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ABSTRACT

We investigated the spatiotemporal distribution and sources of cellular oxidative potential (OP) in the Midwest
US. Weekly samples were collected from three urban [Chicago (IL), Indianapolis (IN), and St. Louis (MO)], one
rural [Bondville (IL], and one roadside site [Champaign (IL)] for a year (May 2018 to May 2019), and analyzed
for water-soluble cellular OP using a macrophage reactive oxygen species (ROS) assay. Chemical composition of
the samples including several carbonaceous components, inorganic ions, and water-soluble elementals, were also
analyzed. The emission sources contributing to water-soluble cellular OP and PM; 5 mass were analyzed using
positive matrix factorization. The secondary organic aerosols contributed substantially (>54%) to PMy 5 cellular
OP at urban sites, while the roadside and rural OP were dominated by road dust (54%) and agricultural activities
(62%), respectively. However, none of these sources contributed substantially to the PM3 5 mass (<21%). Other
sources contributing significantly to the PM; 5 mass, i.e., secondary sulfate and nitrate, biomass burning and coal
combustion (14-26%) contributed minimally to the cellular OP (<13%). Such divergent profiles of the emission
sources contributing to cellular OP vs. PMj 5 mass demonstrate the need of considering more health-relevant

metrics such as OP in the design of air pollution control strategies.

1. Introduction

Ambient particulate matter (PM) has been related to pulmonary
disorders (Holst et al., 2020; Pun et al., 2017), cardiovascular disease
(Cesaroni et al., 2014; Tian et al., 2019), kidney cancer (Raaschou--
Nielsen et al., 2017; Turner et al., 2017), stroke (Huang et al., 2019;
Shah et al., 2015), and even dementia (Chen et al., 2017; Underwood,
2017). The particles with a diameter less than 2.5 pm are especially
hazardous because they can penetrate the respiratory system and de-
posit inside the lungs (Miller et al., 1979). Owing to the strong re-
lationships between PMj; 5 and various health effects, and given the ease
of measurement, mass concentrations have been used as the national
ambient air quality standards (NAAQS) to regulate ambient PMy 5.
However, even after NAAQS implementation for more than three de-
cades, more than 50 million people in the US currently live in the areas
with PM; 5 exceeding the standards (12 pg/m3) of annual mean PM> 5
concentrations (EPA, 2021). Many of these regions are in the midwest-
ern United States, such as Chicago, IL and Indianapolis, IN (Hu et al.,
2017). Not surprisingly, the Midwestern urban area has one of the
highest percentage (5-7%) of premature mortality related to PMj 5 in
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the US (Fann et al., 2018). A better identification of PMy 5 sources and
assessing their health risks in the Midwest US can probably help to
reduce these mortalities.

As sources of PMy 5 could vary a lot among different locations,
implementing an efficient PMy 5 control plan requires a good under-
standing of the regional emission sources. Source apportionment models
such as positive matrix factorization (PMF) and chemical mass balance
(CMB), have been applied to track the PM; 5 sources in the Midwest US.
For example, Milando et al. (2016) used PMF to investigate 15 years
(2001-2015) trend of PMj 5 contributors in Detroit and Chicago, and
found secondary sulfate, secondary nitrate, vehicular emissions and
biomass burning as the major sources contributing to PMj 5 mass. In
addition to these sources, industrial emissions also exerted a significant
impact on the PMj 5 in certain urban areas of the Midwest. Industrial
metal-rich sources such as metals (zinc, copper and lead) smelting and
steel processing were found to contribute 7-15% to the PM, 5 mass
concentration in urban areas of St. Louis, MO in 2000-2003 (Amato and
Hopke, 2012). In contrast, there are very few primary sources of PMj 5 in
the rural areas. Kim et al. (2005) showed an overwhelming role of sec-
ondary sulfate and nitrate, contributing to more than 80% of the PM5 5
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mass concentration at a rural site (Bondville, IL) in the Midwest US.

It is important to note that all the sources contributing to the PMy 5
mass do not necessarily contribute to the health effects. For example,
Krall et al. (2017) selected four U.S. cities (Atlanta, GA, Birmingham, AL,
St. Louis, MO, and Dallas, TX) to link anthropogenic emission sources
with emergency department (ED) visits for respiratory diseases (e.g.,
pneumonia, chronic obstructive pulmonary disease, upper respiratory
infection, and asthma.). For St. Louis metropolitan area, biomass
burning, diesel vehicle, and dust contributed significantly to the PMy 5
mass concentration, however, only biomass burning was positively
associated with respiratory effects [relative risk (RR)= 1.007; 95%
confidence intervals (CI): 0.999, 1.016]. These differences are probably
because not all components of the ambient PM, 5 are equally toxic. This
is further demonstrated in another epidemiological study conducted in
St. Louis to investigate PMy 5 components’ associations with cardio-
vascular diseases-related ED visits (Sarnat et al., 2015). The association
of ED visits with organic carbon (OC) was found to be stronger
[RR= 1.036 (95% CI: 1.001, 1.072)] than the PM5 5 mass concentration
[RR= 1.015 (95% CI: 0.980, 1.051)]. These studies are consistent with
the findings from our lab showing significant correlations of cytotoxicity
of ambient PMjy 5 collected from a midwestern site with only a few
components of the PMy 5, particularly water-soluble organic carbon
(WSOCQ), Fe, and Cu (Wang, Y. et al., 2018). Therefore, to better protect
the public health from the harmful effects of ambient PM5 5, we have to
shift our perspective from bulk mass to intrinsically toxic PMsy s
components.

Given that PM, 5 toxicity is a not very well understood phenomenon,
some guidance can be obtained from the initiating steps in PM 5 toxicity
ladder, which is the generation of reactive oxygen species (ROS) (Deng
etal.,, 2013; Feng et al., 2016). Both cellular and acellular assays exist to
measure the capability of ambient PM to generate ROS. The examples of
chemical assays are dithiothreitol (DTT) assay (Kumagai et al., 2002; Li
et al., 2003a, 2003b), ascorbate assay (Mudway et al., 2005, 2004),
glutathione (GSH) assay (Zielinski et al., 1999), and hydroxyl radicals
(*OH) generation in a surrogate lung fluid (SLF) (Charrier et al., 2014;
Vidrio et al., 2009), while researchers have most commonly used alve-
olar macrophages to assess the cellular generation of ROS (Delfino et al.,
2013; Hamad et al., 2016; Hiura et al., 1999; Landreman et al., 2008;
Wang et al., 2013; Zhang et al., 2008). Despite more strenuous protocols
of the cellular assays, cellular generation of ROS probably offers a more
accurate representation of the capability of PMj 5 in inducing the health
effects than the chemical assays. The overall capability of ambient PMy 5
to either oxidize the antioxidants/reductants or catalyze the production
of ROS is conveniently called the oxidative potential (OP) or ROS
activity.

