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A semi-automated multi-endpoint reactive oxygen species activity analyzer
(SAMERA) for measuring the oxidative potential of ambient PM, 5

aqueous extracts

Haoran Yu (®, Joseph V. Puthussery, and Vishal Verma

Department of Civil and Environmental Engineering, University of lllinois at Urbana-Champaign, Urbana, lllinois, USA

ABSTRACT

Many acellular assays have been developed for assessing the oxidative potential (OP) of
ambient PM, s, yet no consensus has been reached on the most appropriate method. Most
of these methods are highly time- and labor-intensive, making it difficult to analyze a large
sample-set. Here, we have developed a semi-automated multi-endpoint ROS-activity ana-
lyzer (SAMERA) for measuring the five most commonly used endpoints of OP: consumption
rate of dithiothreitol (OPP™), ascorbic acid (OPA*'F) and glutathione (OP®*">'F), and the
generation rate of «OH in DTT (OP°™"P™) and in surrogate lung fluid (OP®H='F). A high ana-
lytical precision (coefficient of variation = 5-8% for all endpoints using positive controls
such as Cu(ll), Fe(ll), phenanthrenequinone (PQ) and 5-hydroxy-1,4-naphthoquinone (5-H-1,4-
NQ), and 8-13% using PM,s samples) was obtained for SAMERA. The results generated
from SAMERA were in good agreement with those obtained from the manual operation
using both positive controls (slope = 0.95-1.15 for automated vs. manual, R* = 0.99) and
ambient samples (slope = 0.89-1.09, R> = 0.86-0.97). SAMERA takes 3h to analyze one
sample for all these OP endpoints, which is a substantial improvement over the manual ana-
lysis protocol. SAMERA was employed to analyze a subset (N =44) of ambient PM, s samples
collected from the Midwest US. Elevated OP activities in the week of Independence Day
(3-5 July, 2018) were observed for most endpoints measured by SAMERA at all the sites.
Preliminary results demonstrate the stability and capability of SAMERA for providing a com-
prehensive OP dataset, which can be integrated into the epidemiological models in
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future studies.

1. Introduction

Numerous studies have investigated the adverse health
effects of atmospheric particulate matter (PM) to
humans (Cohen et al. 2017; Kampa and Castanas
2008; West et al. 2016). The generation of reactive
oxygen species (ROS) by fine particles (PM,s, par-
ticles size less than 2.5 um) has emerged as one of the
most promising hypotheses to explain these health
effects (Abrams et al. 2017; Bates et al. 2015; Delfino
et al. 2013; Maikawa et al. 2016; Sarnat et al. 2016;
Yang et al. 2016; Zhang et al. 2016). Many transition
metals and organic species present in ambient par-
ticles can catalyze the redox reactions in cellular
environment, leading to the production of ROS like
superoxide radicals (O, ), hydroxyl radicals (eOH)
and hydrogen peroxide (H,O,) (Feng et al. 2016;
Longhin et al. 2013; Torres-Ramos et al. 2011). These

species have very high reactivity; for example, the
half-lives of #OH and H,O, are only 10~° and 10 s
respectively, in the cellular environment (D’Autréaux
and Toledano 2007). eOH can quickly oxidize deoxy-
ribonucleic acid (DNA), proteins and cytoplasmic
membrane (Pham-Huy et al. 2008), while H,O, can
target the thiol (-SH) groups in functional proteins
such as the enzyme glyceraldehyde-3-phosphate
dehydrogenase, and degrades their enzymatic activity
(Bonomini et al. 2008). Some of these ROS can be
neutralized by the cellular antioxidant defense mech-
anism (Rahman et al. 2012). The capability of PM to
generate ROS and/or consume antioxidants is referred
to as the oxidative potential (OP). The OP of ambient
PM, 5 has been linked with multiple health disorders,
e.g., atherosclerosis (Araujo and Nel 2009; Sun et al.
2005), asthma (Delfino et al. 2013; Li et al. 2008;
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Yang et al. 2016), lung cancer (Knaapen et al. 2004;
Oh et al. 2011), and cardiovascular diseases (Chuang
et al. 2007; Kodavanti et al. 2000; Weichenthal et al.
2016). These findings indicate that the OP of PM,;
might be a more relevant indicator in assessing the
health outcomes of PM,s compared to their mass
concentrations.

To assess the OP of PM, biological assays are con-
sidered more representative as they measure the spe-
cific biomarkers like interleukin-8 (IL-8) (Becker et al.
2005; Yan et al. 2016) and hemeoxygenase-1 (HO-1)
expressions (Crobeddu et al. 2017; Li et al. 2008).
However, the time- and labor-intensive experimental
protocols of these studies limit their application to
only small sample sizes. To overcome these problems,
numerous non-biological (i.e., chemical) assays have
been developed as substitutes to measure the OP of
PM. These chemical assays have the advantages of
higher reproducibility, higher accuracy, cheaper
material cost, and much lesser time and labor.

Among all chemical assays, dithiothreitol (DTT) is
the most commonly used probe for measuring the OP
of PM (Charrier and Anastasio 2012; Cho et al. 2005;
Fang et al. 2014; Verma et al. 2015a). The depletion
process of DTT resembles the oxidation of dihydroni-
cotinamide adenine dinucleotide phosphate (NADPH)
in mitochondria and the formation of ROS such as
e0O,  and H,0, (Alfadda and Sallam 2012). The con-
sumption rate of DTT (OPP™) is correlated with the
largest pool of PM components, including elemental
carbon (EC) (Antinolo et al. 2015; Saffari et al. 2014),
water soluble organic carbon (WSOC) (Verma et al.
2009; Verma et al. 2012), quinones (Charrier and
Anastasio 2012), humic-like substances (HULIS)
(Verma et al. 2015b), and transition metals (Charrier
and Anastasio 2012; Sauvain et al. 2015). OPP™T has
also been found to correlate with several biological
endpoints, e.g., HO-1 expression (Li et al. 2003), frac-
tional exhaled nitric oxide (Delfino et al. 2013; Zhang
et al. 2016), an increased risk of asthma (Yang et al.
2016) and wheeze (Bates et al. 2015). However, «OH
generated through Fenton reaction by Cu(II) or Fe(II)
is not represented by DTT depletion rate (Held et al.
1996). In our previous study, Xiong et al. (2017)
found that the consumption rate of DTT is well corre-
lated with H,O, generation, but not with ¢OH gener-
ation rate in DTT. Therefore, measuring both OPP™"
and eOH generation in DTT assay (OPPHPTT) can
provide a wider scope of OP induced by different
PM components.

