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ABSTRACT: It has been hypothesized that the cytotoxicity of secondary organic aerosols
(SOA) is mediated through the formation of reactive oxygen species (ROS) in the
exposed cells. Here, lung epithelial cells (A549) residing at the air−liquid interface were
exposed to proxies of anthropogenic and biogenic SOA that were photochemically aged
under varying nitrogen oxide (NOx) concentrations in an oxidation flow reactor. The total
organic peroxides and ROS radical content in the SOA were quantified by the iodometric
spectrophotometric method and by continuous-wave electron paramagnetic resonance.
The effect of the exposure was evaluated by measuring cell viability and cellular ROS
production following the exposure. The results demonstrate that SOA that aged in the
absence of NOx contained more ROS than fresh SOA and were more toxic toward the
cells, while varying NOx conditions had no significant influence on levels of the ROS
content in fresh SOA and their toxicity. Analysis of ROS in the exposed cells using flow
cytometry showed a similar trend with the total ROS content in the SOA. This study
provides a first and direct observation of such association.

■ INTRODUCTION

Atmospheric aerosols (particulate matter, PM) originate from
a wide variety of natural and anthropogenic emission sources,
such as incomplete combustion of fossil fuels, biomass burning,
volcanic eruptions, sea salt, the wind-driven or traffic-related
suspension of road and mineral dust, and the oxidation of
volatile organic compounds (VOC).1−4 According to the
World Health Organization and the Global Burden of Disease,
atmospheric aerosols can induce adverse health effects upon
inhalation and are considered among the top global health risks
for mortality and morbidity.1−6 Exposure to atmospheric
particles has been associated with cardiorespiratory morbidity
and mortality.1,2,4,7 The health impacts and complex
composition of atmospheric aerosols call for a deep under-
standing of the processes that are responsible for their toxicity.
Secondary organic aerosols (SOA) constitute a major

fraction of atmospheric PM. They form in situ by the
atmospheric oxidation of biogenic and anthropogenic VOCs.
Biogenic VOCs emitted by the biosphere exceed the emission
of VOCs from anthropogenic sources. During the day, VOCs
are oxidized and photochemically aged, mostly by reactions
with OH radicals and to a lesser extent by reactions with
ozone8−10 via the formation of highly oxygenated organic
molecules (HOMs)11 and other oxidized products. Organic
peroxide radicals (RO2) play a central role in atmospheric
organic chemistry as well as in HOMs and SOA formation.
The presence of nitrogen oxides (NOx = NO2 + NO) can
influence the formation mechanism and properties of SOA by
competing with the HO2 radical, OH radical, and RO2 radicals,

thus altering the bimolecular fate of the RO2.
12−14 For

example, in urban and polluted environments, high NOx
concentrations lead to reactions of NO with RO2, thus
influencing the VOC oxidation pathways.15,16 Chamber studies
showed that NOx concentrations influence SOA production
from a variety of compounds.17 SOA characteristics such as
hygroscopicity and optical properties may change significantly
because of atmospheric photochemical aging under varying
NOx conditions.19−21 Despite recent progress in under-
standing the chemical and physical properties of SOA during
aging under varying NOx conditions, the effect of SOA aging
on the induction of adverse health effects is still unclear.22

The main toxicological mechanism induced by atmospheric
PM exposure is thought to be by inducing oxidative stress that
arises from an imbalance between oxidants and antiox-
idants.7,23−27 It has been suggested that reactive oxygen
species (ROS), which form by gas-phase and particle-phase
oxidation reactions, can induce cell damage and induce basic
cellular pathologies upon exposure.25,28 Particle-bound ROS
can be introduced through inhalation and may lead to an
imbalance of ROS in the exposed cells or tissues.7,28,29 For
example, in acellular assays, the oxidative potential (OP) of
naphthalene and α-pinene SOA showed high amounts of ROS
(including OH, superoxide as well as carbon- and oxygen-
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centered organic radicals).30 In addition, the OP of the
ambient water-soluble fraction of PM2.5 in the southeastern
United States has been correlated with adverse health
outcomes in this region.29,31 A comprehensive recent study
showed a connection between the ROS-generation potential of
water-soluble PM2.5 and epidemiological data, suggesting that
oxidative stress is strongly associated with adverse health
outcomes induced by exposure to PM2.5. The authors of this
study noted discrepancies in acellular OP measurement
methods and emphasize the importance of identifying the
chemical species responsible for determining the OP.7

However, to date, a direct association between SOA-derived
OP and OP in exposed cells has not been shown.
Different studies measured OP, peroxide, and radical

contents in SOA using different methods and termed them
accordingly. For example, ROS measured by on-line instru-
ments were termed as aerosol-bound-ROS or particle-bound-
ROS.32,33 In addition, the aerosol-bound ROS measured by
electron paramagnetic resonance (EPR) constitute a large part
of the so-called environmentally persistent free radicals.34 In
the present study, we measured the total peroxide content in
SOA and termed them as “SOA-bound-peroxides” following
Mutzel et al., 2013. Similarly, we termed the radicals measured
by EPR as “SOA-bound-radicals”.
Only a few studies have investigated the toxic effects of SOA

from different precursors, and specifically, the effect of SOA
atmospheric aging on cytotoxicity.8,35−38 In a previous study,
we found that the aged naphthalene SOA is particularly
cytotoxic toward lung epithelial cells.36 We proposed that
changes in the particles’ OP have a direct link to the
toxicological responses of the cells. However, no direct
correlation was established to date between the type of
SOA-bound radicals, their cytotoxicity, and the actual ROS
content that form in the exposed cells. Therefore, to
understand how photochemical processes of SOA affect their
cytotoxicity mechanisms in lung cells, we employed an
oxidation flow reactor (OFR) to photochemically age SOA
under different NOx levels. Proxies of biogenic and
anthropogenic precursors (α-pinene and naphthalene, respec-
tively) were used in the generation of SOA and in the
subsequent exposure of lung epithelial cells residing at the air−
liquid interface (ALI).39,40 In parallel, we investigated the
SOA-bound ROS species via an iodometric spectroscopic
method and with continuous-wave electron paramagnetic
resonance (CW-EPR) using spin-trapping. ROS formation
and oxidative status in the exposed cells were investigated
using flow cytometry.