Compared to the mass concentration, PMys OP could be a more
relevant metric to represent PM toxicity. Therefore, there is an emerging
trend of involving OP in PM;, s source apportionment studies. These
studies have come from different geographical regions of the world such
as Beijing (DTT assay) (Ma et al., 2018; Yu et al., 2019), Xi’an (DTT
assay) (Wang et al., 2020), Wuhan (DTT assay) (L. Liu et al., 2020; Q.Y.
Liu et al,. 2020), coastal cities (Jinzhou, Tianjin, and Yantai in China)
along the Bohai Sea (DTT assay) (Liu et al., 2018), southeast US (DTT
and ascorbate assays) (Fang et al., 2016; Verma et al., 2014), and Cal-
ifornia (DTT assay) (Charrier et al., 2015). These studies, although
limited, generally indicate highly differential profiles of the emission
sources for their contribution to OP vs. PMy 5 mass. For example, in the
study conducted by Yu et al. (2019) at an urban site in Beijing, vehicular
emission was responsible for only ~10% of PMj 5 mass concentrations in
summer and fall, but led to more than half of the PMj 5 OP measured by
the DTT assay. Similarly, the contributions of secondary oxidation,
biomass burning, and vehicular emissions in PM; 5 mass for the source
apportionment study conducted in southeast US were 58%, 14%, and
12%, respectively, compared to 29%, 35% and 16% contributions in the
DTT-based OP (Bates et al., 2015). As DTT activity turned out to be a
better predictor of asthma and congestive heart failure in that study,
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controlling its sources would be a more effective strategy to prevent the
adverse health effects of PMy 5 than the mass. Note, most of the OP
source apportionment results conducted so far have employed only the
chemical OP assays. To the best of our knowledge, we have found only
three studies that had used a cellular OP assay to conduct the source
apportionment analysis, that too were based on a relatively smaller
sample size collected from only a single urban site, i.e., Denver, CO
(N = 45 daily samples) (Zhang et al., 2008), Athens, Greece (N = 22
weekly samples) (Taghvaee et al., 2019), and Seoul, Korea (N = 52 daily
samples) (Park et al., 2018). Moreover, none of these studies have sys-
tematically compared the contribution of various emission sources to
the PMy 5 mass vs. cellular OP.

Given the dearth of literature on apportioning the emission sources
contributing to cellular OP on a relatively large regional scale, this study
focuses on the spatiotemporal distribution and source apportionment of
macrophage ROS activity of ambient PM; 5 in the Midwestern United
States. The study is based on an extensive sampling campaign conducted
for a year at five distinct sites — 3 urban, 1 rural and 1 roadside, in the
Midwest US. A macrophage ROS assay using rat alveolar macrophages
was used for assessing the cellular OP of the ambient PMy 5. In addition,
the detailed chemical characterization of the samples was conducted by
measuring the concentration of elemental carbon (EC), OC, WSOC,
brown carbon (BrnC), water-soluble elements, and inorganic ions.
Finally, both the chemical composition and macrophage ROS data were
processed by PMF to identify the emission sources contributing to
cellular OP. The results were compared with a parallel source appor-
tionment analysis conducted on the PMj 5 mass. Our study presents a
comprehensive analysis of the sources of a cellular OP endpoint using a
large number of samples collected from a region, which is rather
understudied in terms of the ambient PMy 5 pollution and its health
effects.

2. Materials and methods
2.1. Reagents

Nitric acid (HNOs3, <70%) was ordered from Avantor sciences
(Radnor, PA). Hydrochloric acid (HCl, ACS grade) was bought from
EMD Millipore Corporation (Billerica, Ma). We purchased the total
organic carbon (TOC) standard (500 ppm, consisting a mixture of hy-
drochloric acid, potassium hydrogen phthalate, and water) from Aqua
Solutions, Inc (Deer Park, TX). Methanol (HPLC grade) was bought from
Fisher Scientific (Fair Lawn, NJ). Multi-Element Calibration Standard 3
was bought from PerkinElmer, Inc (Waltham, MA). 2',7'-Dichloro-
fluorescin diacetate (DCFH-DA, >97%), zymosan, dimethyl formamide,
HEPES (>99.5%), sodium chloride (NaCl, >99.5%), potassium chloride
(KCl, >99%), calcium chloride (CaCl,, >96%), dextrose (>99.5%), so-
dium hydroxide (NaOH, 99.99%), 2-phenylphenol (99%), and sodium
nitroprusside dihydrate (>99%) were bought from Sigma-Aldrich Co.
(St. Louis, MO).

2.2. PM 5 samples collection and filters extraction

We deployed five high-volume samplers (HiVol, Thermo Anderson,
nominal flow rate 1.13 m® min™!, PMy5 impactor) at five different lo-
cations, three of which can be considered as urban background, one
rural and one roadside site. The urban background sites were located in
three major cities — Chicago (IL), St. Louis (MO), and Indianapolis (IN).
Chicago site (CHI, 41°50°12” N, 87°37°29” W) was located on a student
dorm in Illinois Institute of Technology (IIT). This site is surrounded by
six large parking lots, one parking garage, and a Chicago subway station
(Sox-35th) is within 100 m. Also, the freeway I-90 is 400 m away on
west side of this site. The sampling site in Indianapolis (IND, 39°46’44”
N, 86°10°38” W) was in Indiana University-Purdue University Indian-
apolis campus. This site is also surrounded by several parking garages
and parking lots. St. Louis site (STL, 38°39°23” N 90°11°54” W) is on
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north side of downtown St. Louis. More specifically, this site is at the
boundary between residential areas and an industrial zone consisting of
various industries (e.g., metal processing, industrial cleaning products,
salt manufacturing, pharmaceuticals, and metal recycling, etc.). The
distance of freeway [-70 from this site is only 150 m. It is an Ncore
(National Core Pollutants) site and has been used in previous regional
source apportionment studies based on PM; 5 mass (Amato and Hopke,
2012; Lee and Hopke, 2006). Champaign site (CMP, 40°06’58"N,
88°13’31”W) is adjacent to a major road (University Ave.) in the UIUC
campus. As shown in a previous research (Wang et al., 2018), this site is
impacted by the vehicular emissions in addition to the road-dust
resuspension. Besides these sites in urban locations, one sampler was
placed in a rural area, Bondville (BON, 40°03’05”N, 88°22’09”W).
Other than the secondary sources as reported in a previous study (Kim
et al., 2005), agricultural activities from the nearby farmlands seem to
be the only major source of emissions at this site. A more detailed
description of these sites is provided in our previous study (Yu et al.,
2021).

All the samplers started collecting PMy s on Tuesday 0:00, and
automatically shut down on Friday 0:00. The samples from all the sites
were collected on Friday morning, and the samplers were loaded with
new pre-baked (at 550 °C) quartz filters (Tissuquartz 2500QAT-UP, Pall
life Sciences, Port Washington, NY) at that time. All the filters were
weighed both pre- and post-sampling to determine the PMys mass
loadings. Prior to each weighing, filters were kept in a constant tem-
perature (24 °C) and humidity room (~50%) for 24 h. After weighing,
filters were wrapped in prebaked Aluminum foil and stored in a —20 °C
freezer. Our sampling campaign started on 05/22/2018 and completed
on 05/31/2019, with a total of 241 samples collected from all the sites:
45 from BON, 44 from CHI, 51 from CMP, 54 from IND, and 47 from STL.
More details of sampling are provided in Yu et al. (2021). The sampling
period was classified into four seasons — summer (June-August 2018),
fall (September-November 2018), winter (December 2018-February
2019) and spring (May 2018 to May 2019).

