed a strong correlation only with Fe and
WSOC (r>0.5).”

We have also added Supplementary Table 5 in SI showing the correlation coefficients (Pearson’s
r) between extrinsic OP, CD, and different chemical species for different regions. The Table has
been reproduced here for the convenience of the reviewer.

Supplementary Table 5: Pearson’s r for the correlation of ambient concentrations of different
PM: s chemical species with extrinsic OP and cytotoxicity.
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Reviewer #3 (Remarks to the Author):

Salana et al. present comprehensive aerosol mass, toxicity, and chemical composition
measurements performed on a large set of aerosol filter samples collected over a broad
geographical range. This is an important and valuable dataset because it allows for direct
comparison between the samples collected in different locations, which is often not possible
due to the non-standardized nature of the aerosol toxicity measurements performed by
different research groups. This comparison allows the authors to reach the conclusion that
the relationships between their measured health endpoints and PM mass is different in
different locations. This is an important observation that has several interesting implications
as discussed by the authors. I have a few specific comments that I believe require revision
and/or clarification.

One important methodological detail that is currently missing is a description of how the
PM2.5 mass concentrations were measured. Since part of the analysis hinges on the
variability in PM2.5 mass concentrations relative to those in the measured health endpoints
it would also be important to report some uncertainty estimates for the different
measurements.

Response:

We thank the reviewer for this comment. At most sites (except Atlanta), PM2s filters were
gravimetrically weighed, and the collected PM2 s mass was divided by total volume of sampled air
to obtain the PM> s mass concentrations. At Atlanta, PM2 s mass concentrations were measured
using a tapered element oscillating microbalance (TEOM). We have now added this information
in the subsection “Sampling site and sampling periods” (Page 19, Lines 396 to 398).

The uncertainties in PM> s mass concentrations in different regions varied between 7-10%. The
details of the uncertainties for various instruments used for the collection and weighing of filters
and the overall uncertainty in PM2s mass concentrations for various regions have now been
provided in Supplementary Table 2 of the SI.

We also calculated the uncertainties in extrinsic OP and cytotoxicity measurements as well as the
uncertainties in the ambient concentrations of different chemical species. Overall, the uncertainties
in OP and cytotoxicity measurements ranged from 5% to 13%, while those in the ambient
concentrations of chemical components ranged from 9% to 12%. All these uncertainties have now
been added to Supplementary Table 2, which is reproduced here for the convenience of the
reviewer.



Supplementary Table 2: Uncertainty (%) estimates for various measurements i.e., PM> 5 mass,
chemical components, OP, and cytotoxicity*
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*Uncertainty in PM> s mass measurements (om) was calculated as follows:

o=/ (0p)? + (0w)?

where, o5 is the uncertainty in volume of air sampled (2-7%, depending on the sampler) and o,,
is the uncertainty in weighing filters (6-10%, depending on the weighing balance). At Atlanta site,
uncertainty in PM>s mass measurements was the uncertainty of Tapered Element Oscillating
Microbalance (TEOM) as provided by the manufacturer.

Uncertainties in OPv and CDv measurements (oopand o cp) were calculated as follows:

aor(or acn) =/ (07)? + (Oe)? + (0,)?

where, O, is the uncertainty of the instrument used for the specific measurement and oe is the
uncertainty in PM> s extraction (2%). The uncertainties (0, ) for SAMERA, used for acellular OP
[OP°y (9%), OPSHy (11%) and OPP™v (7%)] measurements were calculated from accuracy and
precision data reported in our previous publication®®. The uncertainties for the instruments used
for measuring OP“v [Benchtop spectrofluorometer (4%)] and CDv [SpectraMax microplate
reader (6%)] were calculated from the accuracy and precision of the instruments provided by the
manufacturer.

Uncertainty in the concentrations of chemical species (o.) was calculated as follows:

o=+ (0n)? + (0.)? + (01)?

where, o; the uncertainty of ICP-MS (6%), or TOC analyzer (5%) used for metals and WSOC
measurements, respectively, as calculated from the accuracy and precision data of the instruments
provided by the manufacturer.”

The focus of the paper is on the relationship between the S aerosol toxicity metrics and PM2.5
mass. In my opinion this is a good choice since a clear message emerges from the paper.
Nevertheless, many experts will also be interested in the relationships between the S toxicity
metrics themselves, since the development of such metrics is an active area of research.
Perhaps the authors could add a heatmap or scatterplot matrix to the supplementary
information to show these relationships, while noting that a detailed discussion of all the
differences would be beyond the scope of the paper.