■ MATERIALS AND METHODS
Naphthalene and α-pinene SOA were produced in an
oxidation flow reactor (OFR) in which high OH radical
concentrations were achieved by the 254 nm photolysis of
ozone followed by the reaction of O(1D) with water vapor.
High OH exposure allows reaching higher oxidation levels than
those usually encountered in photochemical simulation
chamber studies. SOA were produced and photochemically
aged by OH oxidation at zero and high levels of NOx. Previous
studies have shown that SOA generated in this OFR chamber
under well-defined conditions is a good surrogate for chamber-
generated SOA with respect to the chemical composition,
oxidation state, optical properties, and hygroscopicity.36,41,42 In
all cases, the SOA-bound peroxide and superoxide levels were
measured by the iodometric−spectrophotometric method and

CW-EPR. In parallel, lung epithelial cells residing at the ALI
were exposed to the SOA using a CULTEX RFS system
equipped with an electrostatic deposition device.36,40

■ SOA GENERATION AND CHARACTERIZATION

The experimental system is schematically shown in Supporting
Information, Figure S1. SOA were generated by homogeneous
nucleation, condensation, and aging following the OH
oxidation of naphthalene (250 ppbv) and α-pinene (128
ppbv) in the presence/absence of NOx in a 13 L aluminum
OFR.42,43 The average residence time for gases and particles in
the OFR was 180 s. The OH exposure was controlled by
adjusting the OH radical concentration by optimizing the
ultraviolet light intensity in the OFR at constant relative
humidity (36 ± 2% at 22 °C). The details of the simulation of
SOA formation and aging are given in Table S1. To simulate
SOA produced in the presence of NOx, 2% N2O by volume
was added to the reactor. In the OFR, N2O participates in a
series of photochemical reactions to maintain relatively high
mixing ratios of NO and NO2, which serve as a homogeneous
and attainable NOx source.44 Measurements of SO2 decay in
the OFR allows to estimate the atmospheric equivalent aging
time for “fresh” SOA from naphthalene and α-pinene to be 3.2
days under NOx-free and NOx conditions by assuming 1.5 ×
106 molecules cm−3 as the daily average OH radical
concentration. Utilizing a constrained model that considers
the ozone concentrations, the residence time, and external
reactivity of OH radicals,45 the estimated atmospheric
equivalent aging time of SOA produced under NOx-free
conditions was ∼2 and ∼10 days for the “fresh” and the “aged”
SOA, respectively (Table S1).
Gas-phase species, including ozone and NOx, were

monitored during the exposure experiments. The size
distributions of the generated SOA particles were measured
by a scanning mobility particle sizer (SMPS, TSI). Non-
refractory aerosol chemical composition and bulk elemental
ratios (O/C and H/C ratios) were probed online with a high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS, Aerodyne Inc.). The dry particles’ effective density was
calculated from their aerodynamic diameter (measured by HR-
ToF-AMS) and the mobility diameter (scanned by SMPS) to
enable calculation of the exposed mass of the particles.

■ MEASUREMENTS OF TOTAL PEROXIDES IN SOA
AND SOA-BOUND RADICALS

The total organic peroxides and ROS radicals in the SOA were
quantified offline. Particles were collected on Teflon filters
(0.45 μm pore size) for 0.5 h at a flow rate of 1 L min−1 and
were used immediately after collection. The total organic
peroxide content was measured photometrically using
potassium iodide as described by Mutzel et al.46 Briefly, half
of a filter was used as a blank (measured without the addition
of potassium iodide), and the second half was used for
peroxide determination (with potassium iodide addition). All
filters were extracted with 3 mL of ultrapure water by vortexing
for 15 min at 2000 rpm. The extracted solution was filtered
(Teflon syringe filter, 0.22 μm pore size) to remove
undissolved components. The resulting filtrate was adjusted
to pH 3.0 with acetic acid and purged with pure nitrogen gas
for 5 min to remove dissolved oxygen (with capping).
Potassium iodide (30 mg) was added to the peroxide test
tube before gasification. After 1 h, the absorbance of the
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pretreated solutions at λ = 351 nm was measured with a UV−
vis spectrometer. The peroxide content was evaluated against a
standard H2O2 calibration curve ranging from 6 to 100 μM.