The macrophage ROS assay was conducted on the water-soluble
extracts of ambient PMj, 5. To prepare the PM; 5 water-soluble extract,
we cut a circular section (16 mm diameter) from the filter, immersed it
in 5 mL of deionized water (DI; Milli-Q; resistivity = 18.2 MQ/cm), and
sonicated it for 1 h. After sonication, we removed the fibers or insoluble
particles by filtering the extract through a 0.45 pm syringe filter.

2.3. Cellular ROS measurement

2.3.1. Macrophage cells

Rat macrophage cell line NR8383 was chosen for the cellular OP
assay. Incubation of the macrophage cells followed the instructions from
the American Type Culture Collection (ATCC) (Landreman et al., 2008).
Ham’s F-12 K (Kaighn’s) medium that contains 1500 mg/L sodium bi-
carbonate, 2 mM L-glutamine, and 15% of the heat-inactivated fetal
bovine serum was used to maintain the cells. Cells were cultured in the
plastic petri dishes kept in a humidified incubator at 37 °C and 5% COx.

2.3.2. Assay related solutions preparation

1 xSalts Glucose Medium (SGM) which contains 50 mM HEPES,
100 mM NaCl, 5 mM KCl, 2 mM CaCl,, and 5 mM dextrose, was made by
dissolving 5.958 g HEPES, 2.922 g NaCl, 0.1864 g KCl, 0.1470 g CaCls,
and 0.4504 g dextrose in 500 mL of DI. The solution was further filter-
sterilized by a sterile disposable vacuum filter unit (Fisherbrand). 10
folds concentrated SGM (10 x SGM) was also prepared in the same
manner with all components in 10 times concentrations as used in 1 x
SGM. To make 45 mM DCFH-DA solution, 21.8 mg DCFH-DA was dis-
solved in 1 mL dimethylformamide. From this stock DCFH-DA solution,
30 pL was aliquoted into several 1.5 mL vials (30 vials, each containing
30 pL DCFH-DA), and all of them were stored in a —20°C freezer. This
stock DCFH-DA solution was serially diluted with SGM, to make a
working solution (400 pM). In the first dilution, we mixed 25 pL of
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45 mM DCFH-DA with 225 pL. 1 x SGM to obtain 4.5 mM DCFH-DA.
135 pL of this DCFH-DA was again mixed with 590 pL 10 x SGM and
775 pL 1 x SGM to obtain the DCFH-DA working solution. Since, none of
the exposure samples, i.e., negative control (DI), ambient PMj 5 extract,
or positive control contained any nutrients, this working solution served
as a medium to maintain a constant nutrient concentration in all the
exposure vials. We chose zymosan (a glucan synthesized by yeast) as the
positive control for each macrophage ROS experiment and also to
normalize our results, thus making them comparable with other PMj 5
OP studies using macrophage ROS assay (Brehmer et al., 2020; Tagh-
vaee et al., 2019; Zhang et al., 2008). The unit of mass-normalized OP
and volume-normalized OP were expressed as pg of zymosan units/mg
of PM 5 and pg of zymosan units/m> of air, respectively, which are
consistent with previously studies based on macrophage ROS assay (Al
Hanai et al., 2019; Park et al., 2018). To prepare the positive control, we
added 10 mg zymosan in 10 mL DI. After mixing the solution on a vortex
mixer for at least 1 min, we transferred 2.56 mL solution into a 15 mL
centrifuge vial and added 7.44 mL DI to make 0.256 mg/mL zymosan
stock. The zymosan stock was kept in a refrigerator and was vortexed for
1 min prior to any use. The final exposure concentration of zymosan was
0.1 mg/mL. All the water-soluble PM; 5 extracts were diluted to <64 pg
PMy 5 mass/mL DI, so that when they were mixed with cells and
DCFH-DA, the final PM; 5 concentration became 25 pg PMs 5 mass/mL
or lower for all exposure experiments. The reason for controlling the PM
concentration in the exposure vials is discussed in the next Section.

2.3.3. Macrophage ROS assay

This assay is adapted from Landreman et al. (2008) but with a few
modifications so that the fluorescence can be measured by our bench-top
spectrofluorometer (RF-5301 pc, Shimadzu Co., Japan), instead of a
plate reader in the original method. Floating cells were harvested from
the plastic culture plates, and cell density was counted with a hemocy-
tometer. Subsequently, cell solutions were centrifuged (Sorvall Legend
X1R Centrifuge, Thermo Scientific, Germany) at the rate of 1000 rpm for
10 min. After spinning the cells down, the supernatant was removed by a
glass Pasteur pipette connected to a vacuum valve. A calculated volume
of 1X SGM was mixed with the cell pellet to make the final cell con-
centration as 2000 #/pL. Finally, 39 pL of the DCFH-DA working solu-
tion was mixed with 177 pL cell suspension and 138 pL of either of DI
(negative control) or PMj 5 extract or positive control (zymosan) in a
1.5 mL vial. All the samples, i.e., negative control, PM; 5 extracts, and
positive control were analyzed in triplicates. All these vials were then
kept in an incubator. After 2.5 h of incubation, 30 pL of the mixture was
taken from each vial and diluted with 2000 pL DI, before measuring the
fluorescence at 488/530 nm. The consistency of the measurement pro-
tocol was assessed by calculating the ratio of fluorescence caused by
positive control (zymosan) to negative control (cells treated with only
glucose medium and DCFH-DA). The average ( & 106) ratio from all our
positive control measurements was 3.7 & 0.5 (N = 46), which was very
close to the value (4.1) reported by Landreman et al. (2008), ensuring
the consistency of our measurements.

Since the cellular ROS response can get saturated if the cells are
exposed to a very high concentration of the toxic substance (Rodhe et al.,
2015; Stoiber et al., 2013), it is important to choose an appropriate
concentration of the PMy 5 extracts for cellular exposure to avoid un-
derestimation of the cellular OP. Therefore, we exposed the cells to
different concentrations (0, 13.5, 27, 50, and 108 pg/mL) of a randomly
chosen PM, 5 extract (CHI05/29/2018, a sample collected from Chicago
during 05/29/2018-05/31/2018), with a goal to obtain a linear range
for the PM; 5 concentration-cellular ROS response. As shown in Fig. S1
(SI), the ROS response for this sample remained linear below 27 pg/mL,
above which it starts plateauing. This linear range of the ROS response
with the concentration of PMy 5 extracts was further confirmed by 7
more samples chosen randomly and extracted in water at three con-
centrations (0, 15, and 30 pg/mL) (Fig. S1). Based on these tests, we
ensured to keep the concentrations of PMy 5 extracts in all of our
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exposure vials below or equal to 25 pg/mL.

