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A B O U T  H E I

 vii

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI’s research and analyses to public and private 
decision makers.

HEI typically receives balanced funding from the U.S. Environmental Protection Agency and the 
worldwide motor vehicle industry. Frequently, other public and private organizations in the 
United States and around the world also support major projects or research programs. HEI has 
funded more than 340 research projects in North America, Europe, Asia, and Latin America, the 
results of which have informed decisions regarding carbon monoxide, air toxics, nitrogen oxides, 
diesel exhaust, ozone, particulate matter, and other pollutants. These results have appeared in 
more than 260 comprehensive reports published by HEI, as well as in more than 1,000 articles in 
the peer-reviewed literature.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Research Committee solicits input from HEI sponsors and other stakeholders and works with 
scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and oversee 
their conduct. The Review Committee, which has no role in selecting or overseeing studies, works 
with staff to evaluate and interpret the results of funded studies and related research.

All project results and accompanying comments by the Review Committee are widely 
disseminated through HEI’s website (www.healtheffects.org), printed reports, newsletters and other 
publications, annual conferences, and presentations to legislative bodies and public agencies.
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Research Report 197, Cellular and Acellular Assays for Measuring Oxidative Stress Induced by 
Ambient and Laboratory-Generated Aerosols, presents a research project funded by the Health 
Effects Institute and conducted by Dr. Nga Lee (Sally) Ng of the Georgia Institute of Technology, 
Atlanta, Georgia, and her colleagues. This research was funded under HEI’s Walter A. Rosenblith 
New Investigator Award Program, which provides support to promising scientists in the early 
stages of their careers. The report contains three main sections.

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the Review Committee’s comments on 
the study.

The Investigators’ Report, prepared by Ng and colleagues, describes the scientific 
background, aims, methods, results, and conclusions of the study.

The Critique, prepared by members of the Review Committee with the assistance 
of HEI staff, places the study in a broader scientific context, points out its strengths 
and limitations, and discusses remaining uncertainties and implications of the study’s 
findings for public health and future research.

This report has gone through HEI’s rigorous review process. When an HEI-funded study is 
completed, the investigators submit a draft final report presenting the background and results of 
the study. This draft report is first examined by outside technical reviewers and a biostatistician. 
The report and the reviewers’ comments are then evaluated by members of the Review 
Committee, an independent panel of distinguished scientists who have no involvement in 
selecting or overseeing HEI studies. During the review process, the investigators have an 
opportunity to exchange comments with the Review Committee and, as necessary, to revise 
their report. The Critique reflects the information provided in the final version of the report.
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This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr. Nga Lee (Sally)
Ng at the Georgia Institute of Technology, Atlanta, Georgia, and colleagues. Research Report 197 contains both the detailed Investigators’
Report and a Critique of the study prepared by the Institute’s Review Committee.
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Cellular and Acellular Assays for Measuring 
Oxidative Stress Induced by Ambient and 
Laboratory-Generated Aerosols

BACKGROUND

In this study Dr. Nga (Sally) Ng, who was a recip-
ient of HEI’s Walter A. Rosenblith New Investigator
Award, and her colleagues characterized and com-
pared the oxidative properties of ambient PM and
laboratory-generated secondary organic aerosol
(SOA) using in vitro assays. SOA is formed in the
atmosphere from the products of photochemical
reactions of organic compounds. The chemistry
involving the formation of SOA is complex and
depends on many factors, such as precursor compo-
sition, temperature, humidity, concentration of
oxides of nitrogen (NOx), and existing aerosols.  

APPROACH

Dr. Ng studied the relative oxidative activity of
resuspended ambient PM and laboratory-generated
SOA using a chemical assay (DTT) and a cellular
assay (C-DCFH). The former assay assessed the
ability of particle extracts to oxidize DTT in a test
tube, while the latter assessed the ability of particle
extracts to induce ROS production in macrophages
grown in culture. Dr. Ng also studied induction of
two markers of inflammation (tumor necrosis factor-
α and interleukin-6) by SOA. 

The ambient PM samples were collected as part of
a previous study by the authors. The SOA samples
were generated in an environmental chamber in the
presence of simulated sunlight and ammonium sul-
fate (which serves as a seed particle onto which the
semivolatile products condense) under different
conditions (high and low humidity, high and low
NOₓ, and presence of redox-active metal). Separate
experiments were performed using six organic com-
pounds (SOA precursors) to generate different types
of SOA: three precursors are commonly emitted by

anthropogenic sources (m-xylene, naphthalene,
and pentadecane) and three from biogenic sources
(isoprene, α-pinene, and β-caryophyllene).

MAIN RESULTS AND INTERPRETATION

Ambient PM There was an association between
oxidative potential (DTT assay) and ROS response
(C-DCFH assay) for ambient PM collected in
summer, but not for PM collected in winter. Some

What This Study Adds
• The study provides a systematic analysis 

of the ability of ambient particulate matter 
(PM) and laboratory-generated secondary 
organic aerosol (SOA) to induce the 
production of reactive oxygen species 
(ROS) as measured by both chemical 
(DTT) and cellular (C-DCFH) assays. 

• The results show that all of the types of 
aerosol tested have the ability to induce 
production of ROS to some extent. For 
ambient PM, positive correlations were 
observed for water-soluble organic 
compounds, black carbon, and some 
metals in summer samples. Among the 
different types of SOA tested, 
naphthalene-derived SOA had the highest 
activity in both assays. There was a 
correlation between cellular ROS 
production and aerosol carbon oxidation 
state.

• The results of the SOA activity are novel 
and point to the need to better understand 
their effects on human health.
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constituents of summer PM (water-soluble organic
compounds, brown carbon, iron, and titanium), but
not of winter PM, were correlated with increased
ROS production in the C-DCFH assay.

Laboratory-Generated SOA SOA formed from
the photo-oxidation of naphthalene elicited the
largest response in both the DTT and C-DCFH
assays across all chamber conditions. SOA formed
from isoprene oxidation had the lowest DTT activity.
For the other precursors, the DTT activities were
low. There was more variability in the ROS and
inflammatory responses than in the DTT assay across
the SOA, with naphthalene-derived SOA showing
the largest range in inflammatory responses and iso-
prene-derived SOA, the lowest response. While
there was no clear trend between chamber condi-
tions (high and low NOx and high and low humidity)
and ROS production across the six types of SOA, the
investigators reported a positive correlation between
ROS production and carbon oxidation state.

CONCLUSIONS

In its independent review of this study by Ng and
colleagues, the HEI Review Committee noted that
the study provides an overview of whether compo-
nents or characteristics of PM influence ROS forma-
tion. The Committee thought the results indicate
that both ambient PM and SOA have some oxida-
tive potential and ability to induce ROS production.
While a correlation was observed between the two
assays for summer PM samples, for SOA the corre-
lation seemed to be driven by SOA produced by
naphthalene, and thus not generalizable. The Com-
mittee noted that, because the chemical and cellular
assays measure different aspects of oxidative
activity, a correlation would not necessarily be
expected. The experiments with laboratory-gener-
ated SOA also show that ROS production is accom-
panied by production of inflammatory mediators.
However, there was no clear trend between ROS
production and SOA precursor identity or forma-
tion condition. The Committee noted that biological
relevance of these results is not known. However,
SOA is a major component of fine particulate matter
in many areas of the country, and the results of this
study underscore the need to better understand the
effects of SOA on human health. 
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INVESTIGATORS’ REPORT

Cellular and Acellular Assays for Measuring Oxidative Stress Induced by Ambient
and Laboratory-Generated Aerosols

Nga L. Ng¹,², Wing Y. Tuet¹, Yunle Chen³, Shierly Fok¹, Dong Gao⁴, Marlen S. Tagle Rodriguez⁵, 
Mitchel Klein⁶, Anna Grosberg⁵, Rodney J. Weber², and Julie A. Champion¹

¹School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, GA; ²School of Earth and
Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA; ³School of Materials Science and Engineering,
Georgia Institute of Technology, Atlanta, GA; ⁴School of Civil and Environmental Engineering, Georgia Institute of Tech-
nology, Atlanta, GA; ⁵Department of Biomedical Engineering, University of California–Irvine, Irvine, CA; ⁶Rollins School of
Public Health, Emory University, Atlanta, GA

ABSTRACT

INTRODUCTION

Many studies have established associations between
exposure to air pollution, or atmospheric particulate matter
(PM*), and adverse health effects. An increasing array of
studies have suggested oxidative stress as a possible mecha-
nism by which PM-induced health effects arise, and as a
result, many chemical and cellular assays have been devel-
oped to study PM-induced oxidant production. Although
significant progress has been made in recent years, there are
still many gaps in this area of research that have not been
addressed. Many prior studies have focused on the aerosol
of primary origin (e.g., the aerosol emitted from combustion
engines) although the aerosol formed from the oxidation of
volatile species, secondary organic aerosol (SOA), has been
shown to be the predominant type of aerosol even in urban
areas. Current SOA health studies are limited in number,

and as such, the health effects of SOA are poorly character-
ized. Also, there is a lack of perspective in terms of the rela-
tive toxicities of different SOA systems. Additionally,
although chemical assays have identified some SOA con-
stituents associated with adverse health endpoints, the
applicability of these results to cellular responses has not
been well established. 

SPECIFIC AIMS

The overall objective of this study was to better under-
stand the oxidative properties of different types and com-
ponents of PM mixtures (especially SOA) through
systematic laboratory chamber experiments and ambient
field studies. The study had four specific aims:

1. To develop a cellular assay optimized for measuring
reactive oxygen and nitrogen species (ROS/RNS) pro-
duction resulting from PM exposure and to identify a
robust parameter that could represent ROS/RNS levels
for comparison with different endpoints.

2. To identify ambient PM components associated with
ROS/RNS production and evaluate whether results
from chemical assays represented cellular responses in
terms of ROS/RNS production.

3. To investigate and provide perspective on the relative
toxicities of SOA formed from common biogenic and
anthropogenic precursors under different conditions
(e.g., humidity, nitrogen oxides [NOx], and redox-active
metals) and identify bulk aerosol properties associated
with cellular responses. 

4. To investigate the effects of photochemical aging on
aerosol toxicity. 

This Investigators’ Report is one part of Health Effects Institute Research
Report 197, which also includes a Critique by the Review Committee and an
HEI Statement about the research project. Correspondence concerning the
Investigators’ Report may be addressed to Dr. Nga Lee (Sally) Ng, School of
Chemical and Biomolecular Engineering and School of Earth and Atmo-
spheric Sciences, Georgia Institute of Technology, 311 Ferst Dr. NW, Atlanta,
GA 30322; email: ng@chbe.gatech.edu.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award CR–
83467701 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.

* A list of abbreviations and other terms appears at the end of this volume.
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METHODS

Ambient PM samples were collected from urban and
rural sites in the greater Atlanta area as part of the South-
eastern Center for Air Pollution and Epidemiology (SCAPE)
study between June 2012 and October 2013. The concentra-
tions of water-soluble species (e.g., water-soluble organic
carbon [WSOC], brown carbon [BrC], and metals) were
characterized using a variety of instruments. Samples for
this study were chosen to span the observed range of
dithiothreitol (DTT) activities.

Laboratory studies were conducted in the Georgia Tech
Environmental Chamber (GTEC) facility in order to gen-
erate SOA under well-controlled photooxidation condi-
tions. Precursors of biogenic origin (isoprene, α-pinene,
and β-caryophyllene) and anthropogenic origin (pen-
tadecane, m-xylene, and naphthalene) were oxidized
under various formation conditions (dry vs. humid, NOx,
and ammonium sulfate vs. iron sulfate seed particles) to
produce SOA of differing chemical composition and mass
loading. For the naphthalene system, a series of experi-
ments were conducted with different initial hydrocarbon
concentrations to produce aerosols with various degree of
oxidation. A suite of instruments was utilized to monitor
gas- and particle-phase species. Bulk aerosol properties
(e.g., O:C, H:C, and N:C ratios) were measured using a
high-resolution time-of-flight aerosol mass spectrometer.
Filter samples were collected for chemical oxidative
potential and cellular measurements. For the naphthalene
system, multiple filter samples were collected over the
course of a single experiment to collect aerosols of dif-
ferent photochemical aging. 

For all filter samples, chemical oxidative potentials
were determined for water-soluble extracts using a semi-
automated DTT assay system. Murine alveolar macro-
phages and neonatal rat ventricular myocytes were also
exposed to PM samples extracted in cell culture medium
to investigate cellular responses. ROS/RNS production
was detected using the intracellular ROS/RNS probe,
carboxy-2 ʹ,7 ʹ-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFA), whereas cellular metabolic activity was
assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT). Finally, cytokine production, that
is, secreted levels of tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6), were measured post-exposure using
an enzyme-linked immunosorbent assay (ELISA). To
identify PM constituents associated with oxidative prop-
erties, linear regressions between oxidative properties
(cellular responses or DTT activity) and aerosol composi-
tion (metals, elemental ratios, etc.) were evaluated using
Pearson’s correlation coefficient, where the significance
was determined using multiple imputation and evaluated
using a 95% confidence interval. 

RESULTS

We optimized several parameters for the ROS/RNS
assay, including cell density (2 × 10⁴ cells/well for macro-
phages and 3.33 × 10⁴ cells/well for cardiomyocytes),
probe concentration (10 µM), and sample incubation time
(24 hours). Results from both ambient and laboratory-
generated aerosols demonstrate that ROS/RNS production
was highly dose-dependent and nonlinear with respect to
PM dose. Of the dose–response metrics investigated in this
study (maximum response, dose at which the response is
10% above the baseline [threshold], dose at which 50% of
the response is attained [EC50], rate at which the maximum
response is attained [Hill slope], and area under the dose–
response curve [AUC]), we found that the AUC was the
most robust parameter whose informativeness did not
depend on dose range. 

A positive, significant correlation was observed be-
tween ROS/RNS production as represented by AUC and
chemical oxidative potential as measured by DTT for am-
bient samples collected in summer. Conversely, a rela-
tively constant AUC was observed for ambient samples
collected in winter regardless of the corresponding DTT
activity. We also identified several PM constituents
(WSOC, BrC, iron, and titanium) that were significantly
correlated with AUC for summer samples. The strong cor-
relation between organic species and ROS/RNS production
highlights a need to understand the contribution of organic
aerosols to PM-induced health effects. No significant corre-
lations were observed for other ROS/RNS metrics or PM
constituents, and no spatial trends were observed. 

For laboratory-generated aerosol, precursor identity in-
fluenced oxidative potentials significantly, with isoprene
and naphthalene SOA having the lowest and highest DTT
activities, respectively. Both precursor identity and forma-
tion condition significantly influenced inflammatory
responses induced by SOA exposure, and several response
patterns were identified for SOA precursors whose photo-
oxidation products share similar carbon-chain length and
functionalities. The presence of iron sulfate seed particles
did not have an apparent effect on oxidative potentials;
however, a higher level of ROS/RNS production was ob-
served for all SOA formed in the presence of iron sulfate
compared with ammonium sulfate. We also identified a
significant positive correlation between ROS/RNS produc-
tion and average carbon oxidation state ( ), a bulk aero-
sol property. It may therefore be possible to roughly
estimate ROS/RNS production using this property, which
is readily obtainable. This correlation may have significant
implications as aerosols have an atmospheric lifetime of a
week, during which  increases because of atmospheric
photochemical aging. Our results suggest that aerosols

cOS

cOS
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might become more toxic as they age in the atmosphere.
Finally, in the context of ambient samples, laboratory-
generated SOA induced comparable or higher levels of
ROS/RNS. Oxidative potentials for all laboratory SOA sys-
tems, with the exception of naphthalene (which was
higher), were all comparable with oxidative potentials ob-
served in ambient samples. 

INTRODUCTION

Exposure to PM is a leading global human health risk
(Lim et al. 2012). Over the past few decades, there have
been multiple epidemiological studies reporting associa-
tions between elevated PM concentrations and increased
incidences of cardiopulmonary morbidity and mortality
(Anderson et al. 2011; Brunekreef and Holgate 2002;
Dockery et al. 1993; Hoek et al. 2013; Li et al. 2008; Lim et
al. 2012; Pope et al. 2002; Pope III and Dockery 2006).
More recent studies have also found significant associations
between cardiopulmonary health effects and particle oxida-
tive potential (Bates et al. 2015; Fang et al. 2016; Weichen-
thal et al. 2016; Yang et al. 2016). Furthermore, findings
from toxicological studies suggest that PM-induced oxidant
production, including ROS/RNS, may be a possible mech-
anism for PM-induced health effects (Castro and Freeman
2001; Gurgueira et al. 2002; Li et al. 2003a; Tao et al. 2003).
Specifically, these oxidative species can initiate cellular
inflammatory cascades, and prolonged stimulation of these
cascades can lead to oxidative stress, cellular damage (e.g.,
lipid peroxidation, protein oxidation, and nucleic acid al-
teration), and chronic inflammation for which there is an es-
tablished link to cancer (Hensley et al. 2000; Philip et al.
2004; Wiseman and Halliwell 1996). Collectively, these
findings suggest that a possible link exists between PM ex-
posure and observed health endpoints.

Multiple chemical and cellular assays have been devel-
oped to measure PM-induced oxidant production and elu-
cidate constituents responsible for oxidant production
(Cho et al. 2005; Fang et al. 2015c; Kumagai et al. 2002;
Landreman et al. 2008). In biological systems, ROS/RNS
are formed by the reaction between oxygen and reducing
agents present in the cell, such as nicotinamide adenine
dinucleotide phosphate (NADPH) and nicotinamide ade-
nine dinucleotide (NADH) (Frei 1994). PM species can
react with these reducing agents to initiate a series of redox
reactions that ultimately produce superoxide anions,
which can further react to produce hydrogen peroxides
(e.g., Rattanavaraha et al. 2011). This is the basis of cell-
free chemical assays, in which an antioxidant species (e.g.,
dithiothreitol, DTT; ascorbic acid; or other species present
in the respiratory tract lining fluid) is used to simulate

biologically relevant redox reactions, and anti-oxidant
decay provides a measure of the concentration of redox-
active species in a sample (Cho et al. 2005; Fang et al.
2015c; Kumagai et al. 2002). Cellular assays, on the other
hand, utilize a non-fluorescent probe that reacts with
ROS/RNS and produces a fluorescent compound post-
reaction. The measured fluorescence is proportional to the
concentration of ROS/RNS produced as a result of PM
exposure (Landreman et al. 2008). In cellular systems,
cells may also generate ROS/RNS as a signaling molecule
and/or upregulate antioxidant defenses in response to
stimuli (Wiseman and Halliwell 1996), which affects the
measured ROS/RNS production. The cellular assay uti-
lized in this study predominantly measures ROS/RNS pro-
duced by the cell in response to PM exposure. Redox-
active species, the concentration of which is measured by
chemical assays, can induce cellular ROS/RNS production
and hence may be measured by the cellular assay as well.
Furthermore, it may be possible for particle-bound
ROS/RNS to diffuse across the cell membrane and react
with the ROS/RNS probe. This is the basis of another acel-
lular chemical assay, which has been used previously to
study the oxidative properties of PM (Møller et al. 2009).
Therefore, there exists some overlap between the types of
ROS/RNS measured by both chemical and cellular assays. 