Other than the DTT assay, the consumption rates
of several antioxidants present in epithelial lining fluid
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have also been used as the indicators of OP. The most
commonly indices in this category are the depletion
rate of ascorbic acid (AA; OPA%) (Fang et al. 2016;
Janssen et al. 2014; Visentin et al. 2016) and reduced
glutathione (GSH; Op©sH) (Ayres et al. 2008; Kiinzli
et al. 2006; Mudway et al. 2005). Both OP** and
OP%H are found to be sensitive to certain transition
metals like Fe(II) and Cu(II) (Ayres et al. 2008; Godri
et al. 2011; Kiinzli et al. 2006). A large-scale OP study
in the Southeast US found that OP** has a narrower
sensitivity spectrum for PM components and therefore
has lesser biological relevance compared to OP°'*
(Fang et al. 2016).

A surrogate lung fluid (SLF) containing multiple
antioxidants (AA, GSH, uric acid; UA, and citric acid;
CA) is generally used to simulate the epithelial lung
lining fluid (Charrier et al. 2014), and generation rates
of ROS (e.g., ®OH and H,0,) in SLF catalyzed by the
ambient PM are also used as the indices for OP deter-
mination (Charrier and Anastasio 2015; Charrier et al.
2014; Shen et al. 2011). Previous studies have shown
that Cu(II) dominated the generation of H,O, in SLF
(96%) (Charrier et al. 2014), while both Cu(II) and
Fe(II) contributed to eOH generation (up to 92%) in
SLF (OP°™SLE)  (Charrier and Anastasio 2015).
Quinone compounds contributed marginally (at most
4% and 8% for H,O, and eOH, respectively) to the
generation of ROS in SLF.

Although various chemical assays have been devel-
oped to quantify the OP of ambient PM, no consensus
has been reached in the scientific community for
selecting the most appropriate method. Among several
available OP endpoints, OPPTT, QpOH-PTT  opAA
OPSSH and OPO™SLF are the ones, which have shown
some promises in terms of their biological relevance
(Abrams et al. 2017; Bates et al. 2015; Janssen et al.
2015; Ma et al. 2015; Maikawa et al. 2016; Wang et al.
2018; Weichenthal et al. 2016; Yang et al. 2016).
These five endpoints are highly reproducible and
cover the ROS-expression pathways by most of the
redox active PM components. However, each of these
methods takes 1-2h to perform, thus consuming
almost one graduate student - day to analyze one
sample. To overcome this limitation, we have devel-
oped an automated instrument, which measures all
these OP endpoints for a given ambient PM aqueous
extract in 3h. The instrument named Semi-
Automated Multi-Endpoint ROS-activity Analyzer
(SAMERA) is developed from the prototype of a
semi-automated DTT activity system described in
Fang et al. (2014), and is able to serve for 24-h
unattended sample analysis. We tested the response of
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SAMERA using select sensitive chemical compounds
for individual endpoints. We also evaluated the per-
formance of SAMERA for both precision and accuracy
using positive controls and water-soluble ambient
PM, 5 extracts. The OP results of ambient samples on
all the endpoints are compared with those reported in
previously published studies. Finally, we demonstrated
the potential application of SAMERA by analyzing a
subset of large number of ambient PM, 5 samples col-
lected from the Midwest US.

2. Materials and methods

2.1. Chemicals

AA, CA, UA, GSH, DTT, 9,10-Phenanthrenequinone
(PQ), 5-hydroxy-1,4-naphthoquinone (5-H-1,4-NQ),
2-hydroxyterephthalic acid (2-OHTA), 5,5'-dithiobis-
(2-nitrobenzoic acid) (DTNB), o-phthaldialdehyde

(OPA), copper (IIm) sulfate pentahydrate
(CuSO,e5H,0), iron (II) sulfate heptahydrate
(FeSO,07H,0), potassium phosphate monobasic

(KH,PO,) and potassium phosphate dibasic (K,HPO,)
were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Sodium hydroxide (NaOH) was obtained from
VWR International Inc. (Radnor, PA, USA).
Disodium terephthalate (TPT) was obtained from Alfa
Aesar (Tewksbury, MA, USA).

The stock solutions of 20mM AA, 30mM CA,
10mM UA and 10 mM GSH were made in 10 mL de-
ionized water (DI; Milli-Q; resistivity = 18.2 MQ/cm)
separately, stored at 4°C in the refrigerator, and used
within one week. 50 uL of 4 M NaOH was added into
UA stock solution to adjust pH and dissolve UA. SLF
solution was made fresh daily by mixing equal vol-
umes (1 mL each) of four antioxidant stock solutions
and diluting the mixture by DI to 10 mL. The stock
solution of 10mM DTT was made and stored in the
refrigerator for at most two months. DTT solution
used in SAMERA was made daily by diluting 1 mL of
DTT stock solution into 10 mL DI. 0.5 mM potassium
phosphate buffer (K-PB; pH = 7.4) was prepared by
dissolving 26.94¢g KH,PO, and 139.70g K,HPO, in
2L of DI. 50mM TPT solution was made by dissolv-
ing 531g TPT in 500mL of 0.5mM K-PB. 10mM
DTNB stock solution was prepared in methanol and
stored in the refrigerator for no longer than two
months. 0.2mM DTNB solution used in SAMERA
was made weekly by diluting 10mL of DTNB stock
solution into 500 mL of DI. 2mM OPA solution was
made by dissolving 134.1 mg of OPA in 1 mL metha-
nol, followed by dilution with DI to 500 mL. 10 mM
PQ and 5-H-1,4-NQ stock solutions were made in

DMSO every day prior to the experiments. The stock
solutions of 10mM CuSO, and 10mM FeSO, were
prepared in DI every day prior to the experiments.
The final solutions for the positive control chemicals
(i.e., PQ, 5-H-1,4-NQ, Cu(II) and Fe(Il)) were
obtained by serially diluting the stock solutions in DI.