Moreover, since our adapted method used a benchtop spectrofluo-
rometer instead of the plate reader to measure the fluorescence caused
by cellular ROS, to ensure there is no bias caused by this difference, we
measured the macrophage ROS activity of 10 ambient PM, 5 extracts by
both methods. As shown in Fig. S2 (SI), there is an excellent agreement
between these two methods with a coefficient of determination (R?)
= 0.97 and a slope close to 1, indicating the efficacy of our spectroflu-
orometric method to measure the ROS generated by the cells undergoing
oxidative stress.

2.4. Chemical composition analysis

The concentration of EC and OC was determined based on the Na-
tional Institute for Occupational Safety and Health (NIOSH) protocol
5040 (Birch and Cary, 1996). We punched a small fraction (1 x 1 cm?)
from each filter and directly analyzed its EC/OC content with a ther-
mal/optical transmittance (TOT) analyzer (Sunset Laboratory). For
measuring the concentration of WSOC, we transferred 1.5 mL of the
diluted water-soluble PMj; 5 extracts to 30 mL glass bottles and further
diluted it with DI to 25 mL. Prior to the transfer, the glass bottles were
rinsed with DI, dried in the fume hood and then baked in an oven at
550 °C for 24 h to remove any organic residues. The diluted PMj 5
samples were acidified to pH < 2 by adding 25 pL of HCl to convert
CO5% and HCO3™ to CO,. The concentration of WSOC in these acidified
PM, 5 extracts were then measured by a TOC analyzer (TOC-Vcpy, Shi-
madzu Co., Japan). The instrument was calibrated by measuring TOC
standards of different concentrations (0, 1, 1.25, 1.67, 2.5, and 5 ppm)
before measuring each batch (consisting of ~20 PMj; 5 samples). The
measurement of BrnC was based on the protocol used in several past
studies (Cheng et al., 2016; Hecobian et al., 2010; Kirillova et al., 2016;
Liu et al., 2013; Wu et al., 2019; Zhu et al., 2018). The BrnC quantifi-
cation was derived from Beer’s Law:

I
A, = —log,, (I_n) =1s) Cieg; = lsAbs

Where A; is the measured absorption, I and I, are the intensity of
transmitted and incident light, respectively, C; is the concentration of
the light-absorbing compound i in the solution, ¢; is the mass absorption
efficiency of compound i, 1 is the absorbing path length, Abs) is the
BrnC'’s absorption coefficient in the solution. To express the absorption
coefficient into equivalent ambient units, the above equation can be
written as:

Co 1o
Abs365 = (A365 — A700) = Infoi(10)
»

Where Azgs and Ayqg are the absorbance of PM, 5 water extract (10
pg PMay 5 per mL of DI) at 365 and 700 nm. C, is the concentration of
PM, 5 in the air (pg/mg). C, is the concentration of PM, s in the extract
(10 pg/mL). The absorbing path length (1) was 1 m in our experiments.
The absorption coefficient (Abssgs) in unit of Mm'! is equivalent to the
representation of BrnC in ambient mass concentration. An online spec-
trophotometer (Ocean Optics, Inc., Dunedin, FL) coupled to a liquid
waveguide capillary cell (LWCC-M-100; World Precision Instruments,
Inc., Sarasota, FL) was used to measure the absorbance of PM, 5 extracts
at both 365 and 700 nm wavelengths.

NexION 300X inductively coupled plasma mass spectrometer (ICP-
MS; Perkin Elmer, Waltham, MA) was used to analyze the concentra-
tions of 14 elements (Li, Al, K, V, Cr, Ni, As, Se, Ba, Pb, Zn, Cu, Fe and
Mn) in the water-soluble PM; 5 extracts. A multi-element calibration
standard with equal concentrations of each element (10 ppm each) was
used for the calibration. To build the calibration curves, we prepared a
concentration gradient (0, 5, 10, 20, 40, 80 ppb) for all measured ele-
ments by diluting this standard solution.

The concentrations of sulfate (3042') and nitrate (NO3") in the water-
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soluble PM, 5 extracts were determined via a Dionex ICS-2100 ion
chromatography system which is equipped with a Dionex IonPac AS18
column. The method for the water-soluble ammonium (NH4") mea-
surement was adapted from Kanda (1995). Briefly, we mixed the diluted
water-soluble PMy 5 extract (5 mL) with 0.8% sodium hypochlorite
(0.05 mL), 40 g/L o-phenylphenol (OPP) (0.1 mL), and 400 g/L triso-
dium citrate (1 mL). After 5 min, 0.5 g/L sodium nitroprusside (NaNP)
(0.1 mL), which was prepared by adding sodium nitroprusside into 3 N
NaOH solution, was transferred into the mixture. The sample was then
incubated at 40 °C for 15 min. In the presence of NaNP, OPP reacts with
NH4' and forms a blue indophenolic compound. The product was
quantified by a spectrophotometer (UV-2401PC, Shimadzu Corporation,
Japan) by measuring the absorbance at 670 nm wavelength. To calibrate
NH,4 ' measurement method, we made standard solutions of ammonium
sulfate ((NH4)2SO,4) ranging from 0 to 80 pM NH4" and analyzed them
following the same protocol. A typical standard calibration curve for
(NH4)2S0y4 is shown in Fig. S3 of SI.

2.5. OP Source apportionment using PMF and other statistical analysis

PMF is based on the receptor modeling technique (Paatero and
Tapper, 1993; Sun et al., 2020). The receptor model takes the advantage
of unique species profile in each source to solve the mass balance be-
tween chemical composition of the collected samples and the source
emission profile. The equation of the receptor model is described below:

P
Xj =Y gufiy +ei
k=1

Where x;; represents the concentration of species j in sample number i; p
is the total number of emission sources; gix denotes the contribution
factor of source k in sample i; fy; is the source profile of source k for
species j; and ej is the residual for each x;j. Derived from the above
equation, PMF reduces the objective function Q:

P
Xij — Z 8ify

0=y >y

Where uj; is the uncertainty for each x;;. Majority (99%) of our ambient
data was above the method detection limit (MDL), and for those below
MDL, the concentrations were set to 1/3 of MDL with corresponding
uncertainties replaced by 5/6 of MDL (Kundu and Stone, 2014). The
uncertainties for each chemical species used in PMF were the overall
uncertainties obtained by propagating the uncertainties at each step
starting from filter collection to analysis. The analytical uncertainties
were obtained by analyzing the standards (e.g., zymosan for macro-
phage ROS, sucrose solution for OC, TOC standard for WSOC,
multi-element calibration standard for elements, NH4NO3 for NO3", and
(NH4)2S0y4) for SO42' and NH;") or the same ambient sample analyzed
multiple (N > 6) times (for BrnC and EC) and calculating the standard
deviation from the measurement. The missing data were replaced with
the median values for that component, and an uncertainty of 400% were
assigned for those values (Verma et al., 2014). Separate PMF runs were
conducted for cellular OP and PM; 5 mass, while choosing them as the
total variable for apportioning the contribution of various factors to OP
and PM; 5 mass, respectively. For the base runs (N = 20), a seed of 15
was chosen and the model was executed for various numbers of the
factors (4—9). The correlation among individual factors was tested by
G-space plots. The solution space of these plots was filled by the
contribution values indicating the independence of different factors.
Seasonal and spatial OP variations were assessed by analysis of
variance (ANOVA) using SPSS 27. A correlation analysis (Pearson’s r)
between various parameters such as OP vs. PM; 5 components, OP at
various sites and intercorrelation among various PM; 5 components, was
conducted using SPSS 27. The correlations with P < 0.05 (irrespective of
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r) were considered significant, while those with r>0.6 and P < 0.05
were considered strong. The spatial heterogeneity of cellular OP was
also assessed by determining coefficient of divergence (COD), using the
following equation:

Where cj; and cj are the cellular OP at sampling site j and k, N is the
number of samples. COD varies from 0 to 1, with lower values (<0.5)
indicating spatial homogeneity, while higher values (>0.5) indicate
spatial heterogeneity.