■ DETERMINATION OF TOTAL ROS, OH, AND
SUPEROXIDE RADICALS IN COLLECTED SOA

Filters were extracted with 1.5 mL of 40 mM 5-tert-
butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) in a
vortex shaker for 10 min at 2000 rpm. The extract was filtered
(Teflon syringe filter, 0.22 μm pore size) and immediately
measured using a Bruker ELEXSYS E500 X-band EPR
spectrometer equipped with a Bruker ER4102ST resonator
in a Wilmad flat cell (WG-808-Q) for 100 scans at room
temperature. The methodology was as previously published
with minor modifications.34,47 Briefly, EPR spectra were
obtained with 512-point resolution at a microwave power of
20 mW, modulation amplitude of 0.1 mT, modulation
frequency of 100 kHz, and sweep range of 20 mT.
The BMPO spin trap is most suitable for the detection of

short-lived superoxide, hydroxyl, carbon-centered, and thiyl
radicals by forming distinguishable adducts measurable by EPR
spectroscopy.34 The addition of superoxide dismutase (SOD),
a superoxide scavenger, enables to distinguish between
BMPO/OOH• and BMPO/OH• spin adducts. Based on the
decrease in intensity, the amount of superoxide in the SOA was
determined.
For quantitative analysis, the signal intensity was compared

to a linear-fitted calibration curve obtained with known
concentrations (1, 5, and 10 μM) of 3-carboxy-proxyl. The
intensities of total BMPO-bound radicals, BMPO-OH radicals,
and BMPO-OOH were quantified by double integration of the
spectra, and the concentrations were then calculated using an
established calibration curve. All EPR measurements were
performed in triplicate. The quantified radical amounts were
normalized by the SOA mass.

■ CELL CULTURE AND EXPOSURE SYSTEM
Human lung adenocarcinoma epithelial cell line A549 (ATCC
catalog no. CCL-185) was grown in RPMI-1640 (Gibco,
Thermofisher 65 Scientific, USA) supplemented with 2 mM
glutamine, 10% fetal bovine serum (FBS), and 5 μg mL−1

penicillin−streptomycin (Biological Industries, Beit HaEmek
Israel). A549 cells are widely used as an in vitro model for
investigating the biological effects of PM.48,49 The cells were
exposed to SOA particles in an ALI exposure system (Cultex
Inc.) for 4 h (the duration of the exposure was optimized
between 1 and 6 h as described in the Supporting
Information). For control, a similar setup of cells was exposed
to particle-filtered flow. The exposure medium was supple-
mented with 100 mM N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid (HEPES) without FBS. During the
exposure, HEPES is added to the medium to maintain a
physiological pH. FBS promotes cell growth, and it is omitted
from the exposure medium to isolate the physiological
responsiveness of the exposed cells. The post-incubation
period was 18 h for the cell viability experiments and 4 h for
the redox-state experiments. Further details of the cell exposure
system are provided in the Supporting Information.

■ CELL VIABILITY MEASUREMENTS
Following the exposure, the viability of the exposed cells was
measured using the WST-1 assay (Abcam). The WST-1

reagent measures cellular mitochondrial dehydrogenase activity
by the cleavage of tetrazolium salt to formazan. This is a
commonly used test in environmental research to determine
the chemical cytotoxic potential.50 The absorbance at 440 and
650 nm was measured in a microplate reader (VT 05404, Bio-
Tech Instruments) after the cells was incubated with WST-1
for 30 min. The 650 nm absorbance was subtracted from the
440 nm absorbance to obtain the real absorbance. Then, the
culture medium background was also subtracted to get the
corrected absorbance. Finally, the cell viability percentage was
calculated as follows:

Cell viability (%) 100(Control Sample)/Control= ‐

Cell viability is expressed compared to the incubator control
which represents 100% cell viability.

Redox State of the Cells. The cellular redox state of the
cells was evaluated by flow cytometry (LSR-II, BD
Biosciences). Following 4 h of exposure to fresh/aged/NOx
naphthalene and α-pinene SOA and 4 h of postexposure
incubation, the cells were treated with 20 μM 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) for 20 min
at 37 °C in the dark. The total ROS was measured by
H2DCFDA (Thermo Fisher Scientific), which is more sensitive
to H2O2 than to other free radicals. Ten thousand cells were
measured with excitation/emission (Ex/Em) wavelengths of
495/529 nm. Superoxide anions (O2

−) in the cells were also
measured by flow cytometry using a ROS-Superoxide
Detection Assay Kit (Abcam 139476). After 4 h of exposure
to SOA and another 4 h of post-exposure incubation, the cells
were incubated with the probe for the superoxide anion
(provided by the kit). Ten thousand cells were measured at an
Ex/Em of 550/620 nm. Unstained cells were used as the
negative control, and cells exposed to 100 μM H2O2 were used
as the positive control. H2O2 and superoxide inducer supplied
by the manufacturer were used to determine the gating
settings.

Statistical Analysis. All of the experiments were
performed in triplicate and were repeated three times. Data
are expressed as mean ± standard deviation (SD). The
significance of the differences between each group was
evaluated using Tukey’s test in ANOVA, and differences
were considered significant at p < 0.05 using Origin 2018.

■ RESULTS
SOA Generation and Characterization. In this study,

the atmospheric equivalent aging days of naphthalene/α-
pinene SOA were ∼3 days for fresh (produced with/without
NOx, inferred from the SO2 decay method) and ∼10 days
(simulated by the model) for aged SOA. The particle masses
for naphthalene/α-pinene SOA exposures were calculated
using the measured particle density (1.1−1.4 g cm−3, Table
S2) and the SOA size distribution and are presented in Table
S3. The SOA mass was at a level that moderately reduced cell
viability.36 Under all conditions, a relatively comparable SOA
mass was achieved, except for α-pinene under NOx conditions,
which had a lower SOA yield. This result is attributed to the
competitive chemistry of RO2 with NO compared to OH/
HO2/RO2, which leads to a lower SOA mass yield for α-
pinene.17 Paur et al.18 suggested that lifetime doses under
realistic ambient conditions are equivalent to 6.6 μg cm−2 and
can reach up to 29 μg cm−2. Table S3 shows that the exposed
particle mass is 8−11 μg cm−2, corresponding to the upper
limit of ambient conditions. With α-pinene-SOA under high
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NOx conditions, the particle mass is lower (3.9 μg cm−2)
compared to the other conditions because of the limitation of
our experimental setup.
The mass spectra of SOA produced under different

conditions are shown in Figure S2. Fresh SOA mass spectra
contain a large portion of CxHy