Epidemiological studies and various assays have associ-
ated numerous PM components with adverse health
effects. The potential contributions of metals have been
explored extensively as many metals are redox-active and
hence may produce ROS/RNS via Fenton-like reactions
(Chevion 1988; Frei 1994). Many studies report findings
that support the adverse influence of metals on PM-
induced health effects. Epidemiological studies have
found strong associations between metals, namely iron,
nickel, and zinc, and mortality (Burnett et al. 2001). These
observations are supported by toxicological studies, where
various oxidative properties were found to be most signifi-
cant in metal-containing samples (Akhtar et al. 2010; Pardo
et al. 2015). Strong correlations between oxidative proper-
ties (e.g., neutrophil influx and oxidative potential) and
water-soluble metals have also been reported (Charrier and
Anastasio 2012; Charrier et al. 2015; Huang et al. 2003;
Verma et al. 2010). Similarly, organic-carbon constituents
have been found to be toxicologically relevant. Studies on
the oxidative potential of PM have reported strong correla-
tions between DTT activity and WSOC, as well as polycyclic
aromatic hydrocarbons and other oxygenated aromatics,
such as humic-like substances (Antinolo et al. 2015; Dou et
al. 2015; Li et al. 2003b; Lin and Yu 2011; McWhinney et al.
2013b; Saffari et al. 2014b; Verma et al. 2009, 2012, 2015a,
2015b). Furthermore, inhalation and exposure studies
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have found that organic-carbon constituents may play a
significant role in PM-induced adverse effects (Hamad et
al. 2015; Kleinman et al. 2005). However, many of these
inhalation and exposure studies involved limited data sets
and low-throughput methods, and the applicability of
chemical oxidative potentials to cellular responses has not
been established. 

Ambient PM consists of a complex mixture of hundreds
to thousands of species. Organic aerosols, which consti-
tute a significant portion of PM, can be further divided into
two classes of aerosols: primary organic aerosol (POA) and
secondary organic aerosol (SOA) (Jimenez et al. 2009;
Kanakidou et al. 2005; Zhang et al. 2007). POA is directly
emitted as PM from a variety of sources, such as vegeta-
tion, fossil fuel combustion, and power plant operation.
SOA, on the other hand, is formed from the oxidation of
volatile species followed by gas-particle partitioning (Hall-
quist et al. 2009; Kroll and Seinfeld 2008). Currently, many
pollution control strategies and policies are focused on
primary emissions. Field studies, however, have shown
that mass loadings of SOA often exceed those of POA, even
in urban environments (Jimenez et al. 2009; Ng et al. 2010;
Zhang et al. 2007). In the past, many health studies
focused on primary emissions, such as the PM emitted
from diesel and gasoline exhaust (Bai et al. 2001; Kumagai
et al. 2002; McWhinney et al. 2013a; Turner et al. 2015), or
were conducted on particles that were not representative
of ambient exposures (Koike and Kobayashi 2006). More
recent studies explored the potential health implications
of SOA (Arashiro et al. 2016; Baltensperger et al. 2008;
Kramer et al. 2016; Lund et al. 2013; McDonald et al. 2010,
2012; McWhinney et al. 2013b; Platt et al. 2014; Rattana-
varaha et al. 2011). The oxidative potentials and cellular
responses measured in these studies demonstrated that
pure SOA could indeed contribute to PM-induced health
effects. However, these studies generally focused on an
SOA formed from a single precursor or on SOA generated
in a simulated urban environment (Arashiro et al. 2016;
Kramer et al. 2016; McDonald et al. 2012; McWhinney et
al. 2013b; Rattanavaraha et al. 2011). Furthermore, the
large range of oxidative potentials observed for indi-
vidual SOA systems was largely unexplored (Kramer et
al. 2016; McWhinney et al. 2013b). Results from cellular
exposure studies also included different measures of
response (e.g., ROS/RNS, gene expression, and inflamma-
tory markers) and were inconclusive, with some studies
reporting significant response as a result of SOA exposure
and others observing little to no response (Arashiro et al.
2016; Baltensperger et al. 2008; Lund et al. 2013;
McDonald et al. 2010, 2012). This may, in part, be attribut-
able to the difference in exposure dose explored in each

study. Overall, there is a lack of perspective in terms of the
relative toxicities of individual SOA systems formed from
various precursors, and it is unclear whether responses
resulting from SOA exposure are indeed toxic compared
with other sources and subtypes of PM. Finally, the poten-
tial health implications arising from organic aerosols
formed in the presence of redox-active metals have also
not been explored, even though this formation condition
can be atmospherically relevant as these metals are readily
emitted via combustion and various mechanical processes
(Charrier and Anastasio 2012; Fang et al. 2015a). More-
over, both components (metals and organics) have been
shown to have considerable health effects in previous
studies. This formation of organic aerosols in the presence
of metals may therefore produce aerosols that are highly
detrimental to health. Furthermore, organic aerosols have
a lifetime of approximately one week, over which con-
tinued photochemical aging can alter their physical and
chemical properties. These changes have potential health
implications that have not be explored. 

SPECIFIC AIMS

The main objectives of this study were to better under-
stand the oxidative properties of different types of PM
mixtures, especially SOA, through laboratory-chamber
experiments and ambient field studies, as well as to deter-
mine whether chemical oxidative potential results were
representative of cellular responses. Figure 1 gives an over-
view of the approaches utilized in this study to assess these
objectives. Major gaps in the literature were addressed by
using a dose–response approach for assessing cellular
responses, considering multiple dose–response parameters,
obtaining a large data set for comparison of results of cellular
and chemical assays, and systematically investigating SOA
generated from a variety of precursor compounds under
multiple formation conditions. There were four specific
aims in this study: 

• Objective 1: To develop and optimize a cellular assay
for measuring ROS/RNS production as a result of PM
exposure and to determine an appropriate parameter to
represent ROS/RNS production for comparison with
other assays, as well as between different PM samples. 

• Objective 2: To elucidate PM constituents associated
with ROS/RNS production, investigate seasonal trends
(summer vs. winter), and determine whether results
from chemical assays were representative of cellular
responses. 
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Figure 1. Overview of methodologies taken to assess the oxidative properties of different types of PM mixtures through laboratory chamber experiments
and ambient field studies and to determine whether chemical oxidative potential results represent cellular responses. 
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• Objective 3: To provide perspective on the relative tox-
icities of SOA generated from a variety of biogenic and
anthropogenic precursors formed under multiple for-
mation conditions and determine whether correlations
exist between chemical composition and ROS/RNS
production. 

• Objective 4: To investigate the effects of photochemical
aging processes on aerosol toxicity. 

METHODS AND STUDY DESIGN

AMBIENT FIELD STUDY

Southern Center for Air Pollution and Epidemiology

Ambient PM₂.₅ samples were collected from multiple
sites (Figure A.1 in Additional Materials 1: Appendix A,
available on the HEI website) around the greater Atlanta
region as part of the Southeastern Center for Air Pollution
and Epidemiology (SCAPE) study (Bates et al. 2015; Fang
et al. 2015a, 2015c, 2016; Verma et al. 2014, 2015a; Xu et
al. 2015a, 2015b). Filter samples were collected from
urban and rural sites between June 2012 and October 2013
using high-volume samplers (ThermoAndersen). The
volume of air collected was the same for all samples.
Urban sites included Jefferson Street, located 8 km from the
city center; Roadside, located near major highways I-75 and
I-85; and Georgia Tech, located at the roof of the Ford Envi-
ronmental Science and Technology building. The rural site
(Yorkville) was located 70 km west of Atlanta. Particles
were collected over 23 hours onto pre-baked quartz filters
(Pallflex Tissuquartz). Collected filter samples were
wrapped in pre-baked aluminum foil and stored at −20°C
until extraction and analysis (Fang et al. 2015c). The DTT
activities of all filters collected during this field campaign
had been determined previously and source apportionment
regressions had been applied to these results to identify PM
sources that may contribute significantly to health effects
(Bates et al. 2015; Fang et al. 2015a; Verma et al. 2014,
2015a). In this study, ambient samples were selected for cel-
lular analysis based on the observed DTT activity ranges
reported in a previous study (Verma et al. 2014). 

Filter Characterization

The concentrations of water-soluble species were char-
acterized and reported in previous studies (Fang et al.
2015a, 2015b). Specifics on filter characterization methods
are described elsewhere (Fang et al. 2015a). Briefly, WSOC
concentrations and BrC absorptions were determined
using an automated system consisting of an autosampler, a
liquid waveguide capillary cell, a spectrophotometer, and

a total organic carbon analyzer, whereas elemental and
organic carbon were determined using a thermal/optical
transmittance analyzer (Verma et al. 2014). Water-soluble
metal concentrations were also determined using a Xact
625 automated multi-metals monitor (Fang et al. 2015a). 

Filter Extraction

Collected ambient particles were extracted following
the procedure described in Fang and colleagues (2015a),
with modifications for cellular exposure. The mass in each
extract was determined based on the PM mass collected on
the filter and the fraction of the filter extracted. Briefly,
sectioned filter samples were submerged in extraction
medium (cell culture medium for cellular exposure and
deionized water for oxidative potential measurement) and
sonicated for 30 minutes using an Ultrasonic Cleanser
(VWR). Extracts were then filtered using 0.45-µm polytet-
rafluoroethylene syringe filters (Fisherbrand) to remove
quartz fibers, which are known to elicit inflammatory
responses (Fubini and Hubbard 2003; Knaapen et al.
2002). Extracts for cellular exposure were also supple-
mented with 10% fetal bovine serum (FBS) prior to expo-
sure and diluted over ten dilutions (from 1x–0.00125x,
with 1x being the undiluted extract). Although these filter
extracts differ from real-world aerosol exposures, a pre-
vious study on the health effects of isoprene SOA found
similar cellular responses for both filter resuspension
extracts (those utilized in this study) and direct air–liquid
deposition, which more closely represent real-world
aerosol exposures (Arashiro et al. 2016). 

LABORATORY CHAMBER EXPERIMENTS

Chamber Facility and Measurements of Aerosol and Gas 
Phase Composition

SOA was generated in the Georgia Tech Environmental
Chamber (GTEC) facility, which consists of two 12-m³
Teflon chambers suspended inside a 21-ft × 12-ft tempera-
ture-controlled (4–40°C) room (Boyd et al. 2015). The
chambers are surrounded by black lights (Sylvania 24922)
with an output in the ultraviolet range (300–400 nm) and
natural sunshine fluorescent lamps (Sylvania 24477) with
an output between 300 and 900 nm. To further maximize
reflectivity, the chamber interior is constructed using alu-
minum sheets. 

Each chamber has three Teflon manifolds with multiple
sampling ports that allow for injection of reagents and con-
tinuous monitoring and gas- and particle-phase species.
Gas-phase measurements include nitrogen dioxide (NO2),
NOx, and ozone concentrations as monitored using a cavi-
ty attenuated phase shift NO2 monitor (Aerodyne), a
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chemiluminescence NOx analyzer (Teledyne 200EU), and a
ultraviolet absorption ozone analyzer (Teledyne T400), re-
spectively. A gas chromatograph flame ionization detector
(Agilent 7890A) was also used to monitor gas-phase hydro-
carbon concentrations over the course of the experiment.
Particle-phase measurements include aerosol volume con-
centrations and distributions, as measured using a scan-
ning mobility particle sizer (TSI), and bulk aerosol
composition, as determined using a high-resolution time-
of-flight aerosol mass spectrometer (AMS, Aerodyne) (De-
Carlo et al. 2006). AMS data were analyzed using two data
analysis toolkits, SQUIRREL (v. 1.57) and PIKA (v. 1.16G).
Bulk aerosol elemental composition (expressed as O:C, H:C,
and N:C ratios) were obtained using the method outlined by
Canagaratna and colleagues (2015); these ratios were also
used to calculate the average carbon oxidation state , as
described by Kroll and colleagues (2011). 

Secondary Organic Aerosol Generation Systems

The laboratory chamber experiments were designed to
probe the effects of humidity, peroxy radical (RO2•) fate,
precursor identity, and presence of metal-containing seed
particles on SOA formation and toxicity (Table 1). Precur-
sors of biogenic and anthropogenic origins were chosen to
include major classes of compounds known to produce
SOA upon atmospheric oxidation. Biogenic precursors
include: isoprene, the most abundant non-methane hydro-
carbon emission with estimated global emissions around
500 Tg/yr (Guenther et al. 2006); α-pinene, the most well-
studied monoterpene and a hydrocarbon with emissions
on the order of total global anthropogenic emissions
(Guenther et al. 1993; Piccot et al. 1992); and β-caryophyl-
lene, a representative sesquiterpene (Hoffmann et al. 1997;
Tasoglou and Pandis 2015). Likewise, anthropogenic pre-
cursors include: pentadecane, a long-chain alkane;
m-xylene, a single-ring aromatic; and naphthalene, a
polyaromatic. These anthropogenic compounds are
emitted as products of incomplete combustion (Bruns et
al. 2016; Jia and Batterman 2010; Robinson et al. 2007) and
have considerable SOA yields (Chan et al. 2009; Hilde-
brandt et al. 2009; Lambe et al. 2011; Ng et al. 2007b). SOA
precursor concentrations were chosen to strike a balance
between typical ambient concentrations and adequate
SOA mass for cellular exposure experiments. The SOA
mass concentrations generated in all chamber experiments
ranged from 6–400 µg/m3, a range that represents aerosol
mass concentration in relatively clean to highly polluted
ambient environments.

In addition to precursor identity, different formation
conditions were investigated as well. These conditions
include the effects of humidity (dry vs. humid); low and

high NOx levels, which influence RO2• fate (RO2• +
hydroperoxyl radical [HO2•] vs. RO2• + nitrogen oxide
[NO] at low and high NOx, respectively); and the presence
of metal-containing seed particles (ammonium sulfate vs.
iron sulfate). These conditions are known to affect SOA
chemical composition and mass loading (Boyd et al. 2015;
Chan et al. 2009; Chhabra et al. 2010, 2011; Chu et al. 2012,
2014; Cocker III et al. 2001a, 2001b; Daumit et al. 2016;
Eddingsaas et al. 2012; Healy et al. 2009; Loza et al. 2014;
Ng et al. 2007a, 2007b; Song et al. 2005; Stirnweis et al.
2017).

All experiments were conducted at approximately 25°C
under either dry (relative humidity < 5%) or humid (rela-
tive humidity ~ 45%–50%) chamber conditions. Before
the start of each experiment, chambers were flushed with
pure air for ~24 hours. During this time, a bubbler filled
with deionized water was added in-line to humidify cham-
bers for humid experiments. Seed particles were then
atomized into the chamber and the seed concentration was
allowed to stabilize. The experimental conditions are
listed in Table 1. For experiment 7 (i.e., isoprene SOA
formed under low NOx and humid conditions), it should
be noted that experimental conditions deviated due to low
mass yields in experiment 1. Instead, the SOA was formed
via the isoprene epoxydiol uptake pathway by means of an
acidic seed and dry chamber. This pathway produces more
SOA mass compared with the isoprene epoxydiol +
hydroxyl radical (•OH) pathway (experiment 1) and has
been shown to contribute significantly to ambient organic
aerosols (Budisulistiorini et al. 2013; Chen et al. 2015; Hu et
al. 2015; Liao et al. 2015; Lin et al. 2012; Robinson et al.
2011; Slowik et al. 2011; Surratt et al. 2010; Xu et al. 2015a).

 After seed injection, hydrocarbon (isoprene, 99%;
α-pinene, ≥ 99%; β-caryophyllene, > 98.5%; pentadecane,
≥ 99%; m-xylene, ≥ 99%; and naphthalene, 99% [Sigma
Aldrich]) was introduced into the chamber by injecting
hydrocarbon solution into a glass bulb and passing pure
air over the solution. Several hydrocarbons required
slightly modified injecting methods: for pentadecane and
β-caryophyllene, gentle heat was applied to the glass bulb
(Tasoglou and Pandis 2015); for naphthalene, naphthalene
was injected by passing pure air over solid naphthalene
(Chan et al. 2009). Upon completion of hydrocarbon injec-
tion, OH precursor (either hydrogen peroxide [H2O2, for
low NOx condition] or nitrous acid [HONO, for high NOx
condition]) was introduced into the chambers. H2O2 (50%
aqueous solution, Sigma Aldrich) was injected using the
same method as that described for hydrocarbon injections,
whereas HONO was first prepared (10 mL of 1% wt aqueous
sodium nitrite [NaNO2] dropwise into 20 mL of 10% wt
sulfuric acid [H2SO4]) followed by passing pure air over the

cOS
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Table 1. Experimental Conditions for Secondary Organic Aerosol Generation Systems

Experiment SOA precursor
Seed 

Particlea,b,c
OH

Precursor
RH
(%)

Initial Concentration (ppb)

HC NOx NO2

1 Isoprene AS H2O2 <5 97 <1 <1
2 α-Pinene AS H2O2 <5 191 <1 <1
3 β-Caryophyllene AS H2O2 <5 36 <1 <1
4 Pentadecane AS H2O2 <5 106 <1 <1

5 m-Xylene AS H2O2 <5 450 <1 <1
6 Naphthalene AS H2O2 <5 178 <1 <1
7 Isoprene MS + SA H2O2 <5 97 <1 <1
8 α-Pinene AS H2O2 40 334 <1 <1

9 β-Caryophyllene AS H2O2 42 63 <1 <1
10 Pentadecane AS H2O2 45 106 <1 <1
11 m-Xylene AS H2O2 45 450 <1 <1
12 Naphthalene AS H2O2 44 431 <1 <1

13 Isoprene AS HONO <5 970 306 276
14 α-Pinene AS HONO <5 174 240 260
15 β-Caryophyllene AS HONO <5 21 260 180
16 Pentadecane AS HONO <5 74 330 250

17 m-Xylene AS HONO <5 431 400 270
18 Naphthalene AS HONO <5 145 291 300
19 Naphthalene AS H2O2 51 32 315 —
20 Naphthalene AS H2O2 49 92 368 —

21d Naphthalene AS H2O2 54 186 344 —
22 Naphthalene AS H2O2 53 342 320 —
23 Naphthalene FS H2O2 50 32 303 —

24 Naphthalene FS H2O2 48 84 314 —
25 Naphthalene FS H2O2 52 182 321 —
26 Naphthalene FS H2O2 51 331 295 —

Note: HC = hydrocarbon; •OH = hydroxyl radical; RH = relative humidity; SOA = secondary organic aerosol.

a
 AS: Ammonium sulfate seed (15 mM (NH4)2SO4).

b
 MS + SA: acidic seed (8 mM MgSO4 and 16 mM H2SO4) was used instead of 15 mM (NH4)2SO4.

c FS: Iron sulfate seed (15 mM FeSO4).

d Experiment was repeated, and multiple filters were collected to investigate the effects of aging.

solution (Chan et al. 2009; Kroll et al. 2005). Finally, ultra-
violet lights were switched on to initiate photooxidation.
An example of a time series for a photooxidation experi-
ment conducted under dry, NOx dominant conditions is
shown in Figure 2. 