2.2, System setup

The schematic diagram of SAMERA is shown in Figure
la. SAMERA consists of three major parts: sample injec-
tion, sample incubation, and measurement system. The
sample injection system includes three Kloehn pro-
gramable syringe pumps (IMI precision, Littleton, CO,
USA) and a 14-port multi-position valve (VICI® Valco
Instrument Co. Inc., Houston, TX, USA). The Kloehn
syringe pumps serve for dispensing the solutions
between chemical reservoirs, various vials and the flow
cells. The multi-position valve connects the sample vials
to one of the syringe pumps (Pump 2) and is controlled
by a valve actuator (VICI®), which consecutively selects
different samples for analysis. The sample incubation
system employs an  Eppendorf ThermoMixer
(Eppendorf North America, Hauppauge, NY, USA) for
holding and incubating three centrifuge tubes (also
called reaction vials, RV1, RV2 and RV3) at a constant
temperature (37 °C), while continuously shaking at a
frequency of 400 rpm. There are two components in the
measurement system — a spectrophotometer and a spec-
trofluorometer. The spectrophotometer (Ocean Optics,
Dunedin, FL, USA) consists of an ultraviolet-visible-
near-infrared (UV — Vis-NIR) light source as well as a
multiwavelength light detector, and is used for detecting
the absorbance of the targeted compound in OP** and
OPP™™ analyses. The Fluoromax-4 spectrofluorometer
(Horiba Scientific, Edison, NJ, USA) serves to measure
the fluorescence of the indicator compounds for the
determination of GSH and eOH.

2.3. OP analysis protocol

The algorithm for OP analysis in SAMERA is shown
in Figure 1b. The five endpoints are measured in two
separate stages. OPAASUF QpESHSLE apq QpOHstE
are measured in the first stage following an SLF-based
protocol, while a DTT assay is conducted to measure
OPP™T and OP®™PTT in the second stage. Since the
consumption of AA and GSH was measured in SLF in
our study, we have denoted these OP endpoints as
OPAASIF and OPSSHSE 1o distinguish them from
the studies directly measuring AA and GSH without
any SLF (simply denoted as OP** and OP*" here).
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Figure 1. The system setup (a) and algorithm (b) of Semi-Automated Multi-Endpoint ROS Activity Analyzer (SAMERA).

2.3.1. SLF-based protocol

The SLF-based protocol involves three steps. In the
first (incubation) step, 3.5mL of the sample (either
PM filter extract or chemical standard), 1 mL of K-PB
(pH = 7.4) and 0.5mL of SLF (final concentrations of
AA, GSH, UA and CA in RV as 200puM, 100 puM,
100 uM, and 300 pM, respectively following Charrier
and Anastasio [2015] protocol) are loaded separately
into RV2 and RV3 kept in the ThermoMixer through
injection system (see Figure la). The only difference
in the content of RV2 and RV3 is that the K-PB in
RV2 contains TPT (50mM) to immediately capture
the eOH generated in the reaction. In the second
(probing) step, two small aliquots (200 pL and 400 pL)
are withdrawn separately from RV3 using the same
injection system, and transferred to the measurement
vials 1 and 2 (MV1 and MV2), respectively. This

injected mixture is diluted by DI in MV1 for measur-
ing AA, while 1.6 mL of OPA is added into MV2 for
probing GSH in the injected mixture. GSH reacts with
OPA, forming a fluorescent product (referred as
GS-OPA hereafter), which can be detected by a spec-
trofluorometer (Bohmer et al. 2011). In the third
(measurement) step, the diluted mixture in MV1 is
withdrawn from the vial and pushed through a liquid
waveguide capillary cell (LWCC-3100; World
Precision Instruments, Inc., Sarasota, FL, USA), where
the absorbance at 265 nm and 600 nm (background) is
measured by the spectrophotometer and is recorded
by Ocean Optics SpectraSuite software. The back-
ground corrected absorbance at 265nm (Absygsnm -
AbSeoonm) is used to determine the concentration of
residual AA in RV2. Similarly, the mixture in MV2 is
further diluted and injected into the flow cell of the
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spectrofluorometer. The fluorescence intensity is meas-
ured at the excitation/emission wavelength of 310 nm/
427 nm, to determine the concentration of GS-OPA.
Although the peak absorbance and emission of GS-
OPA is at 340nm and 420nm wavelength (Rousar
et al. 2012), an excitation/emission wavelength of 310/
427 nm with a slit width of 5nm is selected to allow
the measurement of both GS-OPA and 2-OHTA
(fluorescent product of €OH and TPT, discussed later),
without the need of changing the slit position. Figure
S1 in the supplemental information (SI) shows the con-
tour plot of fluorescence intensity and calibration
curves at different excitation/emission wavelengths for
GS-OPA, indicating no significant difference for GS-
OPA measurement at either of these wavelengths set-
tings. The MVs and flow cells are cleaned with DI
immediately after each measurement step. Steps 2 and
3 are repeated five times at designated time intervals
(i.e., 5min, 24min, 43min, 62min, and 81 min) to
determine the consumption rate of AA and GSH.
Calibration curves to quantify AA and GSH are pre-
pared by measuring initial absorbance and fluorescence
intensity of different known concentrations of AA and
GSH in SLF, following the same protocol as described
above. The consumption rate of both AA and GSH is
then derived from these calibration curves.