+ fragments, which indicates
hydrocarbon-like organic aerosols. Predominant CxHyO

+ ions,
the signature of carbonyl compounds, are fragments of typical
early-generation oxidation products. Stronger signals for m/z
44 (CO2

+, an indication of organic acids) and other more
oxygenated CxHyO2

+ ions were observed in the mass spectra of
aged SOA. These results suggest that aged SOA produced at
high OH exposure is dominated by higher generation
oxidation products such as organic acids and organic peroxides.
At the same time, the signal intensities of the prominent
aromatic and carbonyl ions and cycloalkyls decreased. Notably,
in naphthalene SOA, the set of signals at m/z 77, 91, 115, 119,
133, 147, and 160, which represent phenylalkyl fragments,
drastically reduced during SOA production when NOx is
added and upon aging. Peng et al. developed a model to
simulate the atmospheric fate of RO2 radicals in potential
aerosol mass reactors.13,51 Using their model, we estimated the
relative contribution of the RO2 + NO pathway to the RO2 +
HO2 pathway in the fate of RO2 radicals. In the presence of
NOx, the ratios between these two pathways are 0.21 and 0.24
for naphthalene and α-pinene SOA, respectively. In the
reactions of RO2 + NO, large fractions of nitrogen-containing
fragments were detected in the produced SOA. As suggested in
previous studies, the NO+/NO2

+ ratio can be employed to
estimate the portion of organic nitrates.52,53 By using this
method, the organic nitrate is estimated to be 87 and 78% of
the total observed nitrate for the naphthalene- and α-pinene-
derived SOA produced under NOx conditions. Assuming a
molar mass of 250 g mol−1 for the organic nitrates and that
each molecule contains one nitrate group, we estimated that
the organic nitrate compromised ∼40% of the mass for both
types of SOA.
Total Organic Peroxides and the ROS Radical

Content of SOA. Many factors such as the ROS content,
photochemical aging, pH, and volatility can affect the OP of
SOA.7,9,54 Table S4 presents the total organic peroxide and
ROS radical concentration in the SOA. In general, our results
suggest that naphthalene SOA have a higher total peroxide
content than α-pinene SOA, which is consistent with previous
findings.9,55 Aged naphthalene SOA contains higher total
peroxides (13.80 nmol μg−1) than fresh naphthalene SOA
(5.17 nmol μg−1), and α-pinene SOA show the same trend
(7.39 vs 3.72 nmol μg−1) (Table S4). These results indicate
that atmospheric aging under NOx-free conditions leads to
higher organic peroxide production in the SOA, which
increases its OP and possibly also its cytotoxicity. These
findings agree with previous studies showing that photo-
chemical aging increases the OP of size-segregated airborne
PM.36,56 This observation is also consistent with the AMS
results. Upon aging, the corresponding changes in the H/C to
O/C ratios [Δ(H/C)/Δ(O/C)] were 0.03 and −0.70 for
naphthalene- and α-pinene-derived SOA, respectively. These
slopes are consistent with peroxide/alcohol formation and
organic acid production.57 For the SOA produced in the
presence of NOx, the total peroxide levels are 5.56 and 3.87
nmol μg−1 for naphthalene and α-pinene SOA, respectively
(Table S4). The peroxide content in these SOA types are
similar to those produced in fresh SOA in the absence of NOx.

These results are in agreement with Tuet et al. who showed
that the OP of α-pinene, β-caryophyllene, and pentadecane
SOA were similar regardless of reaction condition (with and
without NOx).38

To explore the association between the peroxide content of
SOA and ROS formation in exposed cells, the ROS content
and OP of the SOA were investigated. The measured spectra of
BMPO- and BMPO + SOD-treated SOA are shown in Figure
S3. Only OH radicals and superoxide radicals were detected.
The absolute molar content of total ROS radicals was higher in
the α-pinene SOA than in the naphthalene SOA (Table S4),
which is consistent with previous studies.30,47 The relative
content of these radicals in the SOA is shown in Figure 1. The

observed formation of OH radicals (in the form of BMPO/
OH) is most likely due to the decomposition of organic
hydroperoxides (ROOH), which are formed via multigenera-
tion gas-phase oxidation and autoxidation and account for the
predominant fraction of SOA, especially for those produced
from biogenic precursors.14,46 Because of the low binding
energy of the O−O bond, ROOH undergoes thermal
homolytic cleavage, thus leading to the formation of OH
radicals in SOA solutions.47,58 The high production of OH
radicals in the α-pinene SOA is attributed to the abundant
amounts of organic hydroperoxide and high radical production
yield.59−61 In the naphthalene SOA, quinones such as the
second-generation product 1,4-naphthoquinone (indicated by
a molecular ion at m/z 158) and third-generation product 5-
hydroxy-1,4-naphthoquinone (indicated by the molecular ion
at m/z 174) were observed by HR-ToF-AMS. These quinones
can undergo redox cycles that produce superoxide radicals.62

This finding is consistent with our EPR results that superoxide
was produced in the naphthalene SOA solution.
OH radicals produced by the SOA (measured with BMPO +