Aerosol Collection and Extraction

SOA samples were collected onto 47-mm Teflon filters
(0.45-µm pore size, Pall Laboratory). The aerosol mass col-
lected on each filter was determined by integrating the
volume concentration obtained from the scanning mobility

particle sizer (assuming density of 1 g/cm³) as a function of
time over the filter collection period and using the total
volume of air collected, as determined by a flow meter
placed in-line with the sampling line (Table C.2 in Addi-
tional Materials 3: Appendix C, available on the HEI web-
site). Aerosol mass concentrations were determined using
SMPS volume concentrations assuming an aerosol density
of 1 g/cm³. While typical SOA density is approximately
1.4 g/cm³, there is much variation depending on precursor
identity and formation condition, and aerosol densities
between 1 and 1.6 g/cm³ have been reported in previous
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studies (Bahreini et al. 2005; Chan et al. 2009; Ng et al.
2007a; 2007b; Tasoglou and Pandis, 2015). The use of a
density of 1 g/cm³ is to facilitate easier comparisons with
past and future studies. Results from future studies can be
scaled accordingly for comparison with the current work.
After collection, filter samples were placed in sterile petri
dishes, sealed with plastic paraffin film (Parafilm M,
Bemis), and stored at −20°C until extraction and analysis
(Fang et al. 2015c). The extraction procedure differs
slightly for Teflon filters compared to quartz filters
(discussed previously for ambient samples). Sectioned fil-
ters were submerged in deionized water or cell culture
medium and sonicated for 1 hour using an ultrasonic
cleaner (VWR). Sonication steps were performed in
30-minute intervals and the bath water was replaced after
each interval to reduce the bath temperature. After sonica-
tion, extracts were filtered using syringe filters, as described
for quartz filters. 

CHEMICAL OXIDATIVE POTENTIAL

A semi-automated DTT assay system was used to mea-
sure the oxidative potential of PM samples. Details of the
high-throughput system are described elsewhere (Fang et
al. 2015c). Although various cell-free assays have been
developed to measure oxidative potential, the DTT assay is

ideal for the purposes of this study. Prior studies have proven
that the DTT assay is sensitive to organic constituents and
reported correlations between DTT activity and organic
carbon (Janssen et al. 2014; Visentin et al. 2016). Addition-
ally, the DTT activities of various types of laboratory-
generated SOA and ambient samples have been reported in
previous studies for comparison purposes (Bates et al.
2015; Fang et al. 2015c; Kramer et al. 2016; Lu et al. 2014;
McWhinney et al. 2013a, 2013b; Verma et al. 2015a; Xu et
al. 2015a, 2015b). Like all assays, the DTT assay also has
certain limitations. For instance, prior studies have shown
that DTT does not respond significantly to iron (Charrier
and Anastasio 2012). Furthermore, as a chemical assay, it
is unclear whether its results are representative of cellular
responses and the use of filter extracts is subject to extrac-
tion efficiencies and choice of extraction medium. 

In this assay, DTT (Sigma Aldrich) acted as a surrogate
antioxidant and PM catalyzed the transfer of electrons
from DTT to oxygen. The reaction was carried out in a
potassium phosphate buffer (VWR) and incubated at 37°C
to mimic the cellular environment. Briefly, the method
consisted of three main steps: (1) oxidation of DTT by
redox-active species present in the PM sample, (2) reaction
of residual, unoxidized DTT with 5,5ʹ-dithiobis-(2-nitro-
benzoic acid) (Sigma Aldrich) to form 2-nitro-5-mercapto-
benzoic acid, repeated at specific time intervals, and

Figure 2. Reaction profile for chamber experiment conducted under dry, high NOx (RO2• + NO dominant) conditions. ∆Mo corresponds to aerosol mass
concentration. Initial naphthalene concentrations were determined using the chamber volume and mass of naphthalene injected. See Methods for details.
Mass concentrations have been corrected for particle wall loss (Nah et al. 2017). (Source: Tuet et al. 2017c. Creative Commons Attribution 3.0 License.) 
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(3) measurement of 2-nitro-5-mercaptobenzoic acid at
412 nm to determine DTT consumption. After each time
interval and between samples, the system was pro-
grammed to perform a self-clean, in which all lines and
reaction vials were flushed with deionized water. The rate
of DTT consumption was then obtained using the mea-
sured absorbance of 2-nitro-5-mercaptobenzoic acid over
time. This rate of DTT consumption, or DTT activity, was
blank-corrected by subtracting the rate of DTT decay
obtained from a blank filter extract from that of the PM
sample. For comparison purposes, the DTT activity was
also normalized by the total volume of air sample (per m3,
extrinsic) or the total mass of PM (per µg, intrinsic). The
extrinsic and intrinsic terminology was adapted from pre-
vious studies on DTT activity, where both bases were con-
sidered to evaluate health effects (e.g., Fang et al. 2015c;
Verma et al. 2014). The two bases can be interconverted
using the PM concentration of the sample according to the
following equations (units are given in brackets):

 

and

A detailed example of interconverting between the two
metrics can be found in Additional Materials 2: Appendix
B, available on the HEI website. Both metrics serve a pur-
pose for health effects investigations. The intrinsic metric
provides information on the toxicity of the specific PM
source, whereas the extrinsic metric provides information
on exposure-related toxicity.

AEROSOL EXPOSURE 

For all cellular measurements (i.e., ROS/RNS, metabolic
activity, and cytokine production), cells were exposed to
ambient PM and SOA samples extracted in cell culture
medium supplemented with 10% FBS (Quality Biolog-
ical). Optimal sample incubation times were considered
for each endpoint. Details on optimization and selection of

specific time points are given in sections pertaining to
each measurement. 

INTRACELLULAR REACTIVE OXYGEN/NITROGEN 
SPECIES PRODUCTION

Alveolar Macrophage Cell Line

Alveolar macrophages are involved in the clearance of
foreign material as well as in the inflammatory signaling
pathways that may be induced as a result of exposure to
foreign material (Oberdörster et al. 1992; Oberdörster
1993). As such, they were chosen to represent an essential
line of defense against environmental insults, such as PM
exposure. Immortalized murine alveolar macrophages
from the MH-S cell line (ATCC CRL-2019) were cultured in
RPMI-1640 medium (ATCC) supplemented with 10% FBS,
1% penicillin-streptomycin, and 50 µM β-mercaptoeth-
anol at 37°C and 5% carbon dioxide (CO2). Details
regarding the establishment of this cell line are described
in Mbawuike and Herscowitz (1989). The medium formu-
lation used for cell culture will hereon be referred to as
complete medium. Cells were grown to confluency, upon
which they were seeded at a density of 2 × 10⁴ cells/well
onto 96-well plates pretreated with 10% FBS in phosphate-
buffered saline (PBS, Cellgro). For seeding and subsequent
steps, β-mercaptoethanol addition was removed from the
complete medium formulation because it is a reducing
agent that may interfere with ROS/RNS measurement. For
consistency, the same procedure was followed for other
measurements as well (i.e., cytokine production and cel-
lular metabolic activity). Seeded plates were incubated at
37°C and 5% CO2 for 24 hours prior to PM exposure. This
incubation period allows cells to adhere and acclimate to
the well plate. 

Ventricular Myocyte Isolation and Culture

Selected ambient filter samples were also analyzed us-
ing cardiomyocytes. Primary ventricular myocytes are the
active cell type in cardiac tissue and were chosen for in-
vestigation because cardiac health is known to be affected
by air pollution (e.g., increased incidences of ischemic
heart disease and cardiac failure) (Brook et al. 2010; Pope
and Dockery 2006). Neonatal rat ventricular myocytes
(NRVM) were harvested from 2-day-old neonatal Sprague-
Dawley rats (Charles River Laboratories) according to pre-
established protocol (Grosberg et al. 2012). All animal use
followed the guidelines of Institutional Animal Care and
Use Committee of University of California, Irvine. Isolated
heart tissue cells were resuspended in M199 medium sup-
plemented with 10% FBS, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 0.1 mM minimum essential
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medium nonessential amino acids, 3.5 g/L glucose, 2 mM
L-glutamine, 2 mg/L vitamin B12, and 50 U/mL penicillin
(complete medium for cardiomyocytes). Several iterations
of pre-plating were then performed to increase the cardio-
myocyte purity to 90–98%. Briefly, the resuspended cell
solution was transferred to a tissue-culture flask and incu-
bated for 40–50 minutes. Afterwards, the cell solution was
removed and transferred to another flask. This procedure
increases the purity of cardiomyocytes, which adhere
more slowly than other heart cells, such as fibroblasts.
Once the desired purity was reached, cells were seeded
onto 96-well plates pre-coated with polydimethylsiloxane
(Dow Corning Sylgard 184) and fibronectin (Fisher Scien-
tific) at a density of 3.33 × 10⁴ cells/well. Seeded plates
were incubated at 37°C and 5% CO2 and cultured for 48
hours prior to PM exposure. At 24 hours post-seeding, cells
were washed with PBS to remove dead or non-adherent
cells and the medium was replaced. From 48 hours on, the
FBS concentration in the medium formulation was re-
duced to 2% to slow the growth of any residual fibroblasts. 

Reactive Oxygen/Nitrogen Species Assay

Carboxy-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (car-
boxy-H2DCFDA, Fisher Scientific C-400) was used to detect
intracellular ROS/RNS production. The small molecule,
cell-permeable probe diffuses across the cell membrane and
is subsequently deacetylated by cellular esterases. This
yields carboxy-2ʹ,7ʹ-dichlorodihydrofluorescein (car-
boxy-DCFH), which is impermeable to the cell membrane
and therefore remains inside the cell. Although the process
is not perfect and there may be some outward diffusion,
carboxy-DCFH is better retained than the commonly used
2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA) due to its
additional negative charges (Chen et al. 2010; Uchida et al.
2004). Upon reaction with ROS/RNS, carboxy-DCFH is
transformed into carboxy-2ʹ,7ʹ-dichlorofluorescein (car-
boxy-DCF), which fluoresces in the green fluorescent pro-
tein range. The measured fluorescence is then proportional
to the ROS/RNS produced. It should be noted that although
these fluorescent probes are widely used, there have been
recent studies on their limitations (e.g., Kalyanaraman et al.
2012) that will require further investigation.

The optimized assay is shown in Figure 3 and consisted
of the following main steps: (1) pretreatment of 96-well
plates, (2) seeding of cells at desired cell density, (3) incu-
bation of cells with ROS/RNS probe, (4) exposure of probe-
treated cells to samples or controls, and (5) measurement
of ROS/RNS using a microplate reader (BioTek Synergy
H4). Various assay parameters were optimized, including
cell density, probe concentration, and sample incubation
time. Optimized parameters will be given in the following

description of the assay; details on the optimization pro-
cess are described later (see Macrophage Assay Develop-
ment and Optimization section). 

Prior to seeding cells, 96-well plates were first pre-
treated to reduce the aggregation of cells near hydrophobic
well walls and to ensure a uniform cell density throughout
the well. Cells were then seeded at 2 × 10⁴ cells/well for
MH-S and 3.33 × 10⁴ cells/well for neonatal rat ventricular
myocytes. Seeded plates were returned to the incubator for
24 hours, during which the cells were allowed to adhere
and acclimate. Afterwards, the cell culture medium was
removed, and cells were washed with PBS. 120 µL of
ROS/RNS probe diluted to a final concentration of 10 µM
was added to each well and incubated for 40 minutes at
37°C and 5% CO2. After this incubation period, any probe
remaining outside the cell was removed. The cells were
then exposed to 120 µL of PM extract of control solution
for 24 hours. All controls were prepared using cell culture
medium supplemented with 10% FBS. Positive controls
included: bacterial cell wall component, lipopolysaccha-
ride (LPS, 1 µg/mL), H2O2 (100 µM), and ambient refer-
ence filter extract (10 filter punches per mL, one filter
punch per filter sample from various ambient filters col-
lected at Georgia Tech). LPS and H2O2 are known to
induce oxidative stress and inflammation in macrophages
(Chen et al. 2007; Tang et al. 2007). On the other hand, the
ambient reference filter extract should elicit similar cel-
lular pathways as filter samples of interest. Negative con-
trols include: blank filter extract (two filter punches per
mL) and control cells (defined as probe-treated cells
exposed to stimulant-free media). After the sample incuba-
tion period, samples and controls were removed and
replaced with a balanced salt solution (PBS or Tyrode’s) for
fluorescence measurement (ex: 485 nm, em: 525 nm) using
a microplate reader (BioTek Synergy H4). 

For each sample, a wide dose range (0.00125x–1x) was
investigated to fully capture the dose–response relation-
ship. The dose ranges investigated are relevant exposure
doses based on the average dose delivered to alveolar mac-
rophages assuming 100% deposition and a full day of
exposure, based on the optimized sample incubation time
(see Macrophage Assay Development and Optimization
section). Details of this calculation are given in Table B.5
in Appendix B, available on the HEI website). 

The Hill equation was then applied to obtain dose–
response metrics (Goutelle et al. 2008; Hill 1910): 
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where y represents ROS/RNS response and x represents the
PM dose. These parameters include the maximum response
attained as a result of PM exposure (max), the dose at which
response is 10% above the fitted baseline (threshold), the
dose at which 50% of the maximum response is attained
(EC50), the rate at which the maximum response is attained
once a response is observed (Hill slope), and the area under
the dose–response curve (AUC), which may be used to rep-
resent the overall effect of PM exposure across the dose
range investigated. AUCs were mathematically calculated
using the fitted dose–response curve and the same dose
range to properly compare different samples. Detailed cal-
culations for AUC determination are given in Appendix B,
available on the HEI website. AUCs were expressed in
units of fold over control × dose, where dose can be ex-
pressed in either units of m³ or µg. A base of one was used
to calculate AUCs because the probe-treated control
ROS/RNS response is one after normalization (i.e., all ROS
and/or RNS levels were normalized to the ROS/RNS pro-
duced from probe-treated cells exposed to stimulant-free
media). Therefore, for flat dose–response behaviors, where

all responses did not differ from that measured for probe-
treated control cells, the calculated AUC was zero and the
maximum response was one. To aid interpretation of AUC
values, a sample with a higher AUC value induced more
ROS/RNS production than a sample with a lower AUC
value over the same dose range. When comparing responses
from two different samples, although the ROS/RNS levels at
specific doses may be higher or lower for a sample, the
sample with a higher AUC has an overall higher toxicity
over the entire dose range. For comparison purposes, the
AUC value for ambient samples was normalized by the total
volume of air sampled (per m3, extrinsic) or the total mass of
PM (per µg, intrinsic); the AUC value for laboratory SOA
was normalized by total mass of SOA (per µg, intrinsic). We
also reported the AUC value for laboratory SOA normalized
by total volume of air sampled (per m3, extrinsic) (in Addi-
tional Materials 4.1: Appendix D.1, available on the HEI
website) for reference. However, we note that it is not mean-
ingful to compare extrinsic values for laboratory SOA since
the volume of air sampled differed in the SOA experiments.
Thus, only intrinsic values are compared for SOA systems.

Figure 3. Cellular assay optimized for measuring intracellular reactive oxygen and nitrogen species (ROS/RNS) production as a result of exposure to PM
samples. Major steps include (1) pretreatment of 96-well plates, (2) seeding of cells onto wells at desired cell density, (3) incubation of cells with ROS/RNS
probe (carboxy-H2DCFDA), (4) exposure of probe-treated cells to samples or controls, and (5) measurement of ROS/RNS using a microplate reader. The
ROS/RNS probe structure, as well as the reaction involved in transforming the probe into a fluorescent compound, is given in the boxed insert. (Adapted
from Tuet et al. 2016 with permission from Elsevier.) 
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CELLULAR METABOLIC ACTIVITY

For each ROS/RNS measurement of chamber SOA sam-
ples and subset of PM samples (data not provided), cellular
metabolic activity was also measured to correct for changes
in ROS/RNS levels that may result from changes in relative
metabolic activity (Zhang et al. 2016). Cellular metabolic
activity was assessed using MTT (Biotium) and the data are
included in Appendix D, available on the HEI website.
Briefly, supernatants were removed post-exposure
(24 hours, chosen to be the same time point as that of
ROS/RNS) and replaced with medium containing MTT, af-
ter which the cells were incubated for 4 hours. During this
incubation period, the tetrazolium dye was reduced by cel-
lular NADPH-dependent oxidoreductases to form forma-
zan, an insoluble purple salt. Dimethyl sulfoxide was then
added to solubilize the salt. Absorbance at 570 nm was
measured using a microplate reader (BioTek Synergy H4). 

CELLULAR CYTOKINE PRODUCTION

For selected laboratory SOA samples, an ELISA was
used to measure post-exposure secreted levels of TNF-α
and IL-6 following manufacturer’s specifications (Thermo-
Fisher KMC3011C and KMC0061C). All cytokine measure-
ments were carried out using undiluted cell-culture
supernatants collected after 24 hours of PM exposure. This
time point was chosen to maximize the signal strength of
both cytokines, as the peak production of different cyto-
kines occurs at different times. The chosen time point cor-
responds to peak IL-6 production and relatively high TNF-α
production (Matsunaga et al. 2001). For each sample,
secreted cytokine levels were measured over seven dilu-
tions. Each measurement was represented as a fold increase
over control and the AUC was used to represent each end-
point for comparison. 

STATISTICAL ANALYSIS

Linear regressions between oxidative properties (cel-
lular responses or DTT activity) and aerosol composition
(metals, elemental ratios, etc.) were evaluated using
Pearson correlation coefficient, where the significance was
determined using Monte Carlo simulations. Briefly, oxida-
tive properties were assumed to follow a normal distribu-
tion. Ten “estimates” were randomly generated for each
oxidative property using the average and standard devia-
tion obtained from Hill equation fits experimentally. The
estimates were then plotted against the aerosol composi-
tion of interest. This process yielded ten fits, each with a
slope and variance. From these values, the between and
within variances were calculated and a Student t-test was
used to calculate and evaluate the associated P values
(95% confidence interval). The method considers both the

within variance and the between variance. The between
variance accounts for differences between each slope and
the average of all slopes (Iversen and Norpoth 1987). The
within variance, also often termed unexplained variance,
accounts for variation that cannot be explained by the
between variance (Iversen and Norpoth 1987). Both vari-
ances are used to calculate the total variance, which is
then used to determine the P value. 