3. Results and discussions
3.1. Macrophage ROS results overview

Fig. 1 shows time-series of the volume-normalized (OP;) and mass-
normalized cellular OP (OP,,) of the water-soluble PM5 5 extracts. The
ranges of the water-soluble OP, and OP,, observed in our study were
0.73-50.77 g of zymosan units/m> and 115 — 4253 g of zymosan
units/mg PM, respectively. These results are in the typical range of
macrophage OP reported for the ambient PM measured at several lo-
cations, such as Los Angeles (OP,: 0.3 — 110 pg of zymosan units/m?;
OP;,: 50-18,000 pg of zymosan units/mg PM) (Cheung et al., 2012; Hu
et al., 2008; Verma et al., 2009a, 2009b), Lahore (Pakistan) (OP,:
700-14000 pg of zymosan units/mg PM) (Shafer et al., 2010), Baghdad
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(Iraq) (OPp,: 20-180 pg of zymosan units/mg PM) (Hamad et al., 2016),
and Tehran (Iran) (OPy: 1500-5500 pg of zymosan units/mg PM) (Al
Hanai et al., 2019). As shown in Fig. 1, water-soluble OP, and OP;, seem
to have a similar spatiotemporal trend with their peaks occurring in
summer. It indicates only a marginal role of PM; 5 mass in controlling
the spatiotemporal distribution of the cellular OP.

3.2. Spatial-temporal variation

The seasonal averages of water-soluble OP, and OP,, at five sites are
shown in Fig. 2. Summer had the highest mean water-soluble OP, and
OP;,, while the mean water-soluble OP, and OP,, were usually the
lowest in winter. The seasonal variation profiles of cellular OP in our
study are similar to those in Denver, CO (Zhang et al., 2008), Los
Angeles, CA (Cheung et al., 2012), and Athens, Greece (Taghvaee et al.,
2019), all of which reported the highest activity in summer and lowest in
winter. Among the five locations, only CMP had an insignificant sea-
sonal variation in the water-soluble OP (P > 0.05 for both OP, and OP,,,,
F-value for OP, = 2.29 and OPp, = 1.42 for the one-way ANOVA test;
Table S1 and S2). On the other hand, BON had the strongest seasonal
variability (P < 0.01 for OPy and OPy,, F-value for OP, = 9.73 and OPy,
= 7.95). Given that BON is a rural site, the strong seasonality in
water-soluble OP there is possibly related to the agricultural activities.

Fig. 2 also suggests that the water-soluble OP in the Midwest US is
spatially homogenous. We found no significant differences in the mean
water-soluble OP, (F<2.03, P > 0.12; Table S3) and OP, (F<2.61,
P > 0.05) at various sites across different seasons (except spring;
P =0.04). Interestingly, the cellular OP (both mass and volume-

Fig. 1. Time series of volume-(top) and mass-(bottom) normalized water-soluble cellular OP at the sampling sites.
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Fig. 2. Seasonal averages of volume-(left) and mass-(right) normalized water-soluble cellular OP at the sampling sites. (Error bars denote one standard deviation

from the mean.).

normalized) at BON were comparable (or even slightly higher) to other
urban sites. Garcia et al. (2016) assessed the health risk of PMy 5 to
elderly residents in urban and rural California. The RRs of PMj s-related
cardiovascular disease, cardiopulmonary disease, and mortality in rural
areas were higher [e.g., RR for mortality = 1.128 (95% CI: 1.098,
1.162)] than in urban areas [0.988(95% CI: 0.978,1.002)]. Our study,
supporting their results highlights the importance of assessing the air
quality and its health impacts in rural regions as well.

To further quantify the spatial variability in PMj 5 water-soluble OP,
and OP,,, we calculated the CODs and correlation coefficients (Pearson’s
r) for different site pairs. The CODs for water-soluble OP, and OP,, were
within the range of 0.25-0.37 (Table 1), further confirming a spatially
homogenous profile for both cellular OP in the Midwest US. With the
exception for the pair CMP-BON, all of the correlation coefficients were
highly significant (P < 0.01), and many of these were quite strong (r
> 0.6). It implies that there are many common sources impacting the
macrophage ROS activity at most of these sites.

3.3. Correlation of OP with PM2 5 chemical components

To investigate the specific constituents that could influence the
spatiotemporal distribution of water-soluble OP, we correlated the
volume-normalized macrophage ROS activity with the ambient con-
centrations of measured PM; 5 components in Table 2. Here, we have
composited all the data without any segregation of different seasons. We
have defined the correlations as significant if P < 0.05, and among the
significant correlations, those with Pearson’s r>0.60 are defined as
strong correlations. The correlations of PMj 5 mass concentration with

Table 1

water-soluble OP;, were weak, with only two sites (BON and CMP)
showing some significant correlations (r = 0.42 and P < 0.05 at BON,
r=0.39 and P < 0.05 at CMP). Components such as Ba, Se, Ni, Cr, V, K,
Zn, EC, BrnC, SO42', NOs’, NH4", etc., were poorly correlated with the
water-soluble cellular OP. However, significant correlations (P < 0.05)
with water-soluble OP were observed for Al, Pb, Mn, Fe, As and WSOC.
Among all measured components only Fe and WSOC were strongly
(r>0.60, P < 0.05 in many cases) correlated with the water-soluble OP
at all the sites.

Next, we segregated these correlations in different seasons
(Tables S4-S8). In the season-segregated correlation, more PM compo-
nents started showing some strong correlations, which was expected
given the seasonality of different emission sources with unique chemical
composition profiles. Generally, the correlations of the measured
chemical components were better in fall and winter seasons than in
summer and spring. At BON, many elements such as Li, Al, K, Mn, Zn, Pb,
As, and Fe, were correlated with the macrophage ROS activity, partic-
ularly during the fall and winter. A subset of these species (Li, K, Mn, Pb,
As and Fe) showed good correlations with the ROS at CMP as well.
However, the correlations were stronger during fall than winter.