SOD) account for 5, 27, and 32% of the peroxides in fresh,

Figure 1. Relative contribution of BMPO-bound radicals in
naphthalene and α-pinene SOA collected on Teflon filters. BMPO-
OOH represents superoxide ions, and BMPO-OH represents OH
radicals. The corresponding EPR signals are shown in Figure S3. The
absolute values are given in Table S4.
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aged, and with NOx naphthalene SOA, respectively, and for 22,
44, and 35% of the peroxides in fresh, aged, and with NOx α-
pinene SOA, respectively. Under aged conditions, higher OH
and HO2 radical contents promote ROOH formation; thus,
they can potentially increase OH radical production.12,14 We
noticed that the presence of NOx during SOA generation also
leads to higher production of OH radicals by the SOA.
Although NOx addition competes with OH and HO2 radical
reactions with RO2 to suppress ROOH production, the
products (nitrated compounds) from RO2 + NO may be
involved in further reactions that can affect radical production
by the SOA solution. The superoxide percentage among the
SOA-bound radicals is higher for naphthalene than α-pinene
SOA; for naphthalene (fresh, aged, with NOx), the superoxide

percentage is 95, 73, and 68%, respectively, and for α-pinene,
the percentage is 78, 56, and 65%, respectively.
The source of the superoxide anion may vary between

different SOA types. Tong et al. suggested that superoxide
radicals can be generated by redox reactions of semi-
quinones.47 This reaction may explain the observed high
percentage of superoxide in the fresh naphthalene SOA. After
aging, fragmentation occurs at higher OH radical concen-
trations, and more ring opening reactions occur, which
decreased the quinone content but increased ROOH
production. Thus, less superoxide and more OH radicals are
generated by the aged naphthalene SOA. The superoxide anion
radicals in α-pinene are formed by the thermal decomposition
of ROOH, which is more labile.54,63 However, the detailed

Figure 2. Cell viability measured by WST-1 assay following exposure to fresh, aged, and NOx addition naphthalene (A) and α-pinene (B) SOA.
The data represent mean ± SD. Means with different letters are significantly different at p < 0.05 using the Tukey HSD test. All of these
experiments were performed in triplicate and repeated twice.

Figure 3. Association between particulate OP and cellular redox state (ROS and superoxide) after exposure to fresh, aged, and NOx addition (A,C)
naphthalene and (B,D) α-pinene SOA. Total cellular ROS was measured by H2DCFDA using flow cytometry (upper panel). Superoxide was
measured by a superoxide kit using flow cytometry. Data are presented as the fold-change with respect to the control. The exposure was performed
in triplicate and repeated at least two times. Data are expressed as the mean ± SD in terms of the fold change with respect to the negative control.
The data represent mean ± SD.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b04449
Environ. Sci. Technol. 2019, 53, 13949−13958

13953

http://dx.doi.org/10.1021/acs.est.9b04449


mechanism by which aging and NOx addition affect superoxide
generation in α-pinene SOA is still unclear, and further studies
are warranted.
Cell Viability and the Cellular Redox State after

Exposure to SOA. PM exposure induces an array of health-
related responses.64−66 A growing line of evidence points to
the involvement of SOA in inflammatory-related cascade,
oxidative stress, and DNA damage.36,67−69 In this study, the
cell viability of lung epithelial cells toward SOA exposure was
evaluated using WST-1 assay. The viability of lung epithelial
cells decreased after exposure to all SOA conditions tested
(fresh, aged, and with NOx) compared to the incubator
control. Following exposure to fresh, aged, and NOx addition,
naphthalene SOA cell viabilities were approximately 75, 57,
and 75%, respectively (Figure 2). Following exposure to α-
pinene SOA (fresh, aged, and with NOx), cell viability was 83,
62, and 77%, respectively (Figure 2). Aged SOA are more toxic
than fresh SOA produced in the presence and absence of NOx
for both naphthalene and α-pinene. This result is also
supported by our previous study, where decreased cell viability
for aged naphthalene and α-pinene SOA was observed.36 No
loss of cell viability was observed under particle-free flow.
It was previously shown that SOA production by OH photo-

oxidation changes in the presence of NOx.70 However, in
general, the health-related effects have not been addressed. In
this study, under the stated conditions, no significant changes
in cell viability and cellular ROS due to NOx addition during
SOA formation compared to SOA formed under NOx-free
conditions were detected. This result is consistent with that of
Tuet et al., who did not observe a significant effect on cellular
ROS formation in murine alveolar macrophages when the SOA
formation shifted between the RO2 + HO2/RO2 + NO
channels.38 However, the exposure of BEAS-2B cells to
isoprene SOA formed under high NOx conditions showed
increased gene expression, which may be indicative of higher
oxidative stress than under NOx-free conditions.71 Thus far,
the toxicity of SOA formed under NOx conditions is not clear,
and further studies are recommended to draw a better
understanding of their effects.
Using flow cytometry and 2′,7′-dichlorodihydrofluorescein

diacetate (H2DCFDA), we found that the exposed cells
generated higher levels of ROS when exposed to aged
naphthalene and α-pinene SOA than when exposed to the
fresh SOA, similar to the trend observed for the SOA-bound
ROS radicals and total peroxide levels (Figure 3). Table S3
summarizes the effective dose of SOA-bound peroxide and
superoxide to which the cells were exposed. In agreement with
Tuet et al.,38 SOA produced in the presence of NOx did not
induce higher cellular ROS compared to fresh SOA of a similar
aging time that formed under NOx-free conditions (Figure 3).
The total organic peroxides present in fresh and NOx
condition of naphthalene SOA are similar. However, the
total organic peroxide present in NOx condition of α-pinene
SOA is 2.4 times lower than in fresh conditions. This is
because of the low α-pinene SOA particle mass formed under
NOx conditions. The total ROS levels measured in the cells
after exposure to the SOA followed the trend of the total
peroxide content in the SOA collected on the filters and the
radical content analyzed by EPR. We found substantially
higher levels of peroxides than that of radicals in the SOA
extracts. This result suggests that the nonradical parts of SOA
(possibly as H2O2 or other peroxides) are the most abundant
ROS-producing species in the SOA (Table S4). This finding is