QUALITY CONTROL

All cellular exposure experiments were conducted in
triplicate to ensure quality data. Experiments involving
cardiomyocytes were also repeated over two harvests to
ensure reproducibility. Additionally, multiple positive
(LPS, H2O2, and ambient filter samples) and negative
(blank filters and probe-treated cells exposed to stimulant-
free media) controls were assessed with each filter sample
to confirm ROS/RNS probe functionality. Furthermore, the
responses measured for these controls were compared
between different experiments to gauge the variability of
the assay (Table B.1 in Appendix B, available on the HEI
website). The within-plate standard error (calculated for
each triplicate) for positive and negative controls averaged
around 11%. Overall standard errors (calculated for all
runs, across multiple plates) were much lower and aver-
aged around 5%. These calculations confirm that the
response for controls was reproducible and did not differ
significantly between experiments. 

Selected chamber experiments (Table 1, Experiments 1–
6) were repeated to ensure reproducibility in SOA genera-
tion and collection. DTT activities and ROS/RNS produc-
tion were measured for each repeat experiment and
compared with the reproducibility of sample treatment for
each assay (e.g., filter extraction and sample dilution). All
repeat experiments yielded comparable results within
experimental error (Figure C.1 in Appendix C, available on
the HEI website). For comparison purposes, the different
values obtained for response metrics (DTT activity and
ROS/RNS production) for each repeat chamber experiment
were averaged and the uncertainty propagated to obtain a
single response metric value for the given SOA formed
under the given formation condition (Table 1, Experiments
1–6). Finally, background filters containing only seed par-
ticles and OH precursor (H2O2 or HONO) (both at experi-
mental concentrations) were collected to account for
potential OH precursor uptake, which may influence oxi-
dative properties. With the exception of the metal seed
background filter (discussed later in the section on effect
of redox-active metals on oxidative potentials and inflam-
matory responses), the oxidative potential and ROS/RNS
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production for all background filters were within the uncer-
tainty of that measured for blank Teflon filters, indicating no
significant OH precursor uptake (Figure C.2 and Table C.1
in Appendix C.) Furthermore, this confirmed that the pres-
ence of ammonium sulfate seed particles alone did not con-
tribute appreciably to either oxidative property. 

RESULTS

MACROPHAGE ASSAY DEVELOPMENT AND 
OPTIMIZATION

Alveolar macrophages were exposed to water-soluble
ambient PM extracts and the ROS/RNS produced as a
result of exposure was measured using an optimized assay.
Multiple parameters were optimized first using the MH-S
cell line and later adapted for use with primary neonatal
rat ventricular myocytes. These parameters include: the
cell density seeded onto each well, the ROS/RNS probe
concentration, and the sample incubation time. Several
considerations were given to identify an appropriate cell
density. A low cell density could result in an easily
saturated assay, whereas a high cell density could cause
oxidative stress due to crowding (Murray et al. 2004; Sung
et al. 2006). Optimization experiments comparing the
ROS/RNS levels produced as a result of exposure with
stimulant-free medium (negative control) and LPS and
H2O2 (positive controls) showed that higher cell densities
(i.e., 1 × 10⁵cells/well produced a higher and more vari-
able ROS/RNS baseline. At a lower cell density, 2 × 10⁴
cells/well, a low baseline was attained, and microscopic
images were visually consistent with low-density refer-
ence images (ATCC). Multiple concentrations of the
ROS/RNS probe were also investigated for optimization. It
was observed that probe concentrations greater than 30 µM
resulted in enlarged cells and cell membrane irregularities,
suggesting that cells under these conditions may be basally
stressed. Finally, different sample incubation times
(between 1 minute and 24 hours) were tested to maximize
the signal separation between positive and negative
responses. Short time points were included because
ROS/RNS may decay after production; long time points
were included because inflammatory assays involving LPS
have shown that responses generally peaked around 8–
24 hours (Haddad 2001). From the time series obtained for
positive and negative controls, the largest signal separa-
tion was observed after a sample incubation time of
24 hours (Figure B.1 in Appendix B, available on the HEI
website). The final assay parameters are given in Table 2. 

CARDIOMYOCYTE ASSAY ADAPTATION

The optimized macrophage assay was adapted for anal-
ysis with cardiomyocytes using a similar approach that
investigated several assay parameters. Cell density did not
require optimization as cardiomyocytes form a confluent
tissue and the seeding density to achieve this has been pre-
viously optimized (Grosberg et al. 2012). Several other
changes based on cell culture requirements were also imple-
mented (e.g, all incubation solutions contained calcium,
which is necessary for cardiomyocytes). Each change was
systematically introduced and tested using positive and
negative controls to ensure that they did not interfere with
the assay. The same ROS/RNS probe was utilized for the
cardiomyocyte assay. For probe concentration optimiza-
tion, the optimal concentration obtained for macrophage
analysis was evaluated for cardiomyocyte toxicity. As car-
diomyocytes were observed to be healthy and maintained
a similar beating frequency to that of control cells post-
incubation, the same probe concentration could be utilized
for both cellular assays. Finally, a time-series experiment
was conducted in which it was determined that 24 hours
was the optimal sample incubation time because it pro-
duced the largest signal separation between positive and
negative controls (Figure B.1 in Appendix B, available on
the HEI website). The final assay parameters are given in
Table 2. 

MACROPHAGE METABOLIC ACTIVITY

For each SOA dose, cellular metabolic activity was mea-
sured to correct for changes in ROS/RNS levels that may
result from changes in relative metabolic activity (Zhang et
al. 2016). That is, PM exposure may induce cell death,
resulting in a lower ROS/RNS measurement. To correct for
this, levels of ROS/RNS production were divided by rela-
tive cellular metabolic activity to obtain corrected
ROS/RNS levels in accordance with previous studies
(Zhang et al. 2016). Over the dose range investigated for
AUC determination, decreased cellular metabolic activi-
ties were only observed for naphthalene SOA generated
under humid conditions in the presence of NO (Experi-
ments 19–26, Table 1). 

CELLULAR ASSAY DOSE–RESPONSE METRICS

Cellular assays utilizing macrophages and cardiomyo-
cytes were optimized for measuring ROS/RNS produced as
a result of PM exposure. Various assay parameters were
optimized to ensure low basal ROS/RNS production and
high signal separation between positive and negative
responses. Each parameter was also systematically investi-
gated to ensure general cellular health (e.g., no membrane
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irregularities and functional cardiomyocytes). Besides
parameter optimization, a dose–response approach was
utilized for sample analysis because inflammatory studies
have shown that endpoints (e.g., IL-6, TNF-α, and NF-κB)
generally followed a sigmoidal dose–response relationship
(Haddad 2001; Hardin et al. 2008; Yoo et al. 2013). We
demonstrate clearly in this study that ROS/RNS produced
as a result of PM exposure was highly dose-dependent and
nonlinear with respect to PM dose. Moreover, the dose–
response region captured for each sample was strongly
influenced by the dilution range chosen, for example, a
narrow dilution range may only fully represent the
response behavior of a limited number of samples. 

To characterize the dose–response relationship for each
filter sample, the Hill equation was applied to obtain
dose–response metrics (Goutelle et al. 2008; Hill 1910).
These parameters are labeled in Figure 4 and include the
maximum response attained as a result of PM exposure,
the dose at which response is 10% above the fitted base-
line (threshold), the dose at which 50% of the maximum
response is attained (EC50), the rate at which the maximum
response is attained once a response is observed (Hill
slope), and the area under the dose–response curve (AUC),
which may be used to represent the overall effect of PM
exposure across the dose range investigated. In addition to
the classic dose–response shown in Figure 4, several other
dose–response behaviors were observed, including sam-
ples where the maximum response was not attained, a
decreased response was observed at higher doses, and no
response above the baseline was observed at all doses
investigated (Figure B.2 in Appendix B, available on the
HEI website). For the majority of samples analyzed, the
maximum response was not attained. A decreased
response at higher doses was uncommon and only
observed for a few samples (2% of ambient samples and
3% of chamber samples). Negligible responses above the
baseline, or flat dose–response curves, were more preva-
lent (15% of ambient samples, 6% of chamber samples).

These behaviors introduced large uncertainties in several
dose–response metrics, including the EC50 and Hill slope.
Previous studies have shown that these two metrics are
often more unstable and less reliable because of their high
sensitivity to dose range, especially in cases where either
the maximum response or baseline were not observed
(Beam and Motsinger-Reif 2014). Conversely, the uncer-
tainties associated with AUC were low across all samples,
including those with non-classic dose–response behav-
iors. This is especially valuable as it is not always feasible
to attain the maximum response, and in many cases, the
dose range may be limited because of low mass loadings.
As such, the AUC parameter can be utilized for a variety of
filter samples, regardless of many limitations that may
impede the usefulness of other response metrics.

AMBIENT AEROSOL STUDY

Correlation Between Reactive Oxygen/Nitrogen Species 
Production and Oxidative Potential

Ambient PM samples collected from rural and urban
sites in the greater Atlanta area throughout the year (2012–
2013) were analyzed using the optimized cellular assay
(n = 104; 10 spring, 47 summer, 15 autumn, and 32 winter
filter samples). Oxidative potentials have been previously
measured and are reported by Verma and colleagues (2014).
We investigated the correlations between all metrics of
ROS/RNS production and oxidative potentials to determine
whether results from chemical assays are representative of
cellular responses. The correlations between extrinsic (per
volume of air sampled) and intrinsic (per mass of PM)
AUCs and oxidative potentials are shown in Figure 5. Data
points represent a single filter sample and are colored by
season for both cell types. For summer samples, a signifi-
cant correlation between extrinsic AUC and oxidative
potential was observed (n = 47, R = 0.63, P < 0.05), whereas
a relatively constant AUC was observed for all winter sam-
ples (n = 32) regardless of the corresponding measured

Table 2. Final, Optimized Cellular Assay Parameters

Parameter MH-S NRVM

Cell number 2 � 104 cells/well 3.33 � 104 cells/well

Probe concentration 10 µM 10 µM

Sample incubation time 24 hr 24 hr
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oxidative potential. Similar behaviors were observed for
the intrinsic counterparts. Other dose–response metrics
were not significantly correlated with oxidative potentials
and no spatial trends were observed (Table B.2 in
Appendix B, available on the HEI website).

Correlations with PM Components

To elucidate PM components associated with ROS/RNS
production, extrinsic and intrinsic metrics representing
ROS/RNS produced as a result of PM exposure were corre-
lated with absolute mass concentrations and relative mass
fractions of water-soluble constituents, respectively. Sim-
ilar analyses have been performed for oxidative potentials
and are reported by Fang and colleagues (2015a). Seasonal
trends for correlations observed in this study are shown in
Figure 6. For several constituents (WSOC, BrC, iron, and
titanium), a significant correlation existed between
extrinsic AUCs and constituent mass concentrations for
summer samples (R = 0.66, 0.62, 0.65, and 0.71, respec-
tively). Similarly, the mass fraction of titanium was found to
be significantly correlated with intrinsic AUCs in summer

(R = 0.66). Correlations between all dose–response metrics
and all PM constituents are given in Tables B.3 and B.4 for
all samples (in all seasons: spring, summer, autumn,
winter). No other statistically significant correlations were
observed (Tables B.3 and B.4 in Appendix B, available on
the HEI website), including metals grouped by source
apportionment results (Fang et al. 2015a). 

Correlation Between Macrophage and Cardiomyocyte 
Assay Results

Of the ambient filter samples investigated in this study,
18 were analyzed using both assays (macrophage and car-
diomyocyte). Correlations between dose–response metrics
from both cell types were evaluated to determine whether
ROS/RNS production induced by PM exposure differed be-
tween cell types that directly participate in defending the
body against foreign materials (macrophages) and other cell
types that are affected by PM less directly (e.g., via translo-
cation of constituents into the bloodstream or systemic
oxidative stress spill-over) (Brook et al. 2010). A statistically
significant positive correlation (R = 0.80) was observed

Figure 4. Dose–response curve of reactive oxygen and nitrogen species (ROS/RNS) produced as a result of an aerosol exposure. ROS/RNS production is
expressed as the fold increase over control cells (probe-treated cells exposed to stimulant-free media); dose is expressed as the mass in the extract (given in
µg). Data shown were obtained from Experiment 18 (Table 1) and are means ± standard error of triplicate exposure experiments. The Hill equation was used
to fit the dose–response curve and obtain dose–response parameters, which include maximum response, threshold (the dose at which the response is 10%
above the baseline), EC50 (the dose at which 50% of the response is attained), the Hill slope (the rate at which the maximum response is attained once there
is response), and the area under the dose–response curve (AUC). (Adapted from Tuet et al. 2017a. Creative Commons Attribution 3.0 License.)
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Figure 5. Correlation between reactive oxygen and nitrogen species (ROS/RNS) production and DTT activity induced by ambient PM by season. ROS/RNS
production is expressed as (A) extrinsic (per volume of air sampled) and (B) intrinsic (per mass of PM) AUC. DTT activity is expressed per mass of PM. Data
are grouped by summer and winter samples (spring/autumn data in gray shown for reference). Each data point represents the AUC of an individual filter
tested using either alveolar macrophages (MH-S, closed circles) or ventricular myocytes (NRVM, open circles) and the corresponding DTT activity. Linear
regressions and Pearson correlation coefficients are shown. * indicates significance between the cellular and the DTT assays (P < 0.05). (Source: Tuet et al.
2016 with permission from Elsevier.)
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between the intrinsic AUCs obtained from both cell types
(Figure 7). The strong correlation suggests that the ROS/RNS
response may be similar for active cell types, such as macro-
phages, which participate in the immune response, and car-
diomyocytes, which contract and pump blood. 

LABORATORY-GENERATED AEROSOL STUDY

Oxidative Potentials

The water-soluble DTT activity, a measure of the concen-
tration of redox-active species present in the water-soluble

Figure 6. Correlation between reactive oxygen and nitrogen species (ROS/RNS) production and extrinsic and intrinsic AUC and PM components. Produc-
tion expressed as extrinsic (per volume of air sampled) AUC in (A) through (D) and as intrinsic (per mass of PM) AUC in (E) with PM components for
summer and winter (spring/autumn data in gray shown for reference). PM components are (A) water-soluble organic carbon concentration (WSOC);
(B) brown carbon concentration (BrC) (Mm = megameter); (C) iron concentration (Fe); (D) titanium concentration (Ti); and (E) titanium fraction. Data points
represent individual filters tested using either alveolar macrophages (MH-S, closed circles) or ventricular myocytes (NRVM, open circles). Linear regres-
sions and Pearson correlation coefficients are shown. * indicates significance (P < 0.05). (Adapted from Tuet et al. 2016 with permission from Elsevier.) 
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extract, was determined for SOA generated under various
conditions to probe whether different types of aerosol
differ in toxicity. Intrinsic, blank-corrected DTT activities
are presented in Figure 8. Isoprene SOA and naphthalene
SOA had the lowest and highest intrinsic DTT activities,
respectively. For the majority of SOA systems (isoprene,
α-pinene, β-caryophyllene, and pentadecane), a low oxida-
tive potential was measured across all formation conditions.
The oxidative potential of m-xylene SOA was not affected
by the NOx level, but was altered by humidity. Both low
NOx and high NOx conditions and humidity affected naph-
thalene SOA oxidative potential. 

Previously reported DTT activities for other sources and
subtypes of PM are also given for comparison (Bates et al.
2015; Fang et al. 2015c; Kramer et al. 2016; Lu et al. 2014;
McWhinney et al. 2013a, 2013b; Verma et al. 2015a; Xu et al.
2015a, 2015b). The intrinsic DTT activities measured for
isoprene SOA are in agreement with previously reported
DTT activities for isoprene SOA and for the isoprene-OA
factor resolved from positive matrix factorization (PMF)
analysis of AMS data (Verma et al. 2015a; Xu et al. 2015a,
2015b). Similarly, the oxidative potentials measured for
naphthalene SOA were in agreement with prior studies
(McWhinney et al. 2013b). Naphthalene SOA was also the
only SOA system whose oxidative potential was on par or

higher than that of traffic-related aerosols (generated by
light-duty gasoline vehicles, heavy-duty diesel vehicles,
and diesel exhaust particles). 

Cellular Reactive Oxygen/Nitrogen Species Production 
and Inflammatory Responses

Cellular responses induced as a result of exposure to
SOA generated under various conditions were measured to
investigate whether different types of SOA induced dif-
ferent cellular responses. Levels of ROS/RSN, IL-6, and
TNF-α are shown in Figure 9. All data points are reported
as intrinsic AUC over the same dose range for comparison
purposes. Both precursor identity and formation condition
influenced SOA-induced ROS/RNS and inflammatory
responses. Isoprene SOA induced low levels of all cellular
responses across all formation conditions. Moderate
ranges of IL-6 and TNF-α responses were observed for
α-pinene, β-caryophyllene, and m-xylene. Pentadecane
SOA induced a wide range of IL-6 levels depending on the
formation condition under which the SOA was generated.
Naphthalene SOA induced wide ranges of both inflamma-
tory cytokines (TNF-α and IL-6), both of which were also
strongly influenced by formation condition.

Although there were no apparent trends for individual
inflammatory responses, several response patterns were

Figure 7. Correlation between reactive oxygen and nitrogen species (ROS/RNS) production, expressed as intrinsic AUCs, by macrophages (MH-S) and car-
diomyocytes (NRVM). Data points represent individual filter samples tested using both cell types. An orthogonal regression, the corresponding Pearson coef-
ficient, and a 1:1 line for reference are shown. The equation represents the correlation between the two assays (MH-S and NRVM). * indicates significance,
P < 0.05. (Source: Tuet et al. 2016 with permission from Elsevier.) 
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Figure 8. Intrinsic DTT activities for (A) chamber SOA formed under different formation conditions and (B) the same SOA DTT activities in the context
of other types of PM. With the exception of the study by Kramer and colleagues (2016), all studies utilized the DTT method described by Cho and col-
leagues (2005). (A) SOA was generated from various precursors: isoprene (ISO), α-pinene (AP), β-caryophyllene (BCAR), pentadecane (PD), m-xylene (MX),
and naphthalene (NAPH) under different formation conditions: dry, low NOx (RO2• + HO2•) [circles]; humid, low NOx (RO2• + HO2•) [squares]; and dry,
high NOx (RO2• + NO) [triangles]). (B) Specifics on factor resolution methods and site locations are described elsewhere: isoprene SOA (Kramer et al.
2016); naphthalene SOA (McWhinney et al. 2013b); isoprene-OA, more-oxidized oxygenated OA (MO-OOA), biomass burning OA, and cooking OA (Verma
et al. 2015a; Xu et al. 2015a; Xu et al. 2015b); light-duty (LD) gasoline vehicles, heavy-duty (HD) diesel vehicles, biomass burning (BURN), and other
organic carbon (OC) (Bates et al. 2015); and diesel exhaust particles (DEP) (McWhinney et al. 2013a). DTT activities shown for Beijing (Lu et al. 2014) and
Atlanta (Fang et al. 2015c) were averaged across multiple seasons. (Source: Tuet et al. 2017c. Creative Commons Attribution 3.0 License.)
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observed for the SOA systems investigated. These
response patterns are shown in Figure 10. Levels of TNF-α,
and IL-6 are represented as AUC for comparison purposes
and shaded regions are shown to highlight the extent of
clustering. Data points are sized according to ROS/RNS
levels. Overall, isoprene SOA induced a low inflammatory
response. SOA formed from the photooxidation of α-pinene
and m-xylene induced similar inflammatory responses, as
shown by the overlap between the two shaded regions. Pen-
tadecane and β-caryophyllene SOA induced a wide range of
IL-6 levels, and naphthalene SOA induced wide ranges of
both inflammatory cytokines and ROS/RNS. 