At CHI, a few metals, such as Al, V, Cu, Pb, and Fe, were strongly
correlated with the macrophage ROS again during the fall season. IND
site also showed some significant correlations with Al, Cr, Mn, Pb, and Se
during fall. Some of these elements (Cr, Cu, Pb and Fe) were correlated
with ROS at STL site as well but only during the winter season. After Fe,
Pb showed the most consistent correlation with ROS among all the
metals; it was correlated with ROS at all the sites during fall or winter.
There have been several studies showing the correlation of V and Ni with

Spatial heterogeneity of cellular OP, and OP,, assessed by coefficient of divergence (COD) and Pearson’s r for different site pairs.

Coefficient of Divergence (COD)

OP,

BON CHI CMP IND
BON - 0.27 0.36 0.3
CHI - 0.35 0.29
CMP - 0.28
IND -
STL
Pearson’s r

(o) OP,,

BON CHI CMP IND
BON - 0.59 * 0.26 0.54 *
CHI - 0.60 * 0.57 *
CMP - 0.61 *
IND -
STL

OP,
STL BON CHI CMP IND STL
0.32 - 0.25 0.34 0.33 0.37
0.27 - 0.33 0.32 0.29
0.33 - 0.31 0.34
0.27 - 0.26
STL BON CHI CMP IND STL
0.50 * - 0.58 * 0.22 0.56 * 0.47 *
0.76 * - 0.51 * 0.41 0.69 *
0.71 % - 0.38 * 0.53 *

0.64 *

0.66 *

Note: * indicates significant correlations (P < 0.05).
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Table 2
Correlations of water-soluble PM, 5 cellular OP with PM, s components and mass concentration (Pearson’s r).
oP, OP
BON CHI CMP IND STL BON CHI CMP IND STL

Fe 0.79 * 0.78 * 0.62 * 0.60 * 0.73 * 0.75 * 0.77 * 0.44 * 0.61 * 0.76 *
WSOC 0.74 * 0.81 * 0.58 * 0.51 * 0.61 * 0.56 * 0.78 * 0.44 * 0.47 * 0.60 *
OC 0.68 * 0.69 * 0.52 * 0.42 0.50 * 0.49 * 0.68 * 0.33 * 0.40 * 0.44 *
Al 0.59 * 0.51* 0.37 * 0.27 * 0.34 * 0.52 * 0.50 * 0.17 0.43 * 0.39 *
Pb 0.43 * 0.60 * 0.63 * 0.63 * 0.23 0.40 * 0.57 * 0.49 * 0.69 * 0.21
Mn 0.54 * 0.25 0.32 * 0.66 * 0.39 * 0.44 * 0.23 0.14 0.68 * 0.37 *
As 0.45 * 0.50 * 0.54 * 0.27 * 0.18 0.34* 0.44 * 0.41 * 0.27 * 0.15
Cu 0.60 * 0.27 0.35 * 0.25 0.16 0.48 * 0.33 * 0.31* 0.27 * 0.13
Li 0.50 * 0.14 0.42 * 0.34 * 0.15 0.32 * 0.16 0.26 0.41 * * 0.15
Ba 0.15 0.23 0.45 * 0.14 0.07 0.04 0.22 0.35* 0.19 -0.05
Se 0.39 * 0.36 * 0.28 0.22 0.08 0.26 0.43 * 0.09 0.31 * 0.01
Ni 0.33 * 0.30 0.41 * -0.11 0.49 * 0.27 0.28 0.24 -0.09 0.45 *
Cr 0.57 * 0.17 0.44 * 0.33 * 0.13 0.51 * 0.21 0.23 0.39 * 0.13
\% 0.44 * 0.30 * 0.31 * 0.15 0.06 0.27 0.41 * 0.15 0.26 0.07
K 0.64 * 0.25 0.48 * 0.13 0.03 0.54 * 0.23 0.34 * 0.21 -0.04
BrnC 0.20 0.12 0.30 * 0.05 0.08 -0.08 0.04 0.05 0.03 -0.06
Zn 0.35* 0.22 0.18 0.14 -0.02 0.24 0.23 0.06 0.21 -0.06
EC 0.18 0.16 0.17 0.02 0.04 -0.03 0.13 0.02 -0.01 -0.07
S0,4% 0.36 * 0.20 0.23 0.16 0.24 0.15 0.29 0.05 0.26 0.29
NO3 -0.20 -0.30 * -0.01 -0.15 -0.28 -0.40 * -0.32 ¢ -0.20 -0.13 -0.27
NI—L;Jr -0.04 -0.24 0.12 -0.05 -0.12 -0.29 -0.34 * -0.09 -0.11 -0.09
Mass 0.42 * 0.05 0.39 * 0.12 0.16 - - - - -

1. * indicates significant correlations (i.e. P < 0.05). Among these significant correlations, those with r>0.60 are shown in bold.
2. Since several elements (Al K, Cr, Cu, Ba) were abnormally elevated (up to 100 times) in the week of July 4th (Independence Day celebration), we removed this
week’s sample (07/03/2018-07/06,/2018) from our regression analysis to avoid any bias caused by this episodic event.

the macrophage ROS, particularly at the sites impacted by ship emis-
sions (Al Hanai et al., 2019; Hamad et al., 2016; Hu et al., 2008).
However, in our study, other than at BON (winter: r = 0.73 for V; fall:
r = 0.62 for Ni) and CHI (r > 0.6 for V in both spring and fall), we didn’t
see any significant correlation of these species with the macrophage
ROS, even at STL, which is known for the significant activities associated
with the movement of shipping vessels.

Inorganic ions such as SO42, NH," and NOs also showed some
intermittent correlation with the macrophage ROS during fall and
winter seasons. Particularly, both NH; ™ and NO;” are strongly correlated

with the ROS during winter, probably due to the predominant formation
of NH4NOs in cold weather. Although, NH4sNO3 does not play a direct
role in the macrophage ROS generation (Salana et al.,, 2021), we
anticipate that its formation mechanism is probably associated with the
formation of other redox-active species [e.g. secondary organic aerosol
(SOA)] responsible for the ROS generation. Further mechanistic studies
will be required to explore the cause of this correlation. It is interesting
that Fe and WSOC were correlated with the macrophage ROS in almost
all seasons at most sites (with few exceptions) — a pattern consistent with
the combined correlations shown in Table 1.

Fig. 3. Composition profiles (percentage of each species) for the various factors resolved by PMF (left panel), and the time series of their relative contribution (right
panel) at BON. Composition profiles for the PMF based on both PM, s mass and cellular OP were almost similar.
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3.4. Source contributions to mass and cellular OP,

3.4.1. Source identification

To quantify the contribution of different emission sources to cellular
OP,, we conducted a source apportionment analysis using PMEF.
Figs. 3—7 show the identified sources’ profiles at five different sites and
the time series of their contributions to cellular OP, and PM; 5 mass.
Many common sources such as SOA, secondary sulfate, secondary ni-
trate, and biomass burning and coal combustion were found at all the
five sites, while emissions from agricultural activities, industries, park-
ing, shipping activities, vehicles, and dust were found at the specific
sites. To further support the PMF analysis, a detailed correlation matrix
of all the PMj 5 measured species and OP is also shown in Tables S9-S13
of SI.