consistent with the results of Tong et al., who reported that
62% of the total ROS was H2O2 when the SOA was extracted
in water.30 In addition, the DCF probe that was used to
evaluate the total ROS within the cells has a higher affinity for
H2O2.

72

The superoxide levels measured in the collected SOA are
similar under different SOA conditions except for α-pinene
SOA formed under NOx conditions. Interestingly, the data
show an association between the superoxide levels generated
by the SOA and superoxide measured within the exposed cells
(Figure 3C,D) and the decrease in cell viability (Figure 2).

■ DISCUSSION
In our previous work, we already showed that the higher
production of peroxides due to photochemical aging is
associated with higher expression of protective gene signal-
ing.36 We concluded that there is a trend of increasing ROS
generation observed in cells exposed to SOA when SOA have
higher peroxide concentrations. However, that study did not
directly show the association. In addition, the previous study
failed to identify which radicals or peroxide content of SOA are
responsible for the higher ROS levels in the exposed cells. This
gap led to the question, what types of radicals or peroxide
increase in the cells (referred to as ROS in numerous
publications). In this paper, we targeted the types of SOA-
bound ROS that are responsible to the increase in the cellular
ROS. Tong et al. 2018 previously addressed this question with
acellular assay but not in a cellular system.30 Our present study
complements the Tong et al. paper by showing for the first
time an association between the types of ROS and the cellular
ROS production upon SOA exposure.
From the toxicological point of view, the direct and indirect

formation of ROS and the induction of oxidative stress by
inhaled particles are of special interest. A living cell requires a
basal amount of ROS to perform its basic biological
activities.73,74 Under environmental stress, ROS levels can
increase and consequently alter the cell’s redox state and other
cellular activities.26,66 Cellular ROS include OH, H2O2, and
superoxide ion (O2

−), as well as nitro and organic radicals.22

Several studies have shown that cells manifest different ROS-
mediated oxidative stress responses upon the SOA or PM
exposure.24,38,75 It was recently shown that the amount of
H2O2 and radicals, such as the superoxide anion, vary widely
depending on the SOA precursor and its atmospheric aging
processes.30

The observed association in this study between SOA
peroxide levels and the total ROS detected in the cells (Figure
3A,B) suggests that peroxides generated by SOA promote
H2O2 formation in the exposed cells. Because H2O2 can
penetrate biological membranes,76 it is directly related to
cytotoxicity. The ROS levels measured in the cells and the
higher peroxide content measured in the aged SOA exhibit a
direct connection with cytotoxicity. This observation is
consistent with our previous study which concluded that the
cell viability of aged naphthalene SOA is related to its higher
peroxide content.36 This is also consistent with another study
where exposure to PM increased the H2O2 released by nasal
epithelial cells, thus contributing to oxidative stress.77

Superoxide is a highly reactive radical that can interact with
other molecules/ions to generate secondary ROS (such as
H2O2) directly or through enzyme/metal-catalyzed pro-
cesses.27 The cell death mechanism induced by exposure to
PM2.5 or its extracts in normal respiratory tissue or cells is often
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mitochondria-mediated apoptosis.78−80 Biologically, because
the superoxide anion is often a byproduct of mitochondrial
respiration, it is possible that the observed cell death following
exposure to aged SOA and the corresponding low superoxide
levels within the cells are mediated by mitochondrial
dysfunction. Another possible explanation may be the high
reactivity and short lifetime of the superoxide anion, which
makes quantitative measurement difficult.81