Effect of Iron Sulfate Seed on Oxidative Potential and 
Reactive Oxygen/Nitrogen Species 

The presence of iron sulfate seed did not have an
obvious effect on oxidative potentials (i.e., SOA formed in
the presence of iron sulfate seed did not always have a
higher oxidative potential than that formed in the presence
of ammonium sulfate seed) using naphthalene as the SOA
precursor (Figure 11).

In terms of the effect on cellular ROS/RNS production,
an SOA formed in the presence of iron sulfate induced
higher ROS/RNS levels than an SOA formed in the pres-
ence of ammonium sulfate (Figure 11). 

Correlation Between Bulk Elemental Composition and 
Oxidative Properties

Aerosol bulk elemental ratios (O:C, H:C, and N:C) were
determined for each SOA system investigated, and correla-
tions between these ratios and oxidative properties (i.e.,
DTT activity and ROS/RNS production) were evaluated to
determine whether there exists a good predictor for SOA
oxidative properties. The correlations between ROS/RNS
production and  (determined from O:C and H:C) are
shown in Figure 12. For all SOA systems investigated, a
positive, significant (R = 0.64) correlation exists between
ROS/RNS production and  regardless of formation
condition and precursor identity (Figure 12A). 

For the seed effects (iron sulfate vs. ammonium sulfate)
and photochemical aging experiments, a positive relation-
ship is also observed between ROS/RNS production and

 (Figure 13) for naphthalene SOA. The types of seeds
do not affect the ROS/RNS response as all data follow the
same trend. 

A van Krevelen diagram is also shown to visualize
changes in O:C and H:C ratios (Figure 12B). Changes in the
slope of data points within the van Krevelen space provide
information on the chemical functionalization of the SOA
formed (Heald et al. 2010; Ng et al. 2011; van Krevelen 1950).
Beginning with the SOA precursor, a slope of 0 indicates the

cOS

cOS

cOS

Figure 9. Reactive oxygen and nitrogen species (ROS/RNS) production and inflammatory responses (IL-6 and TNF-α), expressed as intrinsic AUC,
induced as a result of exposure to SOA generated from various precursors. Precursors studied are isoprene (ISO), α-pinene (AP), β-caryophyllene
(BCAR), pentadecane (PD), m-xylene (MX), and naphthalene (NAPH) under different formation conditions: dry, low NOx (RO2• + HO2•) [circles]; humid,
low NOx (RO2• + HO2•) [squares]; and dry, high NOx (RO2• + NO) [triangles]. The lines connect the same inflammatory response for aerosol generated
from the same precursor under different reaction conditions. (Adapted from: Tuet et al. 2017a. Creative Commons Attribution 3.0 License.) 
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addition of alcohol groups, a slope of −1 indicates the
addition of carbonyl and alcohol groups on separate car-
bons of the carbon backbone or the addition of carboxylic
acids, and a slope of −2 indicates the addition of ketones or
aldehydes. ROS/RNS induced as a result of SOA exposure
were not associated with either O:C or H:C ratios. That is, a
higher O:C or H:C did not correspond to a higher ROS/RNS

level. Furthermore, the van Krevelen diagram shows that
the aerosol compositional changes between different pre-
cursors (different colored markers in Figure 12) were gen-
erally more substantial than those arising between
different formation conditions of the same precursor (dif-
ferent shapes in Figure 12).

Figure 10. Inflammatory (TNF-α and IL-6) responses, induced as a result of exposure to SOA generated from various precursors sized according to reactive
oxygen and nitrogen species (ROS/RNS) production. All endpoints are expressed as the intrinsic AUC. Precursors studied are isoprene, α-pinene, β-caryophyllene,
pentadecane, m-xylene, and naphthalene under different formation conditions: dry, low NOx (RO2• + HO2•) [circles]; humid, low NOx (RO2• + HO2•)
[squares]; and dry, high NOx (RO2• + NO) [triangles]. Shaded regions are shown for each SOA system to highlight the extent of clustering and provide visu-
alization for the different response patterns observed. The size of the symbols indicates the level of ROS/RNS. (Source: Tuet et al. 2017a. Creative Commons
Attribution 3.0 License.) 

Figure 11. Oxidative potentials (A) and reactive oxygen and nitrogen species (ROS/RNS) levels (B) for naphthalene SOA generated in the presence of
ammonium sulfate or iron sulfate as seed. All experiments were conducted using H2O2 as OH precursor and in the presence of NO.
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Figure 12. Correlations between aerosol average carbon oxidation state ( ) and reactive oxygen and nitrogen species (ROS/RNS) production for dif-
ferent types of SOA: (A) ROS/RNS are given as the AUC per mass of PM and (B) the same data shown as a van Krevelen diagram to visualize changes in oxi-
dation. SOA was generated from various precursors (isoprene, α-pinene, β-caryophyllene, pentadecane, m-xylene, and naphthalene) under different
formation conditions: dry, low NOx (RO2• + HO2•); humid, low NOx (RO2• + HO2•); dry, high NOx (RO2• + NO). Linear fits and corresponding Pearson
correlation coefficient are given. * indicates significance, P < 0.05. (Adapted from: Tuet et al. 2017a. Creative Commons Attribution 3.0 License.)

cOS
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Correlation Between Laboratory-Generated Aerosol 
Response and Ambient Samples Responses

Oxidative potentials and cellular ROS/RNS production
measured for laboratory-generated aerosol samples were
compared in the context of that measured for ambient sam-
ples to evaluate the relative toxicity of pure SOA. This
comparison is shown in Figure 14 for all laboratory-
generated SOA and summer and winter ambient samples

collected from the greater Atlanta region. With the excep-
tion of naphthalene SOA (purple markers), the oxidative
potentials of all SOA systems investigated were compa-
rable to those observed in the ambient aerosol samples. In
contrast, for ROS/RNS production, SOA systems induced
comparable or higher levels of ROS/RNS compared with
the levels induced by ambient aerosol samples. 

Ruth: we are in the process of requesting this
figure from a journal. Please use this
facsimile as a placeholder in the page proofs.

Figure 13. Correlations between aerosol average carbon oxidation state ( ) and reactive oxygen and nitrogen species (ROS/RNS) production for naph-
thalene SOA generated in the presence of different seeds types (ammonium sulfate [AS] and iron sulfate [FS]) and aging experiments. The shaded regions
correspond to two common ambient organic aerosols subtypes: less oxidized oxygenated organic aerosols (LO-OOA) and more oxidized oxygenated
organic aerosols (MO-OOA). The oxidation state ( ) values of laboratory SOA span the range of these two ambient organic aerosol subtypes. (Tuet et al.
2017b. Creative Commons Attribution 4.0 License.)

cOS
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DISCUSSION AND CONCLUSION

The key findings of this study are summarized in
Table 3 and discussed in greater detail in the following
sections. 

ASSOCIATIONS BETWEEN CELLULAR AND 
CHEMICAL ASSAYS

Correlations between all ROS/RNS response metrics
(maximum response, Hill slope, EC50, threshold, and
AUC) and oxidative potentials were evaluated to deter-
mine whether results from chemical assays were represen-
tative of cellular responses. For ambient PM samples, a
distinct seasonal trend was observed for extrinsic AUC
and DTT activity, where the two were significantly corre-

lated for summer filter samples (Figure 5a). On the other
hand, winter samples exhibited a different trend, where a
relatively constant AUC was observed regardless of DTT
activity. Several spring and autumn filter samples were
also analyzed as part of this study; however, the sample
size was too small for statistical significance and the sam-
ples did not span the entire DTT activity range observed in
the ambient field campaign. Nevertheless, it is interesting
to note that the majority of spring and autumn samples
induced ROS/RNS production (as represented by extrinsic
AUC) within the range observed for summer and winter
filter samples. This suggests that spring and autumn trends
may be an intermediate between those observed for
summer and winter samples. Similar behaviors were
observed for intrinsic AUCs and DTT activities, although
no obvious trend was noted for winter samples (Figure 5b). 

Figure 14. Oxidative potentials and reactive oxygen and nitrogen species (ROS/RNS) production for laboratory-generated SOA and ambient samples col-
lected around the greater Atlanta region. Oxidative potentials are given as DTT activities per PM mass, whereas ROS/RNS production is given as the AUC
per PM mass. SOA was generated from various precursors (isoprene, α-pinene, β-caryophyllene, pentadecane, m-xylene, and naphthalene) under different
formation conditions: dry, low NOx, (RO2• + HO2•); humid, low NOx (RO2• + HO2•); and dry, high NOx (RO2• + NO). Ambient samples were collected in
summer and winter, as determined by solstice and equinox dates between June 2012 and October 2013. An exponential fit is shown as a guide for laboratory-
generated aerosol samples. (Adapted from Tuet et al. 2017a. Creative Commons Attribution 3.0 License.)
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For laboratory-generated samples, an exponential trend
was observed between intrinsic ROS/RNS production and
DTT activity (Figure 12). This trend, along with the sea-
sonal trends observed for ambient samples, suggest that
there is not a simple correlation between oxidative poten-
tials as measured by chemical assays such as DTT and cel-
lular ROS/RNS responses. Nevertheless, the DTT assay
may serve as a valuable tool to screen samples for cellular
analysis, as it has been automated for high-throughput
analysis and a low DTT activity will likely correspond to a

low cellular ROS/RNS response for both ambient and
laboratory-generated aerosol. 

Besides extrinsic and intrinsic AUC, no other ROS/RNS
response parameter was significantly correlated with oxida-
tive potential as measured by means of DTT. For these
parameters (e.g., EC50 and Hill slope), the lack of correlation
may be attributable to the large uncertainties associated
with parameter determination. Uncertainties were espe-
cially large for filter samples where a maximum response
was not attained over the dose range investigated.

Table 3. Summary of Key Findings

Objective / Main results

Cellular Assay Development
• Various parameters (cell density, probe concentration, and sample incubation time) optimized for measuring ROS/RNS 

produced as a result of aerosol exposure
• ROS/RNS was highly dose-dependent and non-linear with respect to PM concentration, demonstrating that cellular 

responses should not be reported using a single PM concentration
• AUC was most robust dose–response parameter capable of describing classical and non-classical dose–response 

behaviors

PM Constituents Associated with ROS/RNS Production
• Correlations evaluated between all dose–response metrics and all PM constituents
• Positive, significant correlations observed between AUC and various PM constituents (water-soluble organic carbon, 

brown carbon, iron, and titanium) for summer ambient samples 
• Significant summer correlations with organic constituents may highlight the importance of SOA to PM-induced 

toxicity
• Other dose–response metrics and PM constituents did not yield significant correlations

Applicability of Chemical Assays to Cellular Responses
• Positive, significant correlation observed between AUC and DTT activity for summer ambient samples
• No simple correlation between ROS/RNS and DTT activity
• DTT assay may serve as a screening tool to identify samples for further cellular analysis

Relative Toxicities of Different SOA Systems
• SOA precursor identity influenced oxidative potentials notably 
• Cellular response patterns observed for SOA precursors whose photooxidation products share similar carbon chain 

length and functionalities
• Results highlight importance of chemical structure and may lead the way for rough cellular response predictions given 

known SOA products

Effects of Photochemical Aging on Aerosol Toxicity
• SOA formed in the presence of iron induced higher levels of ROS/RNS 
• Positive, significant correlation observed between ROS/RNS and average carbon oxidation state 
• Observed correlation has significant implications as aerosols have an atmospheric lifetime of a week, over which aging 

can occur leading to more oxidized species
• Observed correlation may also pave the way to real-time ROS/RNS predictions due to the fine resolution of average 

carbon oxidation state measurements
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Nonetheless, because each dose–response metric may
serve as a different measure of toxicity, the lack of correla-
tion with other parameters suggests that oxidative poten-
tials may not fully capture all aspects of the cellular
ROS/RNS response. Furthermore, the significant correla-
tion between DTT and AUC, a measure of the overall effect
of PM over a specified dose range, suggests that DTT, too,
may be considered an indicator of the overall effect of PM.

It is also interesting to note that although both max-
imum response and EC50 were not significantly correlated
with PM oxidative potential or composition, a significant
positive correlation was observed between the two for all
filter samples studied (Figure B.3 in Appendix B, available
on the HEI website). This is intriguing because one would
expect an anti-correlation between these parameters,
where a more potent sample (with a lower EC50) would
induce more ROS/RNS production (hence, a higher max-
imum response). However, previous studies have found
that EC50 is often positively correlated with antioxidant
concentrations (Chiang et al. 2015; Zhang et al. 2006), sug-
gesting several possibilities for the correlation observed in
this study. For instance, there may be constituents present
in more potent samples that induce antioxidant produc-
tion pathways. The presence of antioxidants would neu-
tralize ROS/RNS and result in a lower measured maximum
response. Alternatively, constituents may also induce cel-
lular protective pathways to counter oxidative damages;
the reduced cellular damage results in longer-lived cells
and may increase ROS/RNS accumulation.

AMBIENT PM COMPONENTS ASSOCIATED WITH 
CELLULAR RESPONSES

Similarly, correlations between all dose–response met-
rics and water-soluble mass concentrations and mass frac-
tions of ambient PM constituents were evaluated to
determine whether there exists a good predictor for cel-
lular responses to PM toxicity. For ambient summer PM
samples, a significant correlation was observed between
ROS/RNS production as represented by extrinsic AUC and
the mass concentrations of WSOC, BrC, iron, and titanium
(Figure 6A–D), as well as between intrinsic AUC and the
mass fraction of titanium (Figure 6E).

Furthermore, a relatively flat ROS/RNS response was
observed for winter samples regardless of WSOC or BrC
concentrations. These seasonal differences suggest that
responses may be dependent on PM composition, as pre-
vious studies have shown that PM collected during dif-
ferent seasons differs in both mass concentration and
chemical composition (Fang et al. 2015a; Verma et al.
2014, 2015a; Xu et al. 2015a, 2015b). In particular, PMF
analysis of AMS data collected as part of the SCAPE study

showed that the organic aerosols at these sites are domi-
nated by SOA (Xu et al. 2015b). The positive correlation
between AUC and WSOC observed for summer samples
may therefore reflect contributions from photochemical
and/or aged SOA, as photochemistry is more intense during
summertime (Xu et al. 2015b). In addition to stronger photo-
oxidation, biogenic emissions are also higher in summer. As
a result, contributions from less-oxidized and more-
oxidized oxygenated organic aerosols (LO-OOA and MO-
OOA) to total organic aerosols may be significant as well (Xu
et al. 2015b). These observations further highlight the impor-
tance of studying the contributions of SOA, in particular
those arising from photochemical oxidation, to PM-induced
adverse effects. 

Likewise, different sources of BrC may induce different
cellular pathways and result in the observed seasonal vari-
ability of ROS/RNS responses. Although biomass burning is
the predominant source of BrC, there may be non-negligible
contributions to BrC from aged SOA as well (Hecobian et al.
2010). Moreover, BrC was observed in both summer and
winter filter samples (Verma et al. 2014), whereas biomass
burning organic aerosols (BBOAs) were only identified in
the winter samples (Xu et al. 2015b). Together, these obser-
vations suggest there may be an unknown source of BrC,
other than biomass burning, in the summer. It is possible
that the cellular ROS/RNS assay is only sensitive to BrC
from the unknown source and relatively insensitive to BrC
from BBOAs, as supported by the relatively low ROS/RNS
production (low AUCs) observed for winter samples even
though BBOAs were previously found to be highly redox
active (Verma et al. 2015a). Furthermore, the cell membrane
may be impermeable to larger species of BrC, such as
humic-like substances (Sullivan and Weber 2006); size-
dependent hindrance has been observed for the cellular
transport of macromolecules and nanoparticles (Matsukawa
et al. 1997; Sheng-Hann et al. 2010). Alternatively, transport
through the cell membrane may be impeded once a certain
intracellular concentration is reached. In both scenarios, a
relatively constant response may be observed regardless of
the sample’s BrC concentration. 

Both metal species correlated with ROS/RNS produc-
tion (iron and titanium) are transition metals with positive
oxidation states that have been shown to correlate with
oxidative potential and participate in reactions that pro-
duce ROS/RNS (Charrier and Anastasio 2012; Fang et al.
2015a; Halliwell and Gutteridge 1984; Saffari et al. 2013;
Verma et al. 2009). Titanium(IV) may also interfere with
protein structures by interacting with cysteine amino acids
(Conroy and Park 1968; Tinoco and Valentine 2005), and
titanium dioxide is known to induce pulmonary inflam-
mation (Bermudez et al. 2004). Similarly, iron(II) may
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participate in Fenton-like reactions and produce ROS/RNS
(Sutton and Winterbourn 1989). Other metals were not cor-
related with any metric of ROS/RNS production. This is in
contrast with previous health studies investigating the
ROS production from filter samples collected in Cali-
fornia, where correlations between ROS production and
multiple metals (arsenic, chromium, copper, iron, manga-
nese, nickel, lead, vanadium, and zinc) were observed
(Daher et al. 2014; Hu et al. 2008; Saffari et al. 2014a; Wang
et al. 2013). Nevertheless, the discrepancy is not surprising
because different metrics were utilized to represent ROS
production in previous studies (e.g., the linear slope
obtained over a few doses); and although the Hill slope
investigated in this study is similar to the linear slope
metric used in previous studies, pharmacology studies
have found that the Hill slope is heavily influenced by
dose range and is a less reliable metric compared to AUC
in general (Beam and Motsinger-Reif 2014). 