The seasonal profile of secondary sulfate was same at all five sites,
with its activity being slightly higher in spring and summer, and lower in
winter and fall. This trend could be attributed to the photochemical
oxidation more prevalent in summer than winter (Duan et al., 2019;
Wang et al., 2016). The secondary nitrate was identified based on the
concentration of NOs3’, and NH,", and this source mostly prevailed in
winter, which is consistent with the reported seasonal variation of sec-
ondary nitrate in the Midwest US (Kim et al., 2005; Kundu and Stone,
2014; Lee and Hopke, 2006). The formation of secondary nitrate in
winter is likely due to prevailing N2Os heterogeneous hydrolysis at
nighttime and the partitioning to aerosol phase favored by lower tem-
peratures during winter, as indicated in previous studies (L. Liu et al.,
2020; Q.Y. Liu et al,. 2020; Wang et al., 2018; Ying, 2011).

We couldn’t separate biomass burning from the coal combustion,
which were identified based on the mixture of species such as K, As, Se,
EC, WSOC, and BrnC. Therefore, this source is categorized as biomass
burning + coal combustion, and it was also present at all the sites. K and
BrnC are commonly used as markers of biomass burning (Lack et al.,
2012; Li et al., 2003a, 2003b), while As and Se are both emitted from
coal combustion (Galbreath and Zygarlicke, 2004; Huggins et al., 2007;
Reff et al., 2009; Yudovich and Ketris, 2005; Zielinski et al., 2007). BON
is ~12 km away from the Abbott Power Plant, which uses natural gas
(77%), and coal (23%) to generate electricity. The distance of the CMP
to Abbott Power Plant is only 3 km. According to Indiana public media,
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the Indiana state still operates 16 coal-fired power plants (Legan, 2020).
The Meramec Power Plant is less than 40 km away from STL, and there
are several (at least four) coal-fired power plants within 150 km radius
of both STL and CHI sites. The reported OC/EC from the coal combustion
ranged from 0.8 to 2 (Bond et al., 2004; Chow et al., 2010). The reported
mean OC/EC ratios in biomass burning aerosols have larger variation
with values varying from 2.8 to 26.2 (Yan et al., 2008; Zhang et al.,
2013). In our study, the OC/EC ratios of this mixed source, “biomass
burning + coal combustion” at different sites are within or near this
range (2.6 at BON, 15.3 at CHI, 10.2 at CMP, 9.6 at IND, and 9.2 at STL).
The vehicular emissions, which was identified based on EC concentra-
tion and low OC/EC ratio, was also present in all urban sites
(OC/EC=1.66, 1.49, 0.12, and 1.72 in CHI, CMP, IND, and STL,
respectively).

The SOA source, which was characterized by WSOC (Zhang et al.,
2012) and high OC/EC ratio (OC/EC=78.23, 32.21, 46.86, 19.96, and
9.70 in BON, CHI, CMP, IND, and STL, respectively), clearly showed
higher activity in summer than winter due to prevalent photochemical
formation of SOA in warmer months (Dai et al., 2019). In addition to
WSOC, this source is rich in Fe and Pb at all urban sites (CHI, CMP, IND,
and STL). It has been known that Fe forms complexes with various at-
mospheric organic compounds, such as humic-like substances (HULIS)
(Wei et al., 2019), oxalate (Tapparo et al., 2020), malonate (Wang et al.,
2010), etc. Paris and Desboeufs (2013) systemically investigated the
impact of Fe-chelating organic compounds on Fe solubility. The con-
centrations of oxalate, malonate, and humic acid (an analog of HULIS)
were positively associated with dissolved Fe(II). Similar to Fe, Pb is also
known to form strong complexes with organic compounds (Al-Masri
et al., 2006; Sauve et al., 1998; Weng et al., 2002). Thus, a high con-
centration of these metals in this source is probably a result of their
dissolution due to complexation.

In addition to these common sources, there are also some local
sources which are pertinent to the specific sites. For example, suspended
dust in CHI and CMP, parking emissions in CHI, CMP and IND, agri-
cultural activities in BON, and shipping and industrial emissions in STL.
CMP is located on the roof of a parking deck, while both CHI and IND are
surrounded by many parking lots and parking decks. Parking emissions
were characterized by abundant Cu, which is a marker of brake wear

Fig. 4. Composition profiles (percentage of each species) for the various factors resolved by PMF (left panel), and the time series of their relative contribution (right
panel) at CHI. Composition profiles for the PMF based on both PM; 5 mass and cellular OP were almost similar.
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Fig. 5. Composition profiles (percentage of each species) for the various factors resolved by PMF (left panel), and the time series of their relative contribution (right
panel) at CMP. Composition profiles for the PMF based on both PM, s mass and cellular OP were almost similar.

Fig. 6. Composition profiles (percentage of each species) for the various factors resolved by PMF (left panel), and the time series of their relative contribution (right
panel) at IND. Composition profiles for the PMF based on both PM; s mass and cellular OP were almost similar.

(Grigoratos and Martini, 2015). Dust, which was present in CHI, CMP,
and IND, was characterized by the abundance of crustal elements (i.e.,
AL K, Fe) (Apeagyei et al., 2011; Reff et al., 2009; Silva et al., 2000), and
was generally more prevalent in summer than winter, probably due to
more construction activities in summer and precipitation caused by
snow/rain in the winter. Suspended dust at CHI is rich in several ele-
ments, e.g., Li, Mn, Zn, and Ni, which are most likely linked to several
local batteries manufacturers, metal recycling and plating industries, e.
g., NanoGraf Corporation, Tripp Lite, Sanchem, Inc, Sims Metal, etc. All

these factories are less than 10 km away from this site, probably
contributing to the suspended dust in CHI. The road dust at CMP was
rich in Ba, Li, K, Fe, V, Cr, Ni, and Pb, which probably gets resuspended
by the daily traffic and winds (Adamiec et al., 2016; Sanders et al.,
2003).

At BON, we found two sources related to the agricultural activities,
both of which are prominent in the summer. The first source is rich in As,
Zn and Pb and is probably related to the application of fertilizers and
herbicides. Zinc sulfate is a commonly used weed killer. Commercial
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Fig. 7. Composition profiles (percentage of each species) for the various factors resolved by PMF (left panel), and the time series of their relative contribution (right
panel) at STL. Composition profiles for the PMF based on both PM, 5 mass and cellular OP were almost similar.

Cellular OP
BON

(a)
CMP
(c)
STL
(e)

Mass

(b)

Cellular OP Mass
CHI

IND

Fig. 8. Annual aggregate contribution of various sources resolved by PMF to the water-soluble PM2.5 cellular OP (left) and PM2.5 mass concentration (right) in BON

(a), CHI (b), CMP (c), IND (d), and STL (e).