This study provides a direct association between ROS found
in SOA particles and the induction of ROS in exposed lung
epithelial cells. In particular, we found that the concentration
of peroxides in SOA increases with daytime atmospheric aging,
with a corresponding decrease in cell viability and an increase
in the total ROS content in the cells. The effect was stronger in
naphthalene SOA than in α-pinene-derived SOA, possibly due
to their higher peroxide levels. The effect of NOx addition on
the ROS content in fresh SOA and in the exposed cells was
also studied. We did not observe a clear NOx effect on the
levels of ROS generated in fresh SOA and cells under the
conditions studied here; hence, it is important to investigate
how atmospheric aging under varying NOx levels affects the
cytotoxicity of SOA. However, such conditions cannot be
achieved in our experimental system. Although epidemiological
and experimental studies have shown the detrimental effect of
high NOx conditions,65,82 it is necessary to design similar
experiments to generate high NOx levels in highly aged
conditions. Finally, Tong et al. showed that some ROS can
react with lung lining fluid, thus diminishing the cells exposed
to aerosol-bound ROS.30 In our system, we could not simulate
this effect, and we suggest that it should also be studied in a
controlled way to better understand actual exposure to PM and
its health effects.
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(5) Pöschl, U. Atmospheric aerosols: composition, transformation,
climate and health effects. Angew Chem. Int. Ed. 2005, 44, 7520−7540.
(6) Cohen, A. J.; Brauer, M.; Burnett, R.; Anderson, H. R.; Frostad,
J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dandona,
R.; Feigin, V.; Freedman, G.; Hubbell, B.; Jobling, A.; Kan, H.;
Knibbs, L.; Liu, Y.; Martin, R.; Morawska, L.; Pope, C. A., 3rd; Shin,
H.; Straif, K.; Shaddick, G.; Thomas, M.; van Dingenen, R.; van
Donkelaar, A.; Vos, T.; Murray, C. J. L.; Forouzanfar, M. H. Estimates
and 25-year trends of the global burden of disease attributable to
ambient air pollution: an analysis of data from the Global Burden of
Diseases Study 2015. Lancet 2017, 389, 1907−1918.
(7) Bates, J. T.; Fang, T.; Verma, V.; Zeng, L.; Weber, R. J.; Tolbert,
P. E.; Abrams, J. Y.; Sarnat, S. E.; Klein, M.; Mulholland, J. A.; Russell,
A. G. Review of Acellular Assays of Ambient Particulate Matter
Oxidative Potential: Methods and Relationships with Composition,
Sources, and Health Effects. Environ. Sci. Technol. 2019, 53, 4003−
4019.
(8) Wang, Y.; Kim, H.; Paulson, S. E. Hydrogen peroxide generation
from α- and β-pinene and toluene secondary organic aerosols. Atmos.
Environ. 2011, 45, 3149−3156.
(9) Mertes, P.; Pfaffenberger, L.; Dommen, J.; Kalberer, M.;
Baltensperger, U. Development of a sensitive long path absorption
photometer to quantify peroxides in aerosol particles (Peroxide-
LOPAP). Atmos. Meas. Tech. 2012, 5, 2339−2348.
(10) Zhang, X.; McVay, R. C.; Huang, D. D.; Dalleska, N. F.;
Aumont, B.; Flagan, R. C.; Seinfeld, J. H. Formation and evolution of
molecular products in alpha-pinene secondary organic aerosol. Proc.
Natl. Acad. Sci. U.S.A. 2015, 112, 14168−14173.
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An improved method for the quantification of SOA bound peroxides.
Atmos. Environ. 2013, 67, 365−369.
(47) Tong, H.; Lakey, P. S. J.; Arangio, A. M.; Socorro, J.; Kampf, C.
J.; Berkemeier, T.; Brune, W. H.; Pöschl, U.; Shiraiwa, M. Reactive
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Material and Method 23 

SOA generation in the Potential Aerosol Mass (PAM) oxidation flow reactor (OFR) 24 

and OH exposure determination. SOA particles were generated in the OFR by 25 

homogeneous nucleation and condensation following OH oxidation of α−pinene and 26 

naphthalene1,2. Details of the SOA production conditions are listed in Table S1, including 27 

initial O3 concentrations, the relative humidity (RH), and precursor VOCs mixing 28 

ratios.VOCs are introduced into the PAM reactor by a gentle N2 flow through the VOCs 29 

bubblers which are temperature controlled. Ozone is generated by irradiating high purity 30 

O2 with a mercury lamp (78−2046−07, BHK Inc., CA, USA) with peak emission at λ= 185 31 

nm outside the PAM reactor. Inside the PAM, O(1D) radicals are generated by UV 32 

photolysis of O3 using two mercury lamps (82−934−08, BHK Inc., CA, USA) with peak 33 

emission at λ= 254 nm. These two lamps are mounted inside Teflon-coated quartz 34 

cylindrical sleeves and continually purged with pure nitrogen. Water vapor is introduced 35 

into the reactor using a temperature-controlled Nafion membrane humidifier (Perma Pure 36 

LIC, NJ, USA). Dry carrier gas of N2 was mixed with the wet carrier gas (humidified N2) 37 

to provide a controllable relative humidity (RH) in the reactor. A total flow of 4.2 L min−1 38 

of N2 and 0.3 L min−1 of O2 with RH of ~36% was used. The temperature inside the reactor 39 

was 22.5±0.3 ℃.  40 

OH radicals are produced via the mechanism as follows: 41 

O" + hν → O' + O( D* +(λ = 254	nm)                                                                                      (1) 42 

O( D* + + H'O → 2OH                                                                                                                                      (2) 43 
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In the case of SOA generation with NOx, 90 mL min−1 N2O was added to the PAM reactor. 44 

The NO and NO2 are produced through the following mechanism: 45 

O( D* + + N'O → 2NO                                                                                                                                       (3) 46 

O" + NO → O' + NO'                                                                                                                     (4) 47 

For the fresh SOA produced, SO2 (50 ppm) was added to the PAM reactor before turning 48 

on the UV lamps to sustain an initial SO2 concentration of ~ 100 ppb. After the UV lamps 49 

on, we measured the final SO2 concentration coming out of the PAM reactor, and then the 50 

OH exposure (∫[𝑂𝐻]𝑑𝑡) can be calculated as3: 51 

∫[𝑂𝐻]𝑑𝑡 = *
?@ABC@D

𝑙𝑛 G[HID](JKJLJMN)
[HID](OJKMN)

P                                                                                                  (5) 52 

A recent study by Peng et al.  has developed a model to simulate the atmospheric fate of 53 

the RO2 radicals in the PAM reactors4,5. Using their model, we estimate the relative 54 

contribution of RO2 + NO pathway to the RO2 + HO2 pathway in the fate of RO2 radical. 55 

Cell culture, exposure system and optimization of the exposure. Human lung 56 

adenocarcinoma epithelial cell line A549 (ATCC catalog no.CCL-185) were exposed in 57 

the CULTEX RFS system. Briefly, 24 h prior to the exposure, cells were seeded on Corning 58 