The lack of correlation with other metals, however, did
not reflect a lack of response, as exposure to pure metal salt
solutions at concentrations observed in SCAPE induced
ROS/RNS production (Figure B.4 in Appendix B, available
on the HEI website). These observed responses demonstrate
that complex interactions may occur in mixture exposures
such that a simple sum of individual responses may not
recapitulate the observed response. For instance, individual
metals clearly induce cellular ROS/RNS production; how-
ever, complex interactions may occur in the mixture such
that metal–cell interactions are hindered. Previous studies
using high performance liquid chromatography have shown
that certain metals (e.g., iron, vanadium, and zinc) are
retained on a C-18 column, which largely removes hydro-
phobic compounds. It is therefore possible that metal–
organic complexes may form, and the resulting complexes
may be too large to diffuse freely across the cellular mem-
brane. This process may effectively prevent certain metals
from interacting with cellular components that then pro-
mote ROS/RNS production. The relative WSOC:metal
ratio may be a potential indicator of this effect, where
enhanced metal–organic complex formation, and hence
greater metal–cell hindrance, may occur for samples with a
higher WSOC:metal ratio. The WSOC:metal ratio was
vastly higher in this study (range: 18–23) compared with
that of ambient samples collected in California (range:
0.98–3) (Daher et al. 2014; Hu et al. 2008; Saffari et al.
2014a), suggesting that the lack of correlations between
ROS/RNS production and metals observed in this study
may be attributable to significant metal–organic complex
formation. Another explanation for the lack of correlation
observed may be attributable to the simplistic correlation-
model assumption. Only simple linear correlations were

investigated in the study. It is possible that the “true”
model between ROS/RNS response and these species is
nonlinear, thus resulting in the lack of observed correla-
tions. Additional studies are warranted to investigate and
confirm an accurate effect model for aerosol exposure
responses. 

EFFECT OF PRECURSOR AND FORMATION 
CONDITION ON OXIDATIVE POTENTIALS AND 
INFLAMMATORY RESPONSES

Oxidative Potentials

Results from laboratory chamber experiments showed
that precursor identity influenced oxidative potentials sig-
nificantly, with isoprene and naphthalene SOA having the
lowest and highest intrinsic DTT activities, respectively.
Although the isoprene SOA investigated in this study was
formed via a wide range of reaction pathways known to
yield different aerosol compositions (Chan et al. 2010;
Kroll et al. 2005; Surratt et al. 2010; Xu et al. 2014), the
measured intrinsic DTT activities were similar across all
formation conditions. Furthermore, these intrinsic DTT
activities are in agreement with the isoprene-derived
organic aerosols factor resolved from PMF analysis of AMS
data collected as part of the SCAPE study (Verma et al.
2015a; Xu et al. 2015a, 2015b). Although this factor is
largely attributed to aerosols formed via isoprene
epoxydiol uptake, contributions from other isoprene oxi-
dation pathways are also possible (Xu et al. 2015a, 2015b).
The agreement between ambient and laboratory-generated
isoprene SOA suggests that isoprene SOA may have a low
oxidative potential regardless of formation condition,
which is in contrast with a previous study where isoprene
SOA formed in the presence of “high-NOx” was found to
be more DTT active than that formed in the presence of
“low-NOx” (Kramer et al. 2016). However, these studies
may not be directly comparable as the isoprene SOA inves-
tigated in Kramer and colleagues (2016) was formed under
different conditions (i.e., reaction regimes defined by the
ratio of volatile organic compound to NOx) and a different
DTT method was utilized (i.e., different initial DTT con-
centration, different extraction solvent, and different
method for quantifying DTT activity). 

Photooxidation of α-pinene, β-caryophyllene, and pen-
tadecane under all formation conditions produced SOA
with low oxidative potential, even though the different
conditions investigated are known to affect SOA loading
and composition because of competing RO2• pathways
(Chan et al. 2009; Eddingsaas et al. 2012; Loza et al. 2014;
Ng et al. 2007a). For instance, high NOx (RO2• + NO dom-
inant) conditions favor the formation of organic nitrates,



31

N.L. Ng et al.

31

whereas low NOx (RO2• + HO2• dominant) conditions
favor organic peroxide production. The relatively low and
similar oxidative potentials measured for these SOA sys-
tems therefore suggest that organic peroxides and organic
nitrates formed from these precursors are not highly redox
active. As such, the overall oxidative potential may be sim-
ilar even though different products are present. 

Likewise, the intrinsic DTT activities for m-xylene SOA
formed under different RO2• pathways were not signifi-
cantly different and were in fact similar to that measured
for α-pinene, β-caryophyllene, and pentadecane SOA. This
similarity may largely be explained by the large portion of
ring-opening m-xylene oxidation products formed under
both low NOx and high NOx conditions (Jenkin et al. 2003;
Vivanco and Santiago 2010). Because DTT activity is a
measure of the concentration of redox-active species
present in a sample, the ability of constituent species to
participate in electron transfer may be related. As such, it
is not surprising that m-xylene oxidation yielded SOA
with comparably low oxidative potential because the
majority of products lack conjugated systems, similar to
those of α-pinene, β-caryophyllene, and pentadecane oxi-
dation. Aerosols formed from m-xylene under humid con-
ditions were more DTT-active compared with those
formed under dry conditions. Previous studies involving
the effect of humidity on SOA composition yielded mixed
results, with some studies finding significant changes in
SOA composition and yields (Healy et al. 2009; Nguyen et
al. 2011; Stirnweis et al. 2017; Wong et al. 2015) and others
reporting little difference (Boyd et al. 2015; Cocker et al.
2001b; Edney et al. 2000). Humidity effects are therefore
highly hydrocarbon-dependent, and further studies into
specific oxidation products in the photooxidation of aro-
matic hydrocarbon under dry and humid conditions may
be warranted to understand the difference in DTT activity.

The SOA formed from the photooxidation of naphtha-
lene was the most DTT-active among the aerosol systems
investigated. The intrinsic DTT activity measured for
naphthalene SOA formed under dry, low NOx conditions
is also in agreement with that measured by McWhinney
and colleagues (2013b), where naphthalene SOA was gen-
erated under similar conditions using the same •OH rad-
ical. Moreover, the same DTT method was used to obtain
oxidative potentials in both McWhinney’s study and the
current study (Cho et al. 2005), and as such, these values
should be directly comparable. A strong formation condi-
tion effect was also noted for naphthalene SOA. The differ-
ence observed between aerosols formed under different
NOx conditions, that is, different RO2• pathways, may be
largely attributable to the different products known to
form along each pathway. Many products are formed

under both conditions (e.g., naphthoquinones and all ring-
opening derivatives of 2-formylcinnamaldehyde), how-
ever, under high NOx dominant conditions, nitroaromatics
(e.g., nitronaphthols and nitronaphthalenes) are also
formed (Kautzman et al. 2010). The nitrite group next to
the aromatic ring in nitroaromatics may promote electron
transfer and result in higher DTT consumption, and hence,
higher measured oxidative potential. As mentioned previ-
ously, this effect was not observed for m-xylene because of
the formation of predominantly ring-opening oxidation
products (Jenkin et al. 2003; Vivanco and Santiago 2010).
Together, these observations suggest that the presence of
an aromatic ring in oxidation products may be a significant
indicator of oxidative potential; comparison of AMS mass
spectra further supports this conclusion. Significant peaks
at m/z 77 and 91 (indicative of aromatic phenyl and benzyl
ions) were observed in the AMS mass spectra for naphtha-
lene SOA, whereas these peaks were not strong in that of
m-xylene SOA (Figure C.3 in Appendix C, available on the
HEI website). 

Reactive Oxygen/Nitrogen Species and Inflammatory 
Responses

Both precursor identity and formation condition influ-
enced the responses induced by SOA exposure, as demon-
strated by the range of responses observed for SOA formed
from different precursors and under different formation
conditions (Figure 9). However, no clear trends were
observed for either variable (precursor identity or forma-
tion condition), in contrast to that observed for oxidative
potentials, where only precursor identity influenced DTT
activity substantially. This dissimilarity may be a reflec-
tion of the differences between chemical and cellular
assays, which may be further highlighted as a result of the
considerably different classes of compounds chosen as
SOA precursors. In this study, the aerosol compositional
changes between different precursors were generally more
substantial than those arising between different formation
conditions of the same precursor (Figure 12). The DTT
chemical assay may only be sensitive to larger differences,
such as those arising from different SOA precursors,
whereas cellular assays may also be sensitive to differ-
ences arising from SOA formed from the same precursor
but under different formation conditions. These differ-
ences may also result from the different oxidants measured
by each assay. The DTT assay measures the concentration
of redox-active species in a sample. These redox-active
species may induce cellular ROS/RNS production, which
is measured by the cellular assay. Some of these species
may also diffuse across the cell membrane and interact
with the ROS/RNS probe. Therefore, although the assays
measure different oxidants, there may be some overlap. 
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Although the effects of SOA precursor and formation
condition did not yield an apparent trend in individual
inflammatory responses, several patterns can be distin-
guished for SOA precursors whose photooxidation prod-
ucts have similar carbon-chain length and chemical
functionality. Exposure to isoprene SOA generated under
different formation conditions induced comparable
responses for the inflammatory endpoints. Furthermore,
these responses were the lowest among all aerosol systems
investigated (Figure 10). This result suggests that different
isoprene oxidation products (Chan et al. 2010; Surratt et al.
2010; Xu et al. 2014) may induce similarly low inflamma-
tory responses, which is consistent with that observed for
the oxidative potentials of ambient isoprene SOA (Figure
8). However, this finding is different from that observed in
a previous study, where methacrylic acid epoxide–derived
SOA was found to be significantly more potent than iso-
prene epoxydiol-derived SOA in inducing the upregula-
tion of genes related to oxidative stress (Lin et al. 2016).
Nevertheless, the fold change of several genes reported in
the previous study are actually comparable. It is therefore
possible that the inflammatory endpoints chosen in this
study may correspond to genes whose expression was
comparable regardless of SOA formation condition. 

Likewise, inflammatory responses induced as a result of
exposure to α-pinene and m-xylene SOA were similar
regardless of formation condition (Figures 9 and 10). In
addition, the levels of all three endpoints induced by these
aerosol systems are fairly comparable, suggesting that oxi-
dation products of both precursors participate in similar
cellular pathways. Indeed, photooxidation products of
both α-pinene and m-xylene share similarities, such as a
large portion of ring-breaking products with a similar
carbon chain length (Eddingsaas et al. 2012; Jenkin et al.
2003; Vivanco and Santiago 2010). It is possible that prod-
ucts that bear a certain level of resemblance may interact
with the same cellular targets and participate in the same
cellular pathways, resulting in a comparable response. 

Another response pattern was observed for β-caryophyl-
lene and pentadecane SOA, where the IL-6 response
spanned a much larger range than that of TNF-α (Figure
10). This pattern is unlike that observed for oxidative
potential, where the DTT activity was comparable regard-
less of formation condition for these aerosol systems
(Figure 8), and further supports that certain changes in
aerosol composition may not be captured by redox poten-
tial measurements. The response pattern observed here
also appears to reflect oxidation product structure. No
prior studies have investigated the oxidation products of
pentadecane, however, these products are expected to

resemble those of dodecane (i.e., products with the same
functionalities, but a longer carbon chain) because both are
long-chain alkanes (Loza et al. 2014). As such, pen-
tadecane oxidation products are likely to bear a resem-
blance to long-chain fatty acids. These compounds may
therefore be able to insert into the cell membrane and alter
membrane fluidity; downstream effects of this alteration
vary depending on the specific modification and cell type,
however, all effects are known to affect cell function sub-
stantially (Baritaki et al. 2007; Spector and Yorek 1985).
For instance, certain changes in membrane fluidity may
induce apoptosis, which involves pathways leading to the
production of TNF-α; TNF-α may then in turn induce IL-6
production, which is involved in a feedback loop that
inhibits the TNF-α production (Baritaki et al. 2007; Kishi-
moto 2003; Wang et al. 2003). The combination of these
cellular events is consistent with the observed levels of
inflammatory endpoints (high IL-6 and lower TNF-α), as
well as the lower ROS/RNS levels because IL-6 exhibits
anti-inflammatory functions. Responses are likely less pro-
nounced for β-caryophyllene because of the shorter
carbon-chain length observed in known oxidation prod-
ucts; even though both precursors have the same number
of carbons (15), β-caryophyllene is bicyclic and many oxi-
dation products retain the four-membered ring, resulting
in a shorter carbon backbone (Chan et al. 2011). As such,
there may be fewer products capable of inserting into the
cell membrane, resulting in a less pronounced response in
comparison to pentadecane aerosol. 

Exposure to naphthalene aerosol resulted in a different
response pattern, where a large response range was
observed for both cytokines and levels of ROS/RNS (Figure
10). These results complement those obtained from oxida-
tive potential measurements, where naphthalene aerosol
was also an outlier with a DTT activity at least twice that of
the next highest aerosol system (Figure 8). As previously
discussed, these responses are likely a reflection of spe-
cific oxidation products, such as naphthoquinones, which
are known to induce redox-cycling and may therefore
induce higher levels of inflammatory endpoints (Henkler
et al. 2010; Kautzman et al. 2010; Lorentzen et al. 1979).
Furthermore, the presence of aromatic ring–retaining
products differentiates naphthalene aerosol from other
SOA systems, where the majority of products do not con-
tain aromatic rings and may therefore result in outlier
response levels. A clear increasing trend also exists
between levels of TNF-α and IL-6, suggesting that naphtha-
lene SOA may also induce anti-inflammatory pathways
not captured by oxidative potential measurements. Addi-
tionally, many naphthalene oxidation products bear
resemblance to dinitrophenol, a compound known to
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decouple phosphorylation from electron transfer (Terada
1990), whereas others (such as nitroaromatics and polyaro-
matics) have known mutagenic effects, including the for-
mation of DNA adducts (Baird et al. 2005; Helmig et al.
1992). Together, these results suggest that the aromatic
functionality may result in the involvement of very
different cellular pathways and yield health effects beyond
redox imbalance and oxidative stress. 

EFFECT OF REDOX-ACTIVE METALS ON OXIDATIVE 
POTENTIALS AND INFLAMMATORY RESPONSES

The use of iron sulfate as seed for naphthalene-derived
SOA did not have an effect on oxidative potential relative
to ammonium sulfate, but induced higher ROS/RNS. The
observed lack of effect of iron sulfate seed relative to
ammonium sulfate seed on oxidative potential is inter-
esting, as it suggests that the presence of iron may not
always induce an additive effect in the case of aerosol oxi-
dative potentials. Future studies should investigate
whether concentration addition (a model used to predict
the effect of combinations of chemicals) is an applicable
effect model for oxidative potential measurements. The
contribution of seed to oxidative potential was evaluated
and found to be relatively low (<20%) for all experiments,
suggesting that organic constituents contribute signifi-
cantly to oxidative potential. 

In terms of the effect of metallic seed on cellular
ROS/RNS production, all SOA formed in the presence of
iron sulfate induced higher ROS/RNS levels than that
formed in the presence of ammonium sulfate (Figure 11).
The observed difference was attributed to both a seed
effect and an organic aerosol effect. To further explore the
seed effect, the seed mass collected onto each filter was
estimated by characterizing the seed particle wall loss (i.e.,
fitting a double exponential to seed concentrations as a
function of time) and integrating over the filter collection
period (Figure C.4, in Appendix C, available on the HEI
website). The ROS/RNS response attributable to the pres-
ence of iron seed (ROS/RNSFS, where FS indicates iron[II]
sulfate) was then calculated using a pure iron sulfate dose–
response curve (Figure C.5, in Appendix C) and found to
be a relatively low percentage (2–12%) of the total
response (ROS/RNSFS + SOA). Similar results were
observed for oxidative potentials. It should be noted that
these are simple estimations performed to provide relative
perspective. The absolute contributions of iron sulfate may
differ as concentration addition may not apply for cellular
responses. However, similar to oxidative potentials, the
validity of this effect model for cellular response is beyond
the scope of this study. Nevertheless, the results are inter-
esting as they suggest that the measured ROS/RNS

response may be predominantly attributable to organic
constituents. 

CORRELATION BETWEEN AEROSOL OXIDATION 
STATE AND OXIDATIVE PROPERTIES

The laboratory-generated aerosol spanned a wide range
of  values and a significant positive correlation was
observed between ROS/RNS production and  (Figure
12). This correlation is not surprising, as aerosol with
higher degrees of oxidation (higher ) are likely to be
better oxidizing agents, which in turn may induce
ROS/RNS production. The observed correlation may also
provide insight into the differences observed for SOA
generated in the presence of different seed types, where,
for example, aerosols generated in the presence of iron sul-
fate induced higher levels of ROS/RNS than those formed
in the presence of ammonium sulfate. In these cases, the
presence of iron serves as a catalyst to increase the oxida-
tion of organic species via Fenton-like reactions (Chevion
1988; Frei 1994). Furthermore, since the correlation applies
for all laboratory-generated aerosols, including those
formed from different precursors under different formation
conditions, it is plausible that all the other effects (i.e., pre-
cursor identity and seed type) are ultimately an effect of the
degree of oxidation of aerosols. This has notable implica-
tions for future studies because atmospheric photochemical
aging leads to increases in aerosol oxidation (Jimenez et al.
2009; Ng et al. 2011) and aerosols have an atmospheric life-
time of approximately a week, during which these pro-
cesses can occur. Finally, the observed correlation suggests
that  values may be utilized to estimate ROS/RNS
levels.  values are easily obtained with no additional
processing, such as filter collection and extraction,
required. They can be readily calculated from H:C and O:C
ratios, which are measured by the AMS, an online instru-
ment. Together, these results may lead to real-time
ROS/RNS levels, which could provide valuable informa-
tion and insight on the aerosol health effects. 

No significant correlations were observed between
aerosol oxidation state and cytokine levels induced as a
result of aerosol exposure (Figure C.6 in Appendix C,
available on the HEI website). It is likely that the pathways
involved in cytokine production involve many complex
feedback and feedforward loops that may convolute any
obvious effects. Likewise, oxidative potentials were not
obviously affected by the degree of oxidation. This is con-
sistent with ambient results, where more-oxidized organic
aerosol subtypes did not necessarily have a higher oxida-
tive potential (Verma et al. 2015a; Xu et al. 2015a, 2015b). 

cOS

cOS

cOS

cOS

cOS
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COMPARISON WITH AMBIENT DATA

With the exception of naphthalene SOA, the oxidative
potentials of all laboratory-generated aerosols were com-
parable with those observed in ambient samples collected
around the greater Atlanta region. Naphthalene aerosol
was likely an outlier because of its aromatic ring–retaining
products (Kautzman et al. 2010), which other SOA systems
lack. In terms of cellular ROS/RNS responses, laboratory-
generated SOA induced comparable or higher levels of
ROS/RNS compared with that induced by ambient sam-
ples. Several possibilities exist for the observed higher
ROS/RNS response obtained for some SOA systems. For
one, aerosol systems considered in this study were single
precursor, pure SOA systems. Ambient aerosol comprises
SOA from multiple precursors, which may interact with
each other and result in a different response level. Interac-
tions between SOA and other species present in ambient
aerosol (e.g., metals and other organic species) are also
likely to alter the response level. Although the influence of
iron was investigated in this study, there are multiple other
metal species present in the ambient aerosols that were not
explored. Additionally, certain species present in the
ambient aerosols may contribute to PM mass, but induce
little to no ROS/RNS production, resulting in a lower
overall intrinsic ROS/RNS production level. 