Response:

We thank the reviewer for this suggestion. We have added a brief discussion and heatmap showing
the correlation among different endpoints in SI of the revised manuscript. For the convenience of
the reviewer, we have reproduced Supplementary Discussion 1 and Supplementary Fig. 9 below:

“Supplementary Discussion 1: Correlation among different OP and toxicity endpoints

We conducted a correlation analysis among all OP and cytotoxicity endpoints. The heatmap with
the correlation coefficients (Pearson’s r) for different regions is shown in Supplementary Fig. 9.
The figure shows that there was no appreciable correlation among most of the intrinsic endpoints,
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except for the correlation between OP“m and CDm (r > 0.5). The correlations among extrinsic
endpoints were better, although no consistent pattern was observed across different regions. For
example, CDv showed a strong correlation with OPv (r > 0.6) and a moderate correlation with
almost all acellular OP (0.4 < r < 0.6) in most of the regions, except Midwest US. On the other
hand, OP%™y and OP°"y showed a weak correlation (r < 0.4) with other endpoints at most of the
sites except West Midlands (v > 0.4). A more detailed discussion about these correlations and their
mechanistic explanation is beyond the scope of the current paper.’

>
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Supplementary Fig. 9: Heatmaps showing correlations (Pearson’s ») among different OP and
cytotoxicity endpoints for different regions. Panel a) shows correlations among intrinsic endpoints
and b) shows correlations between extrinsic endpoints.

L46: Typo? 'a dearth’', rather than simply 'dearth’'.
Response:
The typo has been corrected to “a dearth”.

L84: To perform a study with such broad geographical coverage it is necessary to use offline
filter samples. However, this brings the limitation that the toxicity measurements will not
capture short-lived ROS and OP-relevant species. I think it is worth briefly discussing this
limitation, especially since the samples had variable storage times.

Response:

We thank the reviewer for this suggestion. We agree that due to the use of offline filter samples
and variable storage times, short-lived ROS and some of the OP-relevant species might have been
decayed. Previous studies have shown that short-lived compounds such as semi-volatile organic
compounds could contribute significantly to OPPTT and cellular OP3"°. Moreover, studies
investigating the PM> s-bound ROS have shown that using offline filter methods to collect PM> 5
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might lead to the loss of several ROS species such as peroxy radicals and peroxide-containing
highly oxygenated molecules (HOMs)®*-%2. All these factors could lead to underestimation of OP
and cytotoxicity of the PM 5 samples collected in our study.

We have added the following sentences (Page 14, Line 292 to Page 15, Line 298) in the
“Limitations and implications” subsection of the revised annotated manuscript to discuss this
limitation:

“Although substantial efforts were resourced in our study to coordinate PM> s sampling in various
parts of the world, it had some limitations which should be carefully considered before the general
implication of our results. First, the collection and transport of filters from such an extensive
spatial scale leads to unavoidable artifacts related to offline filter collection and the variable
periods of sample storage, which could result in the loss of short-lived redox-active compounds,
e.g., peroxy radicals and peroxide-containing highly oxygenated molecules (HOMs)** %, and
semi-volatile organic compounds®. Thus, the OP and cytotoxicity of the PM> s samples collected
in our study could have been underestimated.”

L131: Could these differences be partly due to the use of CoV as a metric, given this partially
depends on sample size, which is more than an order of magnitude higher for the Midwest
US than India? The authors might consider ways of demonstrating that sample size is not a
critical factor when making comparisons across the different regions.

Response:

We thank the reviewer for this comment. We agree that CoV partially depends on the sample size,
and it could be an issue while comparing the CoVs of Midwest US with those of other regions like
India, Atlanta, and West Midlands. Therefore, following the reviewer’s suggestion, we further
checked if the differences in CoVs observed between different sites and endpoints are indeed
significant. We used the asymptotic test for the equality of coefficients of variation as proposed by
Feltz and Miller®, using the R package, cvequality® to calculate the p values for site-wise and
within-site comparison of CoVs for different endpoints. These p values are now added as
Supplementary Table 3 in the SI of the revised manuscript.

As can be seen from this table, most of differences in the CoVs we discussed in the manuscript are
indeed statistically significant (p < 0.05), despite the differences in their respective sample sizes.
For example, the p values for the difference of CoV of PM> s mass in Midwest US vs. CoVs of
PM: s mass at rest of the regions, was < 0.05 for all the cases, except for Atlanta. p values for the
difference of CoV of PM2.5 mass in India vs. Midwest US was also significant (p = 0.01). Similarly,
p values for the difference between CoVs of PM2s5 mass and the CoVs of extrinsic OP and
cytotoxicity were < 0.05 for most of the sites. However, some of the differences were also non-
significant (i.e., p > 0.05). In the revised manuscript, we have removed all the claims where the
differences between respective CoVs were not significant. The manuscript is updated with the p
values at all relevant places comparing CoVs of PM2 s mass at different sites and the CoVs of two
PM: s endpoints at a given site. Supplementary Table 3 is reproduced here for the convenience of
the reviewer.