The measurement of ®«OH is conducted around the
same time as GSH and AA. TPT present in RV2 reacts
with ¢OH and forms a fluorescent product: 2-OHTA.
At designated time intervals (i.e, 10min, 29 min,
48 min, 67 min, and 86 min), a small aliquot (200 puL)
of the reaction mixture in RV2 is withdrawn into
MV2, and diluted by DI. The diluted mixture in MV2
is then passed through the flow cell of the spectrofluor-
ometer. The peak absorbance of 2-OHTA is at 310 nm,
while the emission intensity peaks at 427nm.
Therefore, the same wavelength settings (as used for
the GS-OPA measurements) are used to determine the
concentration of 2-OHTA. The concentration of 2-
OHTA in the reaction mixture is derived by calibrating
the spectrofluorometer with known concentrations
(0-200nM) of 2-OHTA standards. The concentrations
of eOH are then calculated after dividing 2-OHTA
concentration by 0.35 - the yield of 2-OHTA from the
reaction between TPT and eOH (Son et al. 2015). The
flow cell and MV2 are cleaned with DI immediately
after the measurement. After completing all the meas-
urements of AA, GSH in RV3 and ¢OH in RV2 at dif-
ferent time intervals, SAMERA performs a final
cleaning of all the vials (ie, RV2, RV3, MVl and
MV?2), connection tubes and flow cells by rinsing them
with DI, to prepare the system for the DTT assay.

2.3.2. DTT assay

The protocol of DTT assay is adapted from our previ-
ous publication (Yu et al. 2018), and combines the
eOH generation measurement into the automated
OPP™™ analysis protocol, following the same three
step process as in SLF-based protocol. In the first
incubation step, 3.5mL of sample, 0.5mL of 1 mM
DTT and 1mL of 50mM K-PB-buffered TPT are
added into RV1. Our tests have shown that the add-
ition of TPT in the reaction vial does not affect the
consumption rate of DTT (see Section S2 and Figure
S2 in SI). At specific time intervals (5min, 17 min,
29 min, 41 min, and 53 min), a small aliquot (100 puL)
of the reaction mixture from RV1 is taken out and
added to 500 pL of 200 uM DTNB in measurement
vial 1 (MV1) (probing step). DTNB combines with
residual DTT in the mixture, and forms a yellow col-
ored complex, 2-nitro-5-thiobenzoic acid (TNB). The
mixture in MV1 is then diluted and passed through
LWCC, where the absorbance at 412nm and 600 nm
(background) is measured by the spectrophotometer
and recorded by Ocean Optics SpectraSuite software.
A DTT calibration curve is also prepared by measur-
ing the initial absorbance of different known concen-
trations of DTT (0-100 uM). Simultaneously with the
DTT measurement (i.e., 5min, 17min, 29 min,
41 min, and 53 min), another aliquot (200 uL) of the
mixture from RV1 is withdrawn and diluted with DI
in MV2. The measurement of eOH then follows in
the same manner as eOH concentration in SLF. All
MVs and flow cells are cleaned with DI immediately
after each measurement step.

After all, five endpoints are measured for a given
sample, SAMERA performs a final self-cleaning oper-
ation for all RVs, MVs, LWCC and flow cell by rins-
ing them with DI, before the next run of analysis. The
next sample is selected by the multi-position valve
using VCOM software. The system is thoroughly
cleaned at least three times every week by replacing
all the reagents and chemicals with DI and run the
same code as for the sample analysis. The procedure
for mass and volume normalized OP (OPm and OPy,
respectively) determination from the raw absorbance
and fluorescence intensity data is described in the SI
(Section S3 and Figure S3).

2.4. Ambient samples collection and preparation

2.4.1. Sampling

Ambient PM, s samples were collected on prebaked
quartz filters (Pall Tissuquartz'™, 8” x 10”) using
high-volume samplers (flow rate = 1.13 m>/min;
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PM, s inlets, Tisch Environmental; Cleves, OH)
installed at five sites in the Midwest US. The map of
all sites is shown in Figure S4 in SI. Champaign
(CMP) site is located on a parking garage (~30m
from ground level) in the campus of University of
Illinois at Urbana-Champaign (UIUC) and is adjacent
to a major road (University Ave.) in Urbana, IL.
Bondville (BON) site is located in a rural area, 15km
west of downtown Champaign. Chicago (CHI) site is
located on the rooftop (~40m from the ground level)
of a student dormitory building (Carman hall) in
Ilinois Institute of Technology (IIT) campus, which is
0.5km east of a 6-lane interstate highway 1-90/94 and
1.5km west of Lake Michigan. Indianapolis (IND) site
is located in the campus of Indiana University -
Purdue University Indianapolis (IUPUI) and is close
to downtown Indianapolis (2 km southeast of the site)
and a 4-lane interstate highway I-65 (1km northeast
of the site). St. Louis (STL) site is located in the
north-central area of St. Louis (3247 Blair St.), and is
part of the National Core Pollutants (NCore) Network
of USEPA. The site is surrounded by multiple indus-
tries for steel and vehicle part fabrication.

All PM, 5 samples analyzed in the current study
were collected for a sampling duration of 72h in the
months of May, June and July 2018. The samples used
for assessing the precision and accuracy of SAMERA
(discussed in Section 2.5) were collected separately at
CMP site (N=10). Sufficient field blank filters
(N =10) were also collected during the sampling. The
exact dates of filter collection for different experi-
ments are provided in Table S1 (SI). All filter samples
were weighed before and after PM, s collection using
a lab-scale digital balance (£0.2mg readability;
Sartorius A120S, Gotingen, Germany) for determining
PM mass loadings on the filters. The filters were equi-
librated for at least 24h in a control room with con-
stant temperature (20°C) and relative humidity (RH
= 50%) before weighing. The filters were wrapped in
prebaked (at 550°C) aluminum foils and stored in a
freezer at —20 °C immediately after weighing.

2.4.2. PM extraction from the filters

Before analysis, a few (usually 2-5) punches (17 diam-
eter each) were taken from the PM,; filters by a
metallic punch, and extracted in 20mL DI using an
ultrasonic water bath (Cole-Palmer, Vernon-Hills, IL,
USA). These extracts were filtered through a 0.45pm
(PTFE) syringe filter to
remove the insoluble components. The (filtered
extracts were then analyzed by SAMERA for all five

polytetrafluoroethylene
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OP endpoints (i.e., QPAASLE  QpGSH-SLE - pOH-SLE
OPDTT and OPOH_DTT).