LIMITATIONS OF STUDY

Several limitations must be noted for this study. For
instance, an immortalized murine cell line was utilized for
exposure experiments. To our knowledge, immortalized
human alveolar macrophages do not exist. As a result, we
chose to use a non-human cell line. In choosing this spe-
cific cell line, we considered that mice have been widely
used as a model organism for studying human response
(e.g., Rosenthal and Brown 2007; Takao and Miyakawa
2015) and chose a murine alveolar macrophage cell line for
exposure experiments. Furthermore, we did not choose
primary cells as primary cells are harvested from multiple
animals, which may increase the response variability and
less reproducible results compared to cell lines. The par-
ticular cell line chosen for this study also retains many
properties of primary alveolar macrophages, such as
phagocytosis and production of ROS/RNS and cytokines
(Mbawuike and Herscowitz 1989; Sankaran and Hers-
cowitz 1995). 

Additional limitations that warrant further study
include the use of only one cell type, whereas an organism
consists of multiple tissues, and the lungs alone consist of
multiple cell types. Interactions between tissue systems
and different cell types were not explored in this study
and may produce very different results. These interactions

would be important to consider when extrapolating results
from this study to in vivo exposures. Furthermore, the
doses investigated in this study may not accurately repre-
sent real-world exposures as a result of different exposure
routes and potential recovery effects related to clearance.
Resuspension extracts (used in this study) also differ from
real-world exposures. However, a recent study on the
health effects of isoprene SOA found similar cellular
responses for both filter-resuspension extracts and direct
air–liquid deposition, which more closely represent real-
world aerosol exposures (Arashiro et al. 2016). These
results may be a positive indication for the extrapolation of
in vitro results, although more aerosol systems and cell
types must be investigated first to confirm these conclu-
sions. Finally, water-insoluble material was also not con-
sidered in this study. Inclusion of water-insoluble material
may induce different cellular responses, as previous
studies have shown that insoluble particles have substan-
tial oxidative potential that may translate into cellular
responses (Fang et al. 2017; McWhinney et al. 2013a;
Verma et al. 2012; Yang et al. 2014). Nevertheless, despite
these limitations, this study provides a perspective on
which future studies can be built. For instance, this study
demonstrates that cellular responses resulting from PM
exposure cannot be expressed using a single PM dose,
which aids the design of future exposure studies. Addi-
tionally, the perspective gained on the relative toxicities of
different SOA systems can be used to focus future studies.
Specifically, the more toxic SOA systems may warrant
additional in-depth investigations. Finally, results from
this study suggest that aerosols may become more toxic as
they age. These results can provide inspiration for future
studies to focus on changes that occur throughout atmo-
spheric aging and determine whether those changes result
in more toxic aerosols.

IMPLICATIONS OF FINDINGS

Intracellular ROS/RNS produced as a result of exposure
to ambient aerosol collected around the greater Atlanta
region and to laboratory-generated aerosol were measured
using an optimized alveolar macrophage cellular assay.
Results from 104 ambient filter samples and multiple
laboratory-generated SOA systems demonstrate that a
wide dose range was necessary to fully capture the dose–
response relationship. Multiple dose–response parame-
ters, including maximum response, threshold, EC50, Hill
slope, and AUC, were also evaluated because different
metrics may provide different measures of toxicity. AUC
was found to be the most robust metric, whereas other met-
rics varied in informativeness, depending on the dose
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range investigated and whether a baseline or maximum
response was observed. 

Results from ambient samples highlighted the impor-
tance of summertime organic species, as significant corre-
lations were observed between organic species (i.e., WSOC
and BrC) and cellular ROS/RNS responses for filter samples
collected during the summer months. The significance of
photochemically driven summertime SOA was further
established by results from laboratory-generated aerosols,
as organic aerosol alone (in the absence of metallic spe-
cies) were capable of inducing oxidative responses as mea-
sured by oxidative potential and cellular inflammatory
measurements. Our comprehensive laboratory-chamber
study allowed for evaluation of a wide variety of SOA sys-
tems under different formation conditions for the first
time. We found that precursor identity influenced the oxi-
dative potential and cellular responses of laboratory-
generated organic aerosols substantially, further demon-
strating the importance of PM sources. The oxidative
potentials spanned a wide range, with isoprene SOA and
naphthalene SOA having the lowest and highest DTT
activities, respectively. In general, the oxidative potential
for biogenic SOA was lower than that of anthropogenic
SOA. These bounds were less clear for cellular responses.
Although isoprene and naphthalene SOA still generated
the lowest and highest inflammatory responses, respec-
tively, in general, a few exceptions were noted for other
SOA systems (e.g., the ROS/RNS levels induced by pen-
tadecane SOA were lower than that of isoprene SOA). Col-
lectively, these results suggest that to evaluate overall
oxidative properties of ambient aerosols, precursor emis-
sions and their corresponding SOA formation potential
must be considered. The high response of naphthalene
SOA also suggests that the presence of conjugated systems
may be important for PM-induced health effects. Detailed
studies exploring the cellular effects of known naphtha-
lene SOA products may be worthwhile given its high
response among different aerosol systems. Patterns noted
for cellular responses also highlighted the importance of
chemical structure (i.e., carbon-chain length and function-
ality), as products with similar chemical structure may par-
ticipate in similar cellular pathways, leading to similar
cellular responses. It may therefore be possible to roughly
predict cellular responses given known SOA products.
These findings can guide future health effects studies to
explore whether certain hypothesized cellular pathways
are indeed induced post-exposure. Although the aerosol-
formation condition also affected oxidative properties, fur-
ther studies exploring the aerosol chemistry under different
conditions is required to fully interpret these results. 

As demonstrated by the correlation between aerosol oxi-
dation state and ROS/RNS production observed for all
laboratory-generated aerosol (e.g., different precursor, for-
mation condition, and photochemical age), the degree of
oxidation may serve as a useful tool to estimate roughly
ROS/RNS levels. The observed correlation has significant
implications for future health studies because bulk mea-
sures of aerosol oxidation are easily accessible and do not
require the additional processing that cellular ROS/RNS
measurements entail. Moreover, aerosols have a lifetime of
approximately one week, during which photochemical
aging occurs, thus yielding more oxidized species and
aerosols with higher degrees of oxidation. As such, aero-
sols may potentially become more toxic over their lifetime,
which may inspire further studies. Finally, these measure-
ments have a finer time resolution and may pave the way
for real-time ROS/RNS predictions should further studies
find that the relationship holds for other aerosol systems
as well. The observed correlation also suggests that there
may be a negligible seed effect with respect to ROS/RNS
production, as all laboratory-generated aerosols follow the
correlation regardless of seed type. As such, differences
observed between different seed types are likely an effect
of differences in aerosol oxidation. 

Although no simple trend was observed between chem-
ical and cellular assay results for both ambient and labora-
tory-generated aerosol, chemical assays such as DTT may
serve as a useful screening tool because samples with low
DTT activity are likely to induce low levels of ROS/RNS
production (based on ambient data, Figure 5). However,
the cellular inflammatory responses induced as a result of
exposure to laboratory-generated aerosol also demonstrate
that a low ROS/RNS response may not necessarily indicate
a lack of cellular response. Although ROS/RNS levels were
generally associated with inflammatory cytokine produc-
tion, there were aerosol systems in which a low ROS/RNS
response was accompanied by levels of cytokine produc-
tion that were higher than expected given the ROS/RNS
level detected. Taken together, these results suggest that
chemical assays may serve as a useful screening tool in
terms of general oxidative stress, as measured by ROS/RNS
production. However, additional measures, such as
inflammatory cytokine production, may be required to
interpret cellular responses fully. 

Finally, results from this study demonstrate that PM
species cannot be treated as individual components in a
mixture. That is, complex interactions may occur between
PM species such that the overall response cannot be
approximated by a simple sum of individual effects.
Although mixture effects were not explored in this study,
their importance is apparent given the results obtained
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from both ambient and laboratory-generated aerosol cel-
lular exposures. For instance, although few metal species
were correlated with ROS/RNS response for ambient sam-
ples, exposure to individual metals induced measurable
ROS/RNS production. Although the assumed correlation
model may also be too simplistic and warrants further
investigation, mixture effects are also important given that
ambient PM contains SOA formed from multiple precur-
sors, as well as multiple metallic species emitted as a
result of mechanical processes and combustion. It may
therefore be worthwhile to test the validity of various mix-
ture models because it is not feasible to explore every pos-
sible combination of PM components and their relevant
interactions. 
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INTRODUCTION

A large number of epidemiological studies have reported
associations between increases in exposure to ambient par-
ticulate matter (PM*) and higher rates of mortality and hos-
pitalization. It has been hypothesized that the common
pathophysiological mechanism underlying the effects of
PM is through the enhancement of reactions between reac-
tive oxygen species (ROS) on the particles and lung cells.
These reactions could lead to the cellular production of bio-
markers of oxidative stress, which in turn could trigger
inflammatory responses in both the lung and the circulatory
system. ROS are derivatives of oxygen that are more reactive
than molecular oxygen and are also referred to as oxygen
radicals. Research has demonstrated oxidant generation by
particles in acellular systems as well as by cellular compo-
nents in cellular assays (Ghio et al. 2012). However, a clear
correlation between in vitro responses and responses in
humans has not been established.

Particles in the atmosphere are distinguished based on
their source and formation mechanism: primary particles
are emitted directly from the source (such as combustion
of fossil fuels or biomass burning), and secondary aerosol
particles are formed either by gas-to-particle conversion of
inorganic gases (for example, SO2 and NO2) or from photo-
oxidation of volatile and semivolatile organic compounds
(VOCs) in the atmosphere. These reactions form products
of low volatility that partition into the condensed phase
and are referred to as secondary organic aerosol (SOA)
(Hallquist et al. 2009; Kroll and Seinfeld 2008). Although
SOA represents an important component of ambient PM,
research on its effect on ROS production has been limited.

Dr. Nga Lee (Sally) Ng of the Georgia Institute of Tech-
nology submitted a proposal titled “Laboratory chamber
and field study characterization of the composition and
oxidative properties of particulate matter mixtures: Effects
of particle physical state, acidity, and transition metals” in
response to HEI Request for Applications 13‐2: Walter A.
Rosenblith New Investigator Award. In her application to
HEI, Ng proposed to explore the link between key chem-
ical and physical properties of particles and their oxidative
properties with a focus on SOA using an in vitro approach. 

The Rosenblith Award was established to provide sup-
port for an outstanding new investigator at the assistant
professor level to conduct research in the area of air pollu-
tion and health and is unrestricted with respect to the
topic of research.

This Critique provides the HEI Review Committee’s
evaluation of the study. It is intended to aid the sponsors of
HEI and the public by highlighting both the strengths and
limitations of the study and by placing the Investigators’
Report into scientific perspective.

BACKGROUND

SECONDARY ORGANIC AEROSOL FORMATION

Air pollution includes a large number of VOCs emitted
from both anthropogenic and biogenic sources. In the
atmosphere, they undergo oxidation–reduction (redox)
reactions initiated by ozone and various radicals that lead
to their transformation and degradation. A radical is a
chemical species that has lost an electron (so that it has
one unpaired electron) due to oxidation; as such, radicals
are very reactive and initiate the transformation of organic
compounds either by extracting hydrogen or by adding a
double bond.

The hydroxyl radical (•OH) is the most important oxi-
dant in the atmosphere and is involved in a large number
of oxidation reactions (Mather et al. 1997). Other impor-
tant atmospheric oxidants that participate in the degrada-
tion of VOCs are the nitrate radical (NO3•) and ozone (O3)
(Hallquist et al. 2009; Kroll and Seinfeld 2008). 

The most studied pathways of VOC degradation in the
atmosphere are those initiated by their reaction with •OH
and NO3• radicals and O3. The initial attack of the radical

Dr. Nga L. Ng’s 3-year study, “Laboratory chamber and field study character-
ization of the composition and oxidative properties of particulate matter
mixtures: Effects of particle phase state, acidity and transition metals,”
began in March 2014. Total expenditures were $437,354. The draft Investi-
gators’ Report from Ng and colleagues was received for review in August
2017. A revised report, received in January 2018, was accepted for publica-
tion in June 2018. During the review process, the HEI Review Committee
and the investigators had the opportunity to exchange comments and to
clarify issues in both the Investigators’ Report and the Review Committee’s
Critique. 

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of this volume.
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on R (R indicates the VOC molecule) in the presence of
oxygen and sunlight yields the peroxy radical RO2•, which
plays a central role in the production of subsequent prod-
ucts. The SOA yield of this reaction depends on the NOx
level, with yields generally decreasing as NOx increases
(Kroll and Seinfeld 2008). The mechanisms by which NOx
influences the yield of SOA is related to fate of RO2•. At
high NOx, RO2• reacts with NO, forming organic nitrate
(RONO2) and an alkoxy radical (RO•), which generally
fragments or reacts with O2. At low NOx, RO2• reacts with
the hydroxyperoxyl radical •OH2 to produce hydroper-
oxide (ROOH), which can be quite low in volatility and is a
major component of SOA. The chemistry involving the for-
mation of SOA is complex and still not well understood; it
depends on many other factors, such as temperature and
humidity, seed aerosol composition, and NOx levels (see
Critique Figure). 

SOA is an important component of atmospheric particu-
late matter that influences climate, air quality, and human
health (Carslaw et al. 2013; Hallquist et al. 2009). Field and
modeling studies suggest that, on a global scale, SOA from
biogenic VOCs is more abundant than SOA from anthropo-
genic VOCs (Henze et al. 2008). Biogenic VOCs, such as
isoprene and monoterpenes, are key precursors for global
SOA formation owing to their larger emissions and higher
reactivity with atmospheric oxidants compared with
anthropogenic VOCs (Hodzic et al. 2016). They are also
thought to be important precursors in many regions of the
United States, especially the Southeast (Xu et al. 2015).
Among anthropogenic VOCs, aromatic compounds have
been traditionally considered to be the most important
SOA precursors (Henze et al. 2008), but there is growing
evidence that the photo-oxidation of lower volatility

alkanes and other classes of compounds also generates
SOA (Robinson et al. 2007). 

In many areas of the United States, SOA contributes a
substantial fraction of atmospheric fine PM, one of the cri-
teria pollutants whose maximum levels are set through the
National Ambient Air Quality Standards for PM with an
aerodynamic diameter ≤ 2.5 µm (PM2.5). Thus, under-
standing its possible mechanisms of action is relevant to
the broader understanding of the effects of PM.

MEASUREMENT OF PM OXIDATIVE POTENTIAL AND 
OXIDATIVE STRESS 

Several chemical and cellular assays have been devel-
oped to measure the production of ROS induced by expo-
sure to particles (for a recent review, see Hedayat et al.
2015). The ability of PM to generate ROS and chemically
oxidize target molecules in non-cellular systems is
referred to as oxidative potential. A commonly used chem-
ical assay to quantify the oxidative potential of PM is the
dithiothreitol (DTT) assay, which is based on the oxidation
of DTT to its disulfide form. The rate of DTT consumption
is used as a measure of the concentration of redox species
in the extract but does necessarily reflect the capacity of
the extract to induce production of ROS in cells. 

The capacity of PM to induce cells to generate ROS intra-
cellularly is generally referred to as oxidative stress. Oxida-
tive stress is a biochemical imbalance that occurs when the
generation of ROS exceeds the natural antioxidant capacity
of the cells (Nel 2005). Ambient aerosols may lead to oxida-
tive stress by transporting ROS on particles into the respira-
tory system or introducing aerosol components (such as
metals and organic compounds [Ghio et al. 2012; Miller et
al. 2012]) that are capable of stimulating cellular generation

Critique Figure. Simplified schematic showing the chemistry of SOA formation in the presence of high and low NOx. R represents the molecule from VOC.
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of ROS. The resulting oxidative stress is thought to be an
important underlying mechanism of action by which
exposure to PM may lead to inflammation and adverse
health effects (Delfino et al. 2013; Miller et al. 2012). 

Cellular assays to measure intracellular production of
ROS in response to PM have utilized primarily cell lines of
macrophages or epithelial cells derived from humans or ro-
dents. In some studies, cultures of human bronchial epithe-
lial cells obtained from biopsies were used (e.g., Volckens et
al. 2009). However, the most common approach for deliv-
ering the particles to the cells has been to use soluble ex-
tracts of the particles collected on filters. This approach
has limitations because the extracts do not include many
components present in ambient aerosols and because the
method of PM delivery does not reflect human inhalation
exposures. On the other hand, it has been widely consid-
ered a practical approach to test mechanistic hypotheses.
Because the chemical and the cellular assays measure dif-
ferent aspects of oxidative activity, there is no expectation
that the assays would be correlated (Hu et al. 2008). 

AIMS 

The overall objective of Dr. Ng’s study was to charac-
terize and compare the oxidative properties of ambient
PM and different types of laboratory-generated SOA using
in vitro assays.

The specific aims were as follows: 

1. Develop a cellular assay for measuring ROS produc-
tion resulting from PM exposure.

2. Elucidate PM constituents associated with ROS
production and determine whether results from
chemical assays were representative of the DTT
chemical assay. 

3. Provide a perspective on the relative toxicities of
SOA generated from biogenic and anthropogenic pre-
cursors under different conditions (high and low
humidity, high and low NOx, and presence of a redox-
active metal), and determine whether there are corre-
lations between chemical composition and cellular
responses.

4. Investigate the effects of photochemical aging pro-
cesses on SOA toxicity. 

STUDY DESIGN AND METHODS

Dr. Ng studied the oxidative potential of ambient PM
and laboratory-generated SOA and its ability to induce the
production of ROS using a chemical assay and a cellular

assay. Dr. Ng refers to the oxidant species formed as “reac-
tive oxygen and reactive nitrate species (ROS/RNS)” to
include reactive nitrogen species, which can be formed in
biological systems from endogenous NO (Patel et al. 1999).
In this Critique we will use “ROS” to refer to all oxidant
species.

COLLECTION AND PREPARATION OF PARTICLES

Ambient PM samples were collected at different loca-
tions on quartz filters between June 2012 and October 2013
as part of the U.S. EPA’s Southeastern Center for Air Pollu-
tion and Epidemiology (SCAPE) study. All samples were
collected during a 24-hour period over multiple days at a
constant sampling rate.

SOA was generated from six VOCs (m-xylene, naphtha-
lene, pentadecane, isoprene, α-pinene, and β-caryophyl-
lene) in the Georgia Tech environmental chamber in the
presence of an OH precursor created by photolyzing either
hydrogen peroxide [H2O2] for low NO2 conditions or
nitrous acid [HONO] for high NO2 conditions. The experi-
ments were performed in the presence of ammonium sul-
fate as a seed aerosol, which acts as substrate onto which
the semivolatile products may condense (Ng et al. 2007).
In some experiments using naphthalene as the SOA pre-
cursor, iron-containing particles were used as seed. Exper-
iments were performed using different concentrations of
the six VOCs to strike a balance between typical ambient
concentrations and adequate SOA mass for cellular expo-
sure experiments. The air was sampled from the chamber
at a constant rate, but the total volume of air sampled from
the chamber (and passed through the filter) varied across
the different types of SOA (see Appendix Table C.2, avail-
able on the HEI website, for details).