Supplementary Table 3: p values for the site-wise and within-site comparison of CoVs for
different PM> s endpoints. p values < 0.05 are shown in bold.

The modified text (Page 25, Line 548 to Page 26, Line 551 of the revised annotated manuscript)
is reproduced here for the convenience of the reviewer.

“Statistical significance of the differences in CoVs observed between different sites and OP (or
cytotoxicity) endpoints was determined by the asymptotic test for the equality of CoVs as proposed
by Feltz and Miller® using the R package, cvequality (Version 0.1.3)%*.”

And Page 7, Line 139 to Page 8, Line 150 of the revised annotated manuscript:

“Interestingly, despite the longest sampling span in the Midwest US (one year), the variation in
PM: s mass concentrations (CoV = 32%;, Figure 2) was lower (p < 0.05; see Supplementary Table
3 in SI for statistical significance of the differences in CoVs observed between different sites and
endpoints) than in most of the regions except Atlanta. The variation in PM> s mass concentrations
in India was significantly larger (CoV = 49%), compared to the Midwest US (p = 0.01) despite
only 17 samples collected from India. CoVs of PM> s mass in Chile (CoV = 77%) were higher than
in the Midwest US (p < 0.001) and Atlanta (p = 0.02).
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In general, the variations in PM>s5 mass were significantly lower than that in OPv and CDv at
most sites with few exceptions (see Supplementary Table 3), which was supported by all three
metrics used to assess variability, i.e., CoV, RCVg, and RCV.”

L138: One other potential issue with the use of CoV as a statistical metric is inflated values
due to division by means that approach zero. I am wondering if this could be an issue for
some of the GSHv CoV values, given the GSHv measurements sometimes approach zero, and
even more so for the element CoV values shown in Fig. S7, since I assume some of the
elements were present in very low concentrations. The authors could look at additional
metrics of variability to support their observation that the elemental concentrations varied
more widely than the corresponding total mass concentrations.

Response:

We thank the reviewer for this comment. We agree that CoV based on mean values may not be
reliable in the cases when mean values approach zero. This is true for some of the endpoints used
in our study such as OPY5"y and the ambient concentrations of elements. To address this issue, we
have calculated two more metrics of variability — robust coefficient of variation based on
interquartile range (RCVq) and robust coefficient of variation based on median (RCVm)®, to
support our observation that the variations in total PM2.s mass concentrations were lower than the
concentrations of individual PM2 s chemical species.

RCVq =(0.75 x IQR)/m; where IQR = interquartile range and m is the sample median

RCVwMm = (1.4826 x MAD)/m; where MAD = Median Absolute Deviation and m is the sample
median

Comparison of RCVq and RCVy values for PM» 5 mass concentrations with those for the OPv,
CDv and ambient concentrations of all the chemical species, shows that the variations in the mass
concentrations are in general lower irrespective of the metric used.

We have now revised the figure in SI with a heatmap showing the three different metrics of
variability for various extrinsic PM2s endpoints, i.e., mass, volume normalized acellular and
cellular OP, CD, and ambient concentrations of various PM» s chemical species (ug/m?) at different
sampling sites. We have also added a few sentences in the revised annotated manuscript (Page 7,
Lines 133 to 139) to include the discussion on these additional parameters we calculated to
represent the variability of different endpoints. Both the figure and the revised discussion are
reproduced here for the convenience of the reviewer:

“Since CoV is more sensitive to the outliers and can be inflated in the cases when arithmetic
averages of the data approaches zero, we also quantified the variations in different endpoints
using two more metrics: robust coefficient of variation based on interquartile range [RCVgo = 0.75
x (interquartile range x 100)/median] and robust coefficient of variation based on median [RCV y
= 1.483 x (median absolute deviation x 100/median)]®.The RCVo and RCVy values for different
extrinsic endpoints (i.e., PM> s mass, OPv and CDv) at various sites are given in Supplementary
Fig. 8.



Page 8, Lines 147 to 150 of the revised annotated manuscript:

“In general, the variations in PM> s mass were significantly lower than that in OPv and CDv at
most sites with few exceptions (see Supplementary Table 3), which was supported by all three
metrics used to assess variability, i.e., CoV, RCVg, and RCV.”

Page 8, Lines 160 to 161 of the revised annotated manuscript:

“We also calculated the CoV, RCVg and RCVu for the chemical components measured in our
study (Supplementary Fig. 8 in SI).”