10



Y. Wang et al.

phosphate fertilizers contain small amounts of heavy-metal contami-
nants, such as As, Pb, Cr and V, which are minor constituents of the
phosphate rock (Charter et al., 1995; Kruger et al., 2017; Macedo et al.,
2009; Moskalyk and Alfantazi, 2003). Note, BON PM5’s Pb concen-
tration is the highest among five locations, which can be explained by
the surrounding agricultural fields. Other important components of the
fertilizers such as Se (Chen et al., 2002), NH4* (Zarebska et al., 2015),
and Fe (He et al., 2013) were also abundantly present in this source. The
second source is probably associated with the use of fungicides including
the wear of agricultural instruments used in spraying it. Its activity
lasted from June to August, having two peaks during that time. This
source accounted for more than 60% of the water-soluble ambient Ni,
which is probably associated with the wear of Ni-resist water pump
commonly used in the sprayers. Also, copper fungicide, which is one of
the most widely used fungicide (Melendez et al., 2020), is largely
sprayed through the aircrafts, probably resulting into abundant Cu in
this factor. Shipping emissions in STL was characterized by V (Peltier
and Lippmann, 2010; Zhao et al., 2021). An industrial emission source in
STL was also characterized by various abundant metals (i.e., Zn, Pb, Fe,
Al, Cu, Mn and Cr). One of St. Louis’s largest industrial zone, consisting
of several industries such as steel manufacturing companies, salt man-
ufacturers, metal-recycling industries, etc., is located on the east side of
our sampling site, probably contributing to these elements. Together, all
these emission sources explained more than 85% of both cellular OP,
and PM; 5 mass at all the sites [R? > 0.70, except CMP (R? =0.56 for
cellular OP,); not shown], demonstrating the robustness of our PMF
model.

3.4.2. Source contribution to water-soluble cellular OP,, vs. PM5 5 mass
concentration

Fig. 8 shows the contribution of various sources to water-soluble
cellular OPy. For comparison, the contributions of these sources to the
PM; 5 mass are also shown in the same figure. The most important
feature of this figure is a clear contrast between the contribution of
various sources to the PMj 5 mass vs. OP. At BON, secondary sulfate,
secondary nitrate, SOA, and biomass burning + coal combustion
accounted for more than 80% of the PM5 5 mass concentration, while the
agricultural sources (both fertilizers and sprayer emissions) contributed
to only 12% of the PMys mass. On the other hand, the combined
contribution of secondary sulfate and nitrate, biomass burning + coal
combustion, and SOA to the water-soluble cellular OP; was only32%,
while agricultural activities contributed 62% to the cellular OP,. These
results are somewhat consistent with two previous studies conducted at
the same BON site showing a dominant contribution of secondary
sources to the PMy 5 mass (Buzcu-Guven et al., 2007; Kim et al., 2005).
However, the cellular OP,, results of our study show an important finding
that despite a minor contribution to PMy s mass, health risks of the
agricultural activities cannot be ignored.

At the roadside site (CMP), vehicular emissions is the most important
contributor to PM; 5 mass (24%), followed by secondary nitrate (22%),
SOA (16%), and biomass burning + coal combustion (15%). However,
among all these sources, only SOA had a significant contribution (18%),
with vehicular emission contributing to only 8% to the PM, 5 cellular
OP,. After SOA, road dust which contributed to only 1% to the PMj 5
mass, contributed most (54%) to the cellular OP,,.

Secondary sulfate and nitrate, and biomass burning + coal com-
bustion had important roles in the PMjy 5 mass concentrations at urban
background locations (CHI, STL and IND), and their contributions were
somewhat similar at different sites (5-12% for secondary sulfate,
20-26% for biomass burning + coal combustion, and 14-26% for the
secondary nitrate). However, with a few exceptions, their contributions
to the cellular OP, were generally low (3-19% for secondary sulfate,
0-13% for biomass burning + coal combustion and 3-11% for secondary
nitrate). Vehicular emissions was one of the largest contributors to PM3 5
mass concentration at CHI (25%) and STL (24%); and it had a significant
contribution at IND (10%). However, the contribution of this source to
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cellular OP, was not more than 1% at any of these sites. SOA accounted
for 10-11% of PMy 5 mass concentrations in urban background sites.
Despite this low contribution, it is interesting to note that it was the most
important source of cellular OPy, with the contribution ranging from
54% to 63%. These results are strikingly similar to another source
apportionment study conducted in Denver, CO (Zhang et al., 2008). In
that study, multiple components (i.e., WSOC, OC, EC, metals, sulfate,
etc.) were employed to identify 9 sources contributing to PM5 5, among
which only water-soluble carbon factor, iron source, and soil dust source
had substantial contribution to the cellular OP. Collectively, these re-
sults suggest the critical roles of Fe and WSOC in PM 5 cellular OP. Since
both WSOC and Fe are highly correlated (Tables S9-S13 in SI) and they
appeared in the same factor in our study, it is difficult to decouple their
effects at this stage. However, we plan to investigate it in our future
studies using mechanistic techniques. Finally, although the industrial
sources in CHI (suspended dust related to industry) and STL were
responsible for <7% of the PMys mass concentrations, their
water-soluble cellular OPy, contributions in CHI and STL are 14% and
22%, respectively. Essentially, these results indicate that the contribu-
tion of various emission sources to the PMj 5 mass could be substantially
different than their contribution to the PM, s-related health risks.

4. Conclusion

In this study, we investigated the spatiotemporal variation and
sources of water-soluble PM, 5 cellular OP in the mid-western US. The
PM, 5 cellular OP in the Midwest US is spatially homogenous but showed
a strong seasonal profile with the highest levels for both mass-
normalized and volume-normalized OP in summer and lowest levels in
winter. Interestingly, cellular OP in the rural site were at a similar level
as that in urban and roadside sites. It indicates that the health risks
associated with ambient PMy5 exposure in rural locations are not
necessarily lesser than in the urbanized regions. The volume-normalized
cellular OP generally showed a poor correlation with the PMy 5 mass
suggesting a more dominant role of the chemical composition in driving
the OP levels than the PM; 5 mass. This was further evident from the
correlation of various chemical components with the cellular OP.
Among various chemical components analyzed in our study, only few
components, i.e., WSOC and Fe were consistently and strongly corre-
lated with the cellular OP. However certain components such as Pb, Al,
Cu, and Mn showed some seasonal correlations with the cellular OP
particularly during winter and fall. The source apportionment con-
ducted for both cellular OP and PM, s mass revealed some common
sources such as secondary formation, biomass burning and coal com-
bustion at all the sites, while some local emissions, e.g., agricultural
activities, dust and industries, contributed only at the specific sites. Most
importantly, the sources showed highly divergent profiles for their
contribution to cellular OP vs. PM; 5 mass at all the sites. Agricultural
activities contributed to only 12% to the PMj 5 mass at the rural site but
it was the largest contributor (62%) to cellular OP at that location. On
the other hand, SOA was the largest contributor to the cellular OP at
most urban sites (> 54%), despite its contribution to PMs 5 was not more
than 11% at any of those sites. The presence of certain metals particu-
larly Fe in the SOA source and its tight correlation with WSOC, indicates
a possible role of Fe-complexes with organic compounds in driving the
macrophage ROS generation, which should be explored in the future
studies. Overall, our study indicates that the sources contributing sub-
stantially to PMj 5 mass are not necessarily equally important in terms of
their health effects and source apportionment analysis should include
more health-relevant metric such as OP or toxicity in their designs.
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