The particles were extracted from the filters in water for
the chemical assay and in cell culture medium supple-
mented with 10% fetal bovine serum for the cellular assay.
Ambient PM extracts were analyzed for water-soluble
organic compounds (WSOCs), brown carbon (BrC), and
elements, and used in the assays described below. Bulk
SOA composition was measured by mass spectrometry for
determination of elemental ratios (O:C, H:C, and N:C).

ENDPOINTS MEASURED 

Oxidative Potential (DTT Assay)

For this assay, extracts were added to the DTT solution,
and DTT consumption was measured over a period of
approximately 1 hour. The DTT activity was reported as
pmoles per minute per μg of PM. The PM extract concen-
trations used in the assays were not reported. These assays
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were conducted as part of a previous study (Fang et al.
2015; Verma et al 2014).

ROS Production (C-DCFH Assay)

ROS production was measured in a murine alveolar
macrophage cell line using the non-fluorescent carboxy-
2ʹ,7ʹ-dichlorohydrofluorescein-diacetate (C-H2DCFDA)
probe. The probe diffuses from the medium into the cells,
where it undergoes a de-esterification reaction to carboxy-
2ʹ,7ʹ-dichlorohydrofluorescein (C-DCFH) that renders the
compound impermeable to cell membranes. Following its
reaction with ROS generated in the cells, C-DCFH turns
into a fluorescent product, carboxy-2ʹ,7ʹ-dichlorofluores-
cein (C-DCF). This assay will be referred to as C-DCFH (to
distinguish it from the more common assay that uses
dichlorodihydrofluorescein [DCFH] [Kalyanaramana et al.
2012]). The probe was added to the cells and incubated for
40 minutes. At the end of this period the probe remaining
in solution was removed, and the cells were exposed to the
filter extracts for 24 hours. The amount of C-DCF formed
was measured using a fluorescence plate reader. Each PM
and SOA extract was sequentially added in amounts
between 0.01 μg and 10 μg to develop a dose–response
curve. Parameters such as the initial cell density, the probe
concentration, and the sample incubation times were opti-
mized using positive and negative controls prior to starting
the experiments with the ambient PM and SOA extracts. 

To account for possible changes in cell viability after
exposure, the investigators corrected the fluorescence
response by the metabolic activity. Metabolic activity was
evaluated at the end of the 24-hour exposure period by
spectrophotometrically measuring the reduction of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) during an additional 4 hours of culture. MTT is a
water-soluble yellow dye that is readily taken up by viable
cells and metabolized by mitochondrial enzymes to its
blue formazan derivative. The production of the formazan
has been shown to be directly proportional to the number
of living cells present during the exposure (Sylvester
2011). This assay was added during the course of the
study, after the experiments with the ambient PM had been
completed, so only the results of the SOA assays were cor-
rected. A subset of the ambient PM samples was also tested
for MTT, but these results are not included in the report
(see Tuet et al. 2016). 

Production of Inflammatory Mediators

In the experiments in which macrophages were exposed
to SOA extract, the investigators also measured tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (markers

of inflammation) by enzyme-linked immunosorbent assay
at the end of the 24-hour exposure period.

DATA ANALYSIS

Dr. Ng analyzed the dose–response curves for the cel-
lular response using the Hill equation, which is generally
used to describe the binding of a ligand to a receptor. From
the Hill curve, the investigators calculated various dose
metrics: the threshold (the concentration at which the
response is 10% above the baseline), the EC50 (the effec-
tive concentration at which the response was 50% of the
maximum), the maximum response, the area under the
curve (AUC), and the Hill slope (the rate at which the max-
imum response is attained once a response is observed).
Ultimately, only the AUC response was reported because
they observed no associations with any of the other
response metrics (see below). The results of the assays
were normalized to the mass of PM in the extract (intrinsic
measure) or to the volume of air that passed through the
filter (extrinsic measure). The authors used a linear regres-
sion method and calculated Pearson correlation coeffi-
cients to determine the strength of the associations.
Statistical significance was determined using Monte Carlo
simulations.

SUMMARY OF KEY RESULTS 

AMBIENT PM SAMPLES

Extracts of ambient PM caused an increase in ROS pro-
duction relative to controls in the C-DCFH assay. There
was a correlation between the extrinsic ROS production
(AUC) and the concentrations of WSOC, BrC, iron, and
titanium for the samples collected in summer. There was a
significant correlation between the DTT activity and intra-
cellular ROS production (based on both the extrinsic and
the intrinsic AUC) for the summer samples (R = 0.63 and
R = 0.79, respectively), but not for samples collected in
winter (R = 0.01 and R = 0.39). 

CHAMBER-GENERATED SECONDARY ORGANIC 
AEROSOLS

The investigators found that extracts of SOA formed from
naphthalene had the highest oxidative potential (DTT
assay), whereas isoprene had the lowest. SOA formed from
the other five precursors also had low activity. The effect of
changes in chamber composition (e.g., NOx concentration,
relative humidity, and temperature) was small, with the
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exception of naphthalene-derived SOA (see Figure 8A in
the Investigators’ Report). 

As observed in the DTT assay, extract from naphthalene-
derived SOA induced the highest ROS production in the
C-DCFH assay. The other SOA extracts induced a lower
response, with isoprene-derived SOA yielding the lowest
response. There was some variation in the effect of
chamber condition on ROS production across the types of
SOA, but no clear pattern. 

Extracts of naphthalene-derived SOA also yielded the
largest range in inflammatory responses for most chamber
conditions. Extracts of SOA formed from α-pinene and
m-xylene elicited moderate inflammatory responses,
whereas SOA from β-caryophyllene and pentadecane elic-
ited IL-6 responses that spanned a much larger range than
the TNF-α and ROS responses. Isoprene induced low
levels of inflammatory response across all chamber condi-
tions. The investigators noted that “several patterns can be
distinguished for SOA precursors whose photo-oxidation
products have similar carbon-chain length and chemical
functionality.”

The correlation between ROS production and inflamma-
tory response was not investigated. 

EFFECT OF NAPHTHALENE-DERIVED SECONDARY 
ORGANIC AEROSOL GENERATED USING IRON 
SULFATE SEED

Extracts of SOA generated from naphthalene in the pres-
ence of iron sulfate had similar oxidative potential (DTT
assay) to extracts of SOA generated in the presence of
ammonium sulfate as seed (shown in Figure 11 of the
Investigators’ Report). However, in the macrophage assay
(also shown in Figure 11), extracts of SOA formed in the
presence of iron sulfate appeared to induce a slightly
higher ROS response than extracts of SOA formed in the
presence of ammonium sulfate, but it is not clear whether
these differences were statistically significant. In separate
experiments with iron seed alone, the investigators deter-
mined that it contributed 2% to 12% of the total response,
leading them to conclude that higher carbon oxidation
state may also be responsible for the effect. 

EFFECT OF SECONDARY ORGANIC AEROSOL 
CARBON OXIDATION STATE

The oxidation state of the SOA formed from the dif-
ferent anthropogenic and biogenic precursors was derived
from elemental ratios of O:C and H:C measured during
each experiment. The investigators reported that there was
a significant positive correlation between ROS production
and carbon oxidation state (R = 0.64) as shown in Figure

12. However, no correlation was observed between oxida-
tion state and cytokine levels (see Appendix Figure C.3) or
between oxidation state and oxidative potential (see
Appendix Figure C.7).

COMPARISON OF OXIDATIVE POTENTIAL AND ROS 
PRODUCTION FOR ALL PM EXTRACTS

The investigators compared the oxidative potential and
ROS response for extracts from ambient PM and SOA (see
Figure 12 in the Investigators’ Report). They concluded
that “with the exception of naphthalene SOA…, the oxida-
tive potentials of all SOA systems investigated were com-
parable to those observed in the ambient aerosol samples”
and that “for ROS/RNS production, SOA systems induced
comparable or higher levels of ROS/RNS compared with
the levels induced by ambient aerosol samples.” The
investigators did not provide any tables summarizing
these results quantitatively. Taking the ambient PM and
SOA results together, the investigators found that “no
simple trend was observed between chemical and cellular
assay results for both ambient and laboratory-generated
aerosol.”

HEI REVIEW COMMITTEE EVALUATION

In its independent review of the study, the HEI Review
Committee thought that the study addressed an important
question, namely, whether components or characteristics
of PM influence ROS generation differently in an acellular
versus a cellular assay. This was an ambitious multidisci-
plinary project. The Review Committee was glad to see
that the investigator of this study, Dr. Nga (Sally) Ng, who
is trained in atmospheric chemistry, undertook an investi-
gation that spanned both her field and toxicology. A
strength of this study was the use of both ambient PM
(which included primary particles and SOA) and SOA
generated from photochemical reactions of selected VOCs
in an environmental chamber across a range of atmospher-
ically relevant conditions. Additionally, Dr. Ng tested the
toxicological characteristics of the reaction products in
both a chemical and a cellular assay, another important
strength of her work. 

However, the use of aqueous extracts of particles col-
lected on filters and resuspended in aqueous solution,
while less complex and more practical than a flow-through
system, limits the ability to translate the findings to real-
world situations. The use of an immortalized cell line and
submerged cell cultures also limits the interpretation of
this work from a biological standpoint.
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The investigators conducted a systematic comparison of
different aerosols’ ability to generate ROS in the two
assays. In the C-DCFH cellular assay, for every extract of
ambient PM and SOA, the investigators tested a range of
concentrations, because the initial results showed that
each sample had a different dose–response curve. This is
an important finding that highlights the need to test mul-
tiple doses. The investigators derived various response
metrics from the dose–response curves using the Hill equa-
tion: maximum response, minimum response, EC50 (50%
response), slope of the curve, and AUC (reported in
Appendix D). Because significant associations between the
DTT and the C-DCFH assays were observed only for AUC,
the investigators focused on this metric alone. The Review
Committee noted, however, that the Hill equation
describes the binding of a ligand to a receptor and may not
be appropriate to describe ROS formation. The Committee
was also concerned that the choice of which response
metric to report — namely, AUC — appeared to be driven
by the results, limiting the confidence in the results. 

The Review Committee commented that deriving
intrinsic and extrinsic AUC metrics could be helpful,
because the extrinsic metric accounts for the PM concen-
tration in the air that was sampled. However, in order for
the extrinsic normalization to be meaningful, the flow
rates and collection times must be constant, so that the
total volume of air passing through each filter is the same
for all the samples. For the ambient PM filters, the total
volume of air sampled was constant; however, for the SOA
filters, the volume of air differed across the filters (as can
be seen in Table C.2 in Appendix C, available on the HEI
website). Therefore, the investigators reported only the
intrinsic AUC for the SOA extracts in the report (the
extrinsic values can be found in Appendix D). 

Regarding the statistical approach, the Committee noted
that the Monte Carlo approach was not well enough
defined to comment on.

AMBIENT PM EXPERIMENTS

The Committee agreed with the investigators’ conclu-
sion that there was an association between both intrinsic
and extrinsic oxidative potential (DTT assay) and ROS
response (C-DCFH assay) for ambient PM collected in
summer, but not for PM collected in winter. However, the
Committee noted that the DTT assay was conducted as
part of an earlier study (Fang et al. 2015; Verma et al.
2014), which showed that the intrinsic DTT activity (and
for some sites also the extrinsic activity) of PM samples
collected at various sites was higher in winter than in
summer (Fang et al. 2015). Therefore, the Committee
found the results in this report showing a correlation

between DTT and ROS responses in summer samples diffi-
cult to interpret and was not convinced that the DTT assay
could serve as “a screening tool” for cellular responses
associated with PM exposure. 

The Committee agreed that some constituents of
summer PM (WSOC, BrC, iron, and titanium), but not of
winter PM, were correlated with increased extrinsic ROS
production in the C-DCFH assay. Because there are sea-
sonal differences in source contributions, the investiga-
tors’ hypothesis that seasonal variability in composition
may be associated with different cellular responses is rea-
sonable and consistent with other studies. For example,
one study of alveolar macrophages exposed to an extract of
fine PM from the Denver area showed that ROS production
was highest in samples collected during the summer
months (Prasch Landreman et al. 2008). Michael and col-
leagues (2013) showed that urban traffic PM and rural PM
induced different toxicological responses. The evidence
for a role of metals — and iron in particular — as well as
organic compounds in this study is also in agreement with
the results of other studies (Delfino et al. 2013; Ghio et al.
2012; Hu et al. 2008; Prasch Landreman et al. 2008).

SECONDARY ORGANIC AEROSOL EXPERIMENTS

The Review Committee thought that the use of SOA gen-
erated from six organic compounds emitted by anthropo-
genic and biogenic sources was novel and an important
strength of this study. The Committee agreed with the
investigators that naphthalene elicited the largest intrinsic
response in both the DTT and C-DCFH assays under dif-
ferent chamber conditions and also the highest inflamma-
tory response. Isoprene had the lowest DTT activity. For
the other compounds, the DTT activities were low and
similar to each other. The Committee agreed that, although
there was more variability in the ROS and inflammatory
responses than in the DTT across the SOA extracts, and the
chamber conditions (high and low NOx and high and low
humidity) influenced the ROS response to some extent,
there was no clear trend for either precursor identity or for-
mation conditions. The Committee thought that the inves-
tigators’ interpretation that different inflammatory
response patterns were related to the structure and func-
tionalities of the SOA was reasonable. The Committee also
agreed with the investigators that a high ROS production
was not always associated with a high production of
inflammatory mediators. Regarding the correlation
between the DTT and the C-DCFH assays, the Committee
was not convinced that there was an exponential trend
because the results seemed to be driven by the naphtha-
lene SOA extract. 
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The Committee agreed that naphthalene SOA extract
generated in the presence of iron sulfate seed did not differ
in its DTT activity compared with SOA generated in the
presence of ammonium sulfate. Although the Committee
thought that the results of the C-DCFH assay were sugges-
tive of a greater effect on the ROS response of iron sulfate
SOA, it did not think that (based on experiments with high
NOx and high humidity — conditions that were not used
in any of the other experiments) they convincingly showed
a clear association. 

Regarding the correlation between SOA carbon oxida-
tion state and oxidative properties in the C-DCFH assay,
the Committee thought that the result was intriguing, but
may have been confounded by the solubility of the aerosol
in water (which would be correlated with the average
carbon oxidation state). 

OVERALL COMMENTS

The Review Committee thought that Ng and colleagues
conducted a comprehensive study of the oxidative potential
and ROS cellular response associated with both ambient
PM and chamber-generated SOA that produced a large data
set. However, because the results are based on only one
response metric out of several that were calculated, caution
should be exercised in interpretation of the results.

The Committee agreed that, overall, the results indicate
that both ambient PM and SOA have oxidative potential
and the ability to induce ROS production. Within the SOA
tested, naphthalene-derived SOA induced the largest
effects. The results of this study are in agreement with
results reported by others using various types of PM (see,
for example, Charrier and Anastasio 2012; Ghio et al. 2012;
Hu et al. 2008; McWhinney et al. 2013; and Saffari et al.
2014). The Committee agreed that a relation between the
DTT and the C-DCFH results for the ambient PM was
observed for the summer samples but did not think the
data and the analyses presented were sufficient to make
the assertion that the DTT could be used as a screening
tool. For the laboratory-generated SOA samples, the Com-
mittee thought that the correlation was likely driven by
SOA produced by one precursor, namely, naphthalene,
and thus not generalizable. 

Only a few studies have quantified the correlation
between different assays of oxidative activity. Li and col-
leagues (2003) found a good correlation (R = 0.97) between
the DTT assay and the expression of heme oxygenase (a
marker of oxidative stress) in two cell lines for combined
extracts of ultrafine, fine, and coarse PM (collected at two
sites in the Los Angeles area using particle concentrators).
The same group of researchers (Hu et al. 2008) found a sig-
nificant correlation (R = 0.61) between the DTT and the

C-DCFH assays for extracts of size-fractionated ambient
PM collected at four sites in the Los Angeles–Long Beach
port area, with quasi-ultrafine particles having the highest
activity; these results led the authors to conclude that both
assays may be driven, at least in part, by variations in the
concentration of similar compounds. Because the chem-
ical and cellular assays measure different aspects of oxida-
tive activity, a correlation should not necessarily be
expected.

In this study, the experiments with SOA also show that
ROS production is accompanied by production of inflam-
matory mediators, with naphthalene having the highest
responses (especially for the inflammatory mediators), and
is correlated with the SOA oxidative state. Because no
attempt was made to put the results of the SOA assay in
the context of their respective ambient levels and because
a link between these assays and effects in humans has not
been established, it is difficult to assess the biological rele-
vance of these results. However, SOA is a major compo-
nent of fine particulate matter in many areas of the
country, and the results of this study underscore the need
to better understand the effects of SOA on human health. 
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AMS high-resolution time-of-flight aerosol 
mass spectrometer

AUC area under the dose–response curve

BBOA biomass burning organic aerosol

BrC brown carbon

C-DCF carboxy-2ʹ,7ʹ-dichlorofluorescein

carboxy-DCFH carboxy-2ʹ,7ʹ-dichlorodihydro-
fluorescein 

carboxy-DCF carboxy-2ʹ,7ʹ-dichlorofluorescein 

carboxy-H2DCFDA carboxy-2ʹ,7ʹ-dichlorodihydro-
fluorescein diacetate

CO2 carbon dioxide

DCFH-DA 2ʹ,7ʹ-dichlorofluorescein diacetate

DTT dithiothreitol

EC50 dose at which 50% of the response is 
attained

ELISA enzyme-linked immunosorbent 
assay

FBS fetal bovine serum

FS iron (II) sulfate

GTEC Georgia Tech Environmental 
Chamber

H2O2 hydrogen peroxide

H2SO4 sulfuric acid

HO2• hydroperoxyl radical

HONO nitrous acid

IL-6 interleukin-6

LO-OOA less-oxidized organic aerosols 

LPS lipopolysaccharide

MO-OOA more-oxidized oxygenated organic 
aerosol

MS magnesium sulfate

MTT 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide 
(phosphate)

NaNO2 sodium nitrite

NO nitric oxide

NO2 nitrogen dioxide

NO3• nitrate radical

NOx nitrogen oxides

NRVM neonatal rat ventricular myocyte

•OH hydroxyl radical

•OH2 hydroxyperoxyl radical

average carbon oxidation state

PBS phosphate buffered saline

PM particulate matter

PMF positive matrix factorization

POA primary organic aerosol

RO• alkoxy radical

RO2• peroxy radical

RONO2 organic nitrate

ROS/RNS reactive oxygen and nitrogen species

SA sulfuric acid

SCAPE Southeastern Center for Air Pollu-
tion and Epidemiology (U.S. EPA)

SOA secondary organic aerosol

TNF-α tumor necrosis factor-α
VOC volatile organic compound

WSOC water-soluble organic carbon

cOS
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