2.5. Performance evaluation of SAMERA

The performance of SAMERA was evaluated by meas-
uring the limit of detection (LOD), instrument
response, precision and accuracy for five OP end-
points using blanks, positive controls and ambient
samples. The LOD was obtained by analyzing multiple
blanks (both DI and field blank filters). Four redox-
active chemicals (Cu(II), Fe(II), PQ and 5-H-1,4-NQ)
were selected as the positive controls to test the
instrument response for five endpoints. Precision was
assessed by analyzing the same sample multiple times,
while accuracy was determined by comparing the
results obtained from SAMERA with that from the
manual analysis of a given set of samples (discussed
in next section). All OP assays on the positive controls
for assessing instrument response, precision and
accuracy were conducted in triplicates.

3. Results and discussions
3.1. Limit of detection (LOD)

The LOD of SAMERA is defined as three times of the
standard deviation of OP activities for blanks. Both
DI and field blank filters were used as the blanks for
assessing LOD. Table 1 lists the average blank level
and LOD for five OP endpoints. The LOD determined
from DI is useful to determine the minimum concen-
tration of chemical standards, which are prepared in
DI, while that from field blanks is important for the
ambient PM samples. However, the expression of
LOD in terms of the PM mass is complicated as it
depends on many factors, such as extraction protocol
(e.g., volume of water used for PM extraction and the
filter area which can be submerged in that volume),
and the concentration of redox-active substances in
the PM. In previous studies, at least 50 ug/mL of PM
in the reaction mixture was generally used for OP**
and OP*™ measurements (Ayres et al. 2008; Kiinzli

Table 1. The average blank levels and LOD of SAMERA for
five OP endpoints as measured from both DI blanks and field
blank filters.

DI blank Filter blank filters
Endpoint Unit Average LOD Average LOD
OPAASEE uM/min 0.150 0.197 0.169 0.210
pest-siF uM/min 0.297 0.144 0.368 0.165
OPOH-SLF nM/min 3.390 1.824 4570 3.633
(ol pM/min 0.496 0.060 0.651 0.065
opoH-oTT nM/min —0.463 0.634 —0.385 0.724
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et al. 2006; Mudway et al. 2005), while OPPTT was
found to be sensitive enough even at 10 ug/mL of PM
(Charrier et al. 2016; Fang et al. 2014). Based on the
analysis of ten ambient samples at different concentra-
tions in this study, we found that the endpoints
OPP™™ and OP®™SMF are sufficiently above detection
at 10 pg/mL, while other endpoints require higher
concentrations - 30 pg/mL for OP®™"™ ™" and 50 pg/
mL for OPA*SF and OPSSHSMF, Therefore, to obtain
a good performance of SAMERA for all the endpoints,
we recommend using a minimum concentration of
50 pg/mL for SLF-based assays, and 30pg/mL for
DTT-based assays.

3.2. The response of SAMERA to positive controls

Four chemicals — Cu(II), Fe(II), PQ and 5-H-1,4-NQ,
were selected as the positive controls separately for
five OP endpoints based on their reported sensitiv-
ities, i.e., Cu(ll) for OPAASLF and QpESH-SLE (Ayres
et al. 2008; Mudway et al. 2005), Fe(Il) for QP°HStF
(Charrier and Anastasio 2015; Vidrio et al. 2008), PQ
for OPP™ (Cho et al. 2005; Xiong et al. 2017), and 5-
H-1,4-NQ for OP°"™P™T (Xiong et al. 2017; Yu et al.
2018). All the calibration curves for different OP end-
points using these positive controls yield an excellent
coefficient of determination (R* = 0.96-0.99), as
shown in Figure 2. The slope of the calibration curve
for OPP™T (6.92+0.16min"!) is close to the one
obtained by Fang et al. (2014) in the automated sys-
tem based on the DTT assay (7.64+0.51 min~"), add-
ing confidence to the measurements obtained
by SAMERA.

3.3. Precision

The analytical precision of SAMERA was assessed by
analyzing ten parallel samples, i.e., respective positive
controls of same concentration for each OP endpoint.
The average and standard deviation of the OP activ-
ities measured from these analyses are listed in Table
2. A low coefficient of variation (CoV) for all five OP
endpoints (4.9%-8.1%) indicates a high reproducibility
of the results obtained from SAMERA.

Overall precision of SAMERA was assessed by
using ambient PM, s samples for five endpoints. Ten
punches - each of 1”7 diameters were taken from the
same Hi-Vol filter collected at CMP site, and
extracted separately in 10 mL DI water. After filtering
through a 0.45pum PTFE syringe filter, the extracts
were analyzed by SAMERA for all five endpoints.
Table 3 lists the average and standard deviation of

the mass-normalized OP activities (OPm) for five
endpoints. A slightly higher CoV (7.9-13.3%) com-
pared to that by the positive controls is observed,
which is reasonable due to higher uncertainties asso-
ciated with extraction procedures, e.g., non-uniform
mass loadings on the filter and variable PM extrac-
tion efficiencies.

3.4. Accuracy

SAMERA was validated for accuracy through com-
parison of its results with that from the manual oper-
ation, over a range of concentrations (same as used in
Figure 2) of positive controls. Figure 3 shows the
comparison of OP measured by manual operation (X
axis) with that from SAMERA (Y axis) for all five
endpoints using positive controls. The fitted lines
from orthogonal regressions applied on two measure-
ment approaches (i.e., automated vs. manual) yield
slopes close to 1 (OPAASLE, 1 15+ 0.07; QPCSH-SLE,
0.95+0.07; OP°™SM: 0.95+0.05; OPP'™: 1.07+0.05;
OPPHPTT. .96 +0.05), with an excellent coefficient of
determination (R* > 0.98), indicating high accuracy
of SAMERA as tested from the positive controls.