And Page 9, Lines 181 to 182 of the revised annotated manuscript:

“Both RCVo and RCVy also showed a similar trend as CoV, i.e., higher values for chemical
components than PM> s mass.”

Supplementary Fig. 8: Heatmap showing three different metrics of variability [CoV, RCVq and
RCVwm (%)] for various extrinsic PM»s endpoints, i.e., mass, volume normalized acellular and
cellular OP, and CD, and ambient concentrations of various PM, s chemical species (ug/m®) at
individual sampling sites. RCVq represents robust coefficient of variation based on interquartile
range and RCVu represents robust coefficient of variation based on the median. For India, we have
clubbed all the sites together because the number of PM2 s samples from each site is much lower
(n <5) as compared to all other sites (n > 10) (Ahmedabad, n = 3; Patiala, n = 5; Hisar, n = 5;
Faridabad, n = 5).
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L151: For completeness it should be mentioned that there are chemical species that were not
resolved by the measurements that could be influencing the observed variability in the
measured health endpoints (e.g. different organic aerosol fractions within the total WSOC).

Response:

We thank the reviewer for this suggestion. We have added the following sentences on Page 9, Lines
167 to 170 of the revised annotated manuscript to highlight this limitation:

“Note, WSOC is a bulk species containing a variety of organic compounds, such as polycyclic
aromatic hydrocarbons (PAHs), quinones, carboxylic acids, aldehydes, and amides**, and
measuring the composition of organic aerosols at such a chemically resolved scale is beyond the
scope of our current study.”

L215: The non-linearity is mainly driven by the 1 set of India samples with generally lower
intrinsic toxicity. To some extent this is an unavoidable limitation of the sample size (385
samples is already a lot relative to other studies). Nevertheless I think it argues against the
usefulness of purely data-driven non-linear fits. For example, do the authors consider the
cubic fits or CDv and OHyv against PM2.5 to be physically reasonable? What are the risks of
extrapolating these relationships beyond their fitted ranges? I wonder if a better approach
would be to assume a specific non-linear functional form (e.g. a log function) that has some
basis in the literature and/or theory, and then to compare that against a standard linear fit.
Are the authors aware of any non-linear functional forms that have been proposed in
previous studies that could perform this role?

Response:

We thank the reviewer for this suggestion. As suggested by the reviewer, we tried fitting other non-
linear functional forms (e.g., piecewise linear functions, cubic spline, Poisson regression and
logistic regression functions) used in previous studies and found that the logistic regression curve
fits our data best. Logistic regression has been used in several epidemiological studies exploring
the relationships between PM> s mass and health effects such as the relationship between exposure
to PM2 .5 mass and under-5 mortality in China®, all-cause mortality in the US®’, asthma morbidity
in rural USA®®, acute myocardial infarction in USA®, and elevated platelet counts in Taiwanese
adults’. We fitted logistic regression curve to all endpoints using the Python library called SciPy.
We found that logistic regression curves perform better than the standard linear fits for all the
endpoints used in our study. Furthermore, to demonstrate that the logistic regression curve provides
physically relevant estimations even after extrapolating for PM2.s concentrations beyond the fitted
range, we have plotted the curves for concentrations up to 700 pg/m? (these are included only in
this response document; see figure R1). Interestingly, these curves plotted beyond the collected
data range, still remained consistent with the conclusions made earlier (i.e., within the collected
data range) regarding a steeper slope at lower PM2.s mass (< 50 pg/m®) and gradual flattening at
higher mass concentrations (> 300 pug/m?).

We have now modified Figure 4 to replace the polynomial curves with the logistic regression
curves. We have also added a brief discussion on the logistic regression curves in the revised



manuscript as well as the details of various parameters and Python package used to fit the logistic
regression curve in SI. The modified Figure 4, and the related discussion in the main manuscript
and SI are reproduced below for the convenience of the reviewer.

Figure 4: Relationship between extrinsic OP (and cytotoxicity) vs. PM2.s mass concentrations
based on the entire dataset plotted together. Here, the intrinsic OP and cytotoxicity are
represented by the size of the bubble. Curves are fitted for a) the seasonally averaged data for all
five regions considered in this study (n = 12); and b) entire dataset for all sites: OPPTTv (n = 382),
OPCv (n = 375), OPSSHy (n = 385), OP°My (n = 380) and CDv (n = 365). In panel a, the blue line
represents the linear curve fitted for all five regions and the orange line represents the linear curve
after excluding India. In panel b, the blue line represents a linear curve, and the red line represents
the fitted logistic curve. RMSE represents root mean squared error.