Trans-well inserts with microporous membrane (growth area ~12 mm2, 0.4 μm pore size, 59 

Corning Transwell, USA) with an optimized density of 3×105 cells mL−1. Before exposure, 60 

the cell medium was removed from the apical and basolateral sides. The exposure medium 61 

was supplemented with HEPES without FBS. Exposure times varied between 1 to 6 hours. 62 

The maximal exposure time and flow parameters were validated by measuring cell viability 63 

under clean flow. The gas flow rates through the Trans-wells and the main outlet were 64 
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adjusted to 10 ml min−1 and 1 L min−1, respectively. As positive control, cells were exposed 65 

to copper sulfate particles generated by atomizing copper sulfate solutions (0.03 to 3 gr 66 

L−1) using a constant output atomizer (TSI)6. As negative control, the cells were exposed 67 

to OFR-atmosphere that passed through a HEPA filter.  68 

To determine the possible range of exposure times, A549 cells were exposed to 69 

clean air for up to 24 hours. Exposure to clean air for up to six hours did not cause 70 

significant changes in cell viability while more significant changes were observed after 8 71 

hours exposure. Efficient particle deposition was achieved with a unipolar 72 

electrodeposition device (EDD). The EDD voltage was optimized for SOA particle 73 

deposition by measuring the particle size distribution downstream of the CULTEX 74 

chambers. Applying the deposition voltage (between -100 and -300 V), decreased cells 75 

survival (~40%) compared to the incubator control, without significant changes between 76 

the various voltages applied. Thus, the optimal voltage for the SOA exposure experiments 77 

was set to -300 Volts.  78 
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Results 79 

Table S1. Summary of the Initial Conditions for SOA Experiments. 80 

SOA types O3  RH VOCs N2O  Aging time RO2+NO / 
RO2+HO2 (ppm) (%) (ppb) (%) (days) 

naphthalene SOA 
   0 2.2a 0 

40.0 36% 250 2 3.2b 0.21 
   0 11a 0 

α-pinene  SOA 
   0 2.3a 0 

36.0 36% 128 2 3.2b 0.24 
      0 9.8a 0 

a aging time determined by SO2 decay method 81 
b aging time determined by a model based on ozone concentrations and so on. 82 

Table S2. Density and chemical composition (elemental ratios) of fresh, aged and with 83 

NOx conditions of naphthalene and α-pinene- derived SOA. 84 

SOA precursor   Naphthalene   α-pinene  

SOA type   Fresh aged With NOx   Fresh aged With NOx 

Aging time (days)  2.2±0.3 11.0±1.1 3.2±0.3  2.3±0.5 9.8±0.5 3.2±0.5 

Density (gr cm-3)   1.29±0.00 1.35±0.02 1.40±0.02   1.14±0.02 1.23±0.02 1.28±0.01 

H:C   1.03±0.01 1.04±0.01 1.08±0.01   1.59±0.01 1.46±0.01 1.57±0.01 

O:C   0.72±0.02 1.17±0.02 1.01±0.03   0.51±0.01 0.69±0.04 0.59±0.02 
 85 

Table S3.  Exposed components during the exposure experiments. 86 

SOA precursor  Naphthalene  α-pinene 

SOA type  Fresh aged With NOx  Fresh aged With NOx 

Particle mass 

 (µg cm-2) 
 9.8±1.1 8.0±0.5 8.6±0.9   9.7±3.8 11.0±1.3 3.9±0.1 

Total organic peroxides 
(nmol cm-2)   50.5±5.7 109.9±6.6 48.0±4.8   35.9±14.2 81.3±9.5 14.9±0.4 

Total superoxide 

 (nmol cm-2) 
 0.3±0.1 0.1±0.0 0.1±0.0   0.9±0.2 1.0±0.4 1.1±0.3 

 87 
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 Table S4. SOA characterization: organic peroxide and ROS production. 88 

SOA precursor  Naphthalene   α-pinene  

SOA type  Fresh aged With NOx  Fresh aged With NOx 

Total organic peroxides  

(nmol µg-1)  
 5.17±1.81 13.80±2.37 5.56±1.27  3.72±1.87 7.39±1.64 3.87±2.26 

Total ROS radicals 

 (nmol µg-1) 
 0.019 ~ 

0.049 
0.007 ~ 
0.013 

0.0134 ~ 
0.030  0.079 ~ 

0.159 
0.082 ~ 
0.230 

0.299 ~ 
0.596 

BMPO-OH 

(nmol µg-1) 
 0.000 ~ 

0.005 
0.000 ~ 
0.007 

0.000 ~ 
0.019  0.018 ~ 

0.033 
0.040 ~ 
0.090 

0.105 ~ 
0.210 

BMPO-OOH 

(nmol µg-1) 
 0.019 ~ 

0.044 
0.006 ~ 
0.007 

0.011 ~ 
0.013  0.061 ~ 

0.126 
0.042 ~ 
0.140 

0.194 ~ 
0.386 
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 89 

Figure S1. Schematic representation of the experiment: secondary organic aerosol (SOA) 90 

production, sampling, cell exposure system, and chemical and biological effects analyses. 91 

SOA are produced in an oxidation flow reactor (OFR), which is supplied by ozone, 92 

humidified nitrogen (relative humidity 35-38%), precursor volatile organic compounds 93 

(VOC) flow, and nitrous oxide (N2O) as a source of NOx when necessary. After 94 

production, the SOA passed through a dryer, collected on a Teflon filter and analyzed for