Accuracy was also tested using ambient samples.
Nine ambient PM, s Hi-Vol filter samples collected at
CMP site were extracted and analyzed for all five
endpoints using both SAMERA and the manual oper-
ation. Figure 4 shows comparison of the mass-normal-
ized OP activities (OPm) measured from two
approaches for all five endpoints. Similar to positive
controls, the slopes of the regression curves from the
orthogonal fit of two measurement methods on five
endpoints (OPAA'SLF: 0.97 +0.07; QPCSH-SLE,
0.99+0.09; OP°™SM: 0.98+0.15; OPP'™: 1.09+0.08;
OPOHPTT .89+0.14) were close to 1, with high R?
(0.86-0.97). A 2-tailed paired t-test further demon-
strates no significant differences (p>0.05) in the
results obtained from two measurement approaches
(i.e., manual and automated) using both positive con-
trols and the ambient samples.

3.5. Field application of SAMERA

An important objective of developing SAMERA is to
employ it for generating large OP dataset. This dataset
could then be integrated into epidemiological studies
for testing the hypothesis of OP association with bio-
logical health endpoints. Therefore, we tested utility
and stability of SAMERA by analyzing a subset of our
large number of ambient PM samples (N ~300) col-
lected from five sites in the Midwest US. Note, the
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Figure 2. OP as a function of the concentration of positive controls: (a) OP**F vs. Cu(ll) concentrations; (b) OPS"*F vs. Cu(ll)

concentrations; (c) OPPHSYF vs. Fe(ll) concentrations; (d) OPP™

vs. PQ concentrations; (e) O

PO*PTT vs. 5-H-1,4-NQ concentrations.

The error bars represent the standard deviation of triplicate OP analysis.

complete OP analysis along with a comprehensive
chemical and toxicity characterization of these samples
is currently underway and this will be a topic of our
future manuscripts. Here, we show a snapshot of the
data from only 44 samples collected during summer

2018, from the perspective of demonstrating the
potential application of SAMERA in yielding an
important OP dataset. All filters were extracted in DI
and  therefore = only  water-soluble fraction
was analyzed.
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Table 2. Precision of SAMERA as obtained by multiple
(N =10) measurements of various standard chemicals.

Standard Standard
Endpoint Unit Chemical Average Deviation CoV (%)
PAVSLE  iM/min 1 pM Cu(ll) 0.405 0.033 8.11
OPSSHSLE i M/min 1 M Cu(ll) 0.737 0.044 6.03
OPOMSLF nM/min 2 uM Fe(ll) 11.74 0.83 7.10
oPPTT puM/min - 0.2 uM PQ 1.867 0.094 5.04
oPo"PTT  nM/min 0.2 pM 5-H-1,4-NQ  15.83 0.77 4.89

The concentration of the standard chemical refers to concentration in the
reaction vial. CoV is the percentage ratio of the standard deviation to
the average level.

Table 3. Precision of SAMERA as obtained by multiple
(N =10) measurements of an ambient PM, 5 sample.

Endpoint Unit Average  Standard Deviation CoV (%)
OPMSF nmol/(min-ug)  0.0166 0.00196 11.87
PESHSLE nmol/(min-ug)  0.0281 0.00221 7.89
OPO™StF nmol/(min-pug)  0.437 0.0462 10.56
opPTT pmol/(min-pg)  0.0367 0.00387 10.52
OP*®TT pmol/(min-ug)  0.0489 0.00650 13.28

Figure 5 shows the time series of both mass-nor-
malized and volume-normalized OP endpoints. From
the comparison of OPm, a substantial variation could
be observed among the sites for several endpoints. For
example, the samples from CMP had higher activities
for OPAASLEy  OPSSHSLE, and OPOHSYm  end-
points than other sites. Our previous studies have
observed significant concentrations of Cu (5-52ng/
m’) at this site (Puthussery et al. 2018; Wang et al.
2018), which is an important driver of these end-
points. Because CMP is adjacent to a major road
(University Ave.), the emissions from brake wear and
dust resuspension (Hulskotte et al. 2007) could con-
tribute to Cu at this site. In contrast, CHI had higher
activities for OP°H S m, OPP™'m and OPOHPTTH
endpoints compared to IND and STL. In volume nor-
malized activities (Figure 5b), a similar trend but with
lesser variation than OPm among these sites can be
observed for all five endpoints. Figure S5 in SI shows
the ambient concentrations of PM, s mass at all these
sites, which seem to have only marginal variations,
except STL (higher levels than others). A significant
variation in the mass normalized activities despite
similar ambient concentration profiles of PM, s mass
indicates that the composition of redox-active PM
fraction varies substantially among these sites.

The activities for most OP endpoints (O
OPSSHSLE - pPTT - and OPO™SMY) were elevated in
the week of July 3 at all sampling sites. This trend is
more profound in OPv than in OPm, except at BON
(due to lower ambient PM mass concentration there
in that week; see Figure S5 in SI). This is attributed to
the fireworks emissions for the Independence Day
celebration on the evening of July 4. In our previous

PAA—SLF ,

study, Puthussery et al. (2018) also observed elevated
OP levels of ambient PM,; on July 4, 2017 in
Urbana, IL using a real-time OPP™" instrument.
Cracking fireworks result into elevated levels of ambi-
ent Fe and Cu (Pervez et al. 2016), which are intrin-
sically ROS-active in most of these assays.

Table 4 shows the comparison of average mass-
normalized and volume-normalized OP activities
measured in this study with several previous studies
conducted in North America, Europe, China and
India. OP*v (Table 4a) measured in this study
(0.044-0.745 nmol-min~"-m ) is at very low end of
the range (0.2-5.2nmol-min~"-m ) reported by Fang
et al. (2016) for the ambient PM, 5 samples collected
from Southeast US. However, the range of our OP**"
S (0.004-0.077 nmolomin_l'ug_l) measurements is
closer to the range (0.0017-0.04 nmol-min~'-ug™")
reported by Szigeti et al. (2016) for the urban PM, ;
samples collected from 20 European cities. The
median of our OP**m (0.012 nmol-min_1~ug_1) is
also close to the average activity reported in two
European studies (Kunzli et al. 2006; Mudway et al.
2005). Since OP*%v in Fang et al. (2016) was meas-
ured in the absence of other antioxidants (i.e., GSH,
UA, and CA), the lower OP***'Fy in our study might
be due to the interactions among these antioxidants.
For example, GSH has the ability to reduce the oxi-
dized AA (Birben et al. 2012), thereby slowing down
the depletion rate of AA in SLF. Recently,
Pietrogrande et al. (2019) has also reported a signifi-
cant suppressing effect by other three antioxidants
(i.e., GSH, CA, and UA, up to 80% decrease depend-
ing upon the relative concentrations of these antioxi-
dants) in SLF on the consumption rate of AA.