Page 11, Lines 208 to 217 of the revised annotated manuscript:

“Figure 4a shows the linear regression analysis of extrinsic OP and cytotoxicity vs. PM> s mass

for the regional averages, while Figure 4b shows the same regression plot for the entire dataset
using both linear and non-linear regression curves. We used logistic regression to model the non-
linear relationship between OPv (and CDv) vs. PM>s mass. Logistic regression has been
extensively used in several epidemiological studies to explain the relationships between PM: s
mass and health effects, such as the relationship between exposure to PM > s and under-5 mortality
in China®, all-cause mortality in the US®", asthma morbidity in rural USA®, acute myocardial
infarction in USA% and elevated platelet counts in Taiwanese adults’®. Details about various
parameters and the software package used to fit the logistic regression curve are given in SI (see
Supplementary Method 6).”

“Supplementary Method 6: Details regarding the logistic curves to explain the relationship
between extrinsic OP (and cytotoxicity) vs. PM s mass concentrations.

We used the optimization package from an open-source Python library called SciPy which is
commonly used for solving scientific and technical computing problems such as optimization,
integration, linear algebra and constructing special functions. A logistic function is defined as:

o L
T 1+e(-k(x—x0))

Where,

+b

x0 is the value of the midpoint of the logistic function.
k = the logistic growth rate of the function

L = the maximum value of the Y in each iteration

b = bias in the function

Note, x is the dataset containing PM> s mass concentrations and Y is the predicted value of OP or
cytotoxicity.

The initial guesses for the different parameters were as follows:

L = maximum value in y dataset [i.e., maximum value in the OPv (or CDv) dataset]
k = 0.1 for OP™y and 1 for all others

x0 = median of x dataset (i.e., median of PM> s mass concentrations)

b = minimum value in y dataset

number of iterations = 4000



Figure R1: Relationship between extrinsic OP (and cytotoxicity) vs. PM2s mass concentrations
for PM, s concentrations up to 700 ng/m?>. Here, the intrinsic OP and cytotoxicity are represented
by the size of the bubble. The blue line represents a linear curve, and the red line represents the
fitted logistic curve.



9)

10)

Related to the above point, a clear point that emerges from Fig. 4 is the need for more
measurements at medium and high PM concentrations to better constrain the non-
proportional relationships between these metrics and PM2.5 mass. Perhaps the authors
could discuss this point as a goal for future studies.

Response:

We thank the reviewer for this suggestion. We agree that more measurements at medium and high
PM: 5 concentrations could better define the PM2 5 vs. OP (and cytotoxicity) curves. We have added
the following sentences in the “Limitations and implications” subsection of our revised annotated
manuscript to highlight this limitation (Page 16, Lines 320 to 326):

“Although, the overall range of PM>s mass concentrations obtained from our samples is quite
large (2-561 ug/m’), it is still mostly dominated by the samples with mass concentrations < 50 ug/
m? (354 out of 385 samples), and with only 19 samples having mass concentrations in the range
of 50-200 ug/ m*. Thus, the curves shown in Figure 4 could be somewhat biased by the samples
with low PM>s mass concentrations. Future studies should focus on more measurements at
medium and high PM:s concentrations to better constrain the non-proportional relationships
between health metrics and PMzs mass.”

Figure 4: The smallest data points (lowest intrinsic values) are difficult to see. The size of
these data points could be increased for better visualization, perhaps while reducing the
number of intrinsic categories (e.g. from >6 to ~3 or 4) so that the largest marker size is not
too large.

Response:

Figure 4 has now been modified by reducing the intrinsic categories to increase the relative size of
the data points. The modified figure has been reproduced here for the convenience of the reviewer.
We have reproduced the figure as a response to a previous comment (comment #8) by the reviewer.
The same figure has also been added below.



Figure 4: Relationship between extrinsic OP (and cytotoxicity) vs. PM2.5 mass concentrations
based on the entire dataset plotted together. Here, the intrinsic OP and cytotoxicity are
represented by the size of the bubble. Curves are fitted for a) the seasonally averaged data for all
five regions considered in this study (n = 12); and b) the entire dataset for all sites: OPPTTv (n =
382), OP%v (n = 375), OPSSHy (n = 385), OPMy (n = 380) and CDv (n = 365). In panel a, the blue
line represents the linear curve fitted for all five regions and the orange line represents the linear
curve after excluding India. In panel b, the blue line represents a linear curve, and the red line
represents the fitted logistic curve. RMSE represents root mean squared error.
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Reviewer #3 (Remarks to the Author):

The authors have responded effectively to all of my concerns and I have no further comments. I
recommend publication.