Our OP%*™Sm (Table 4b) has a slightly wider
range (0.001-0.040 nmol-min~'-ug~") than the range
(0-0.0275 nmol~min71~ug71) reported in the studies
conducted so far. Note, the depletion rate of both AA
and GSH reported in most studies (Godri et al. 2011;
Kinzli et al. 2006; Mudway et al. 2005; Szigeti et al.
2016) are calculated based on a 4-h test with the lung
lining fluid (200uM AA, 200uM GSH and 200 pM
UA), which has a different composition than the SLF
used in this study (200puM AA, 100 uM GSH, 100 uM
UA and 300uM CA). Furthermore, a photometric-
based DTNB enzymatic recycling assay adapted from
Baker et al. (1990) was used for GSH determination
in all these studies. In this assay, DTNB reacts with
GSH and generates oxidized glutathione (GSSG) and
TNB, while GSSG is reduced back to GSH by an add-
itional reductant NADPH, catalyzed by glutathione
reductase (GR). TNB production (i.e., absorbance at
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Figure 3. Comparison of manual operation (X axis) and automated system (Y axis) using four positive controls: (a) OP*>'F of

Cu(ll); (b) OPS™3tF of Cu(ll); (c) OPP**F of Fe(ll); (d) OPP™ of PQ; (e) OP°"P™ of 5-H-1,4-NQ. The error bars on X and Y axes
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412nm) is measured to determine the concentration  concentration is then obtained indirectly by subtract-
of total glutathione (GSSG and GSH) and GSSG (by  ing 2 times of GSSG from total GSH (Mudway et al.
first removing GSH wusing 2-vinylpyridine). GSH  2001). This method has been adapted from the cell-
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based studies (e.g., measuring oxidative stress in
human lung adenocarcinoma cells) where the concen-
tration of initial GSH is unknown and therefore it is
important to measure both reduced (GSH) and oxi-
dized (GSSG) glutathione to assess the cellular oxida-
tive state. In the chemical assays, where we add a
known amount of GSH, measurement of GSSG is not
required and OP®*" can be simply determined by

measuring the oxidation rate of GSH. Nevertheless,
Rousar et al. (2012) compared the GSH concentration
from the conventional enzymatic recycling approach
versus direct determination of GSH using OPA
method, and reported an excellent agreement between
two methods (slope from orthogonal fit = 0.98, R? =
0.99, N =45 biological samples). Note, the complexity
of enzymatic recycling approach does not allow
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Table 4. Comparison of ambient PM2.5 OP obtained from SAMERA with those reported in the literatures.

Reference PM size fraction (pum) Levels Location Location type Sample size
(a) OP*A
Fang et al. (2016)° <25 0.2 - 5.2nmol-min~"-m—3 Southeast US Urban and rural 483
Mudway et al. (2005)° <25 0.012+0.0001 nmol-min~"-ug™" Eksaal, India Biomass burning 3
Kiinzli et al. (2006)° <25 0.0096 +0.0025 nmol-min~"-pg ™" 19 European cities Urban 716
Szigeti et al. (2016)°< <25 0.0017 - 0.04 nmol-min~"-ug™" 8 European cities Urban 22
Godri et al. 2011)° 1.0-19 0.0058 + 0.0025 nmol-min-1-pug-1 London, United Kingdom Urban 14
This study (OPA5LF) <25 0.004 - 0.077 nmol-min~"-ug~" Midwest US (5 sites) Urban(4),rural(1) 54

median: 0.012 nmol-min~"-pg~’

0.044 - 0.745 nmol-min~"-m >

median: 0.160 nmol-min-1-m-3
(b) op&sH
Mudway et al. (2005)° <25 0.0083 +0.0002 nmol-min~"-pg~"  Eksaal, India Biomass burning 3
Kiinzli et al. (2006)° <25 0.0041 +0.0017 nmol-min~"-pg ™" 19 European cities Urban 716
Szigeti et al. (2016)>¢ <25 0 - 0.0275 nmol-min~"-pg ™’ 8 European cities Urban 22
Godri et al. (2011)° 1.0-1.9 0.0042 + 0.0033 nmol-min-1-pg-1 London, United Kingdom Urban 14
This study (OP®SHStF) <25 0.001 - 0.040 nmol-min~"-ug™" Midwest US (5 sites) Urban(4),rural(1) 54

median: 0.010 nmol-min™"-pg™"

0.008 — 0.463 nmol-min~"-m 3

median: 0.100 nmol-min~"-m~3
() OPOHSLF
Vidrio et al. (2009)¢ <25 0.253+0.135 pmol-min~"-ug™" Davis, CA Urban ~90
Ma et al. (2015)¢ <25 0.092 +0.019 pmol-min-1-ug-1 Guangzhou, China Urban 72
This study <25 0.085 - 0.967 pmol-min~"-ug™" Midwest US (5 sites) Urban(4),rural(1) 54

median: 0.307 pmol-min~"-pg~"

0.857 — 7.884 pmol-min~"-m 3

median: 3.559 pmol-min-1-m-3
(d) oP°™
Fang et al. (2016) <25 0.15 - 0.43 nmol-min~"-m 3 Southeast US Urban and rural 483
Xiong et al. (2017) <25 0.1 - 0.18 nmol-min~"-m 3 Urbana, IL Urban 10
Verma et al. (2014) <25 0.018 - 0.055 nmol‘min”ug’1 Atlanta area, GA Urban, rural 483
Cho et al. (2005) <25 0.005 - 0.155 nmol-min~"-ug™" Los Angeles basin, CA Urban 1
Charrier et al. (2015) <25 0.02 - 0.061 nmol-min~"-pg~" San Joaquin, CA Urban, rural 6
Hu et al. (2008) 0.25 - 2.5 0.014 - 0.024 nmol-min-1-pg-1 Los Angeles harbor, CA Urban 84
This study <25 0.004 - 0.193 nmol-min~"-ug ™" Midwest US (5 sites) Urban(4),rural(1) 54

median: 0.014 nmol-min™"-pg™"

0.041 - 1.282 nmol-min~"-m~3

median: 0.146 nmol-min-1-m-3
(@) opoHDTT
Xiong et al. (2017) <25 0.2 - 0.6 pmol-min~"-m™3 Urbana, IL Urban 10
Yu et al. (2018) <25 0.2 - 1.1 pmol-min~"-m 3 Urbana, IL Urban 10
This study <25 0.034 - 0.357 pmol-min~"-ug ™" Midwest US (5 sites) Urban(4),rural(1) 54

median: 0.082 pmol-min~"-pg ™~

1

0.360 — 4.152 pmol-min~"-m 3

median: 1.054 pmol-min~

1

.m_3

®The study assessed OPAA of ambient PM samples in an AA-only model (no other antioxidants involved).
®The composition of lung lining fluid (200 pM AA, 200 pM GSH, and 200 pM UA) was different in these studies than the SLF used in our study.
Moreover, total consumption of AA and GSH in 4 h was reported, and we have estimated the rates assuming linear pattern of AA and GSH consumption

with time.

“The author compared the OP activities between indoor air PM and outdoor air PM. Only the results of outdoor air PM were included in this table.
4The SLF used in these studies had the same composition as ours (200 uM AA, 100 pM GSH, 100 uM UA, and 300 pM CA). However, total eOH generated
in 24 h was reported, and we have estimated the rates assuming linear pattern of eOH generation with time.

measuring the kinetic properties of GSH depletion as
yielded by SAMERA, which could be important to
understand the reaction mechanism and the role of
different chemical components in this OP endpoint.
In contrast to OP™* and OP®*Y, fewer studies have
used QpOH-SLE endpoint. Similar to OPCSHSLE Taple
4c shows a wider range of OP°™"S' in our analysis
compared to two studies (Ma et al. 2015; Vidrio et al.
2009) using the same SLF protocol. Note, due to the
lack of kinetic profile, «OH generation rates from
these two studies were calculated assuming a linear
pattern of eOH production within 24 h, which could
lead to erroneous estimates. Therefore, caution needs

to be exercised in comparing these results. Moreover,
the samples used in those two studies were collected
from a single site (i.e., Davis, CA for Vidrio et al
[2009] and Guangzhou, China for Ma et al. [2015]),
in contrast to our samples, which were collected from
five different sites, probably resulting into a wider
range of OP activities in our study.

As the most commonly used endpoint, OP®™" has
the largest database in existing literature. Both mass-
normalized and volume-normalized DTT activities
measured in this study are in good agreement with those
from many previous studies listed in Table 4d (i.e.,
within the typical range: 0.005-0.2 nmol-min~'-ug~" for



OPP™'m and 0.1-0.5 nmol-min~"-m 2 for OPP™1y). In
contrast, OP?™™PTT is a newer endpoint which was first
introduced in our previous study (Xiong et al. 2017).
The activity of OP®"™ ™! measured in this study is sig-
nificantly higher than our previous studies [i.e., Xiong
et al. [2017] and Yu et al. [2018] [Table 4e]) reporting
this endpoint. This is again attributed to a diversity of
the sites we have in the current study in contrast to only
two sites, which were both in Champaign (IL) in those
studies. Interestingly, the range of OP°""°Ty at CMP
in this study (0.4-1.4pmol-min~'-m>; Figure 5e) is
close to that reported in our previous study Yu et al.
(2018) (0.2—1.1pmol-min_1-m_3), indicating the con-
sistency of our automated protocol. Further investiga-
tion of PM chemical composition (currently underway),
will help in revealing the complex patterns of these OP
endpoints among different sites.

4. Conclusions

SAMERA is designed for an automated analysis of five
OP endpoints — QPAASLE QPGSH-SLE GpOH-SLE pDTT
and OP°"PTT on ambient PM aqueous extracts. Both
spectrophotometric- and spectrofluorometric-based
approaches were adopted to obtain a simultaneous
measurement of multiple endpoints. The system ana-
lyzes all five OP endpoints for a given sample within 3 h.
The precision tests on SAMERA demonstrated a high
reproducibility for both positive controls and ambient
PM, s samples. The measurements obtained from
SAMERA are also highly accurate as they were validated
against the results from manual operation using the
same experimental protocol. We recommend a liquid
concentration of ambient PM, 5 extracts in the reaction
mixture as 50 pg/mL for the SLF-based assays, and
30 pg/mL for DTT-based assays.

Overall, SAMERA provides the first rapid and high-
throughput analysis protocol for multiple endpoints of
OP. It substantially reduces the time and labor required
to conduct various OP assays on the ambient PM sam-
ples, which will facilitate integrating the OP dataset into
epidemiological models in future studies. Furthermore,
SAMERA can yield the kinetic properties for antioxi-
dant (e.g., GSH) consumption and ROS generation (e.g.,
eOH generation in SLF), which have not been typically
obtained in previous studies due to labor-intensive pro-
tocols of these endpoints. The study also explored the
feasibility of employing SAMERA for analyzing a large
set of ambient PM, 5 samples currently being collected
from the Midwest US. Preliminary results show that the
range of OP activities obtained from SAMERA is
broader than those reported in previous studies, which
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is probably due to the diversity in chemical composition
of the ambient samples collected from five different
sampling sites in our study. The activities for most OP
endpoints were significantly elevated in the week of July
4 at all the sites, indicating a substantial impact of fire-
works emissions from Independence Day celebration on
ambient PM,s OP. Further analysis of OP on the
remaining samples along with a detailed chemical speci-
ation, which is currently underway, will yield insights
on the chemical components and their emission sources
contributing to different mechanisms of ROS gener-
ation induced by ambient PM, s in the Midwest US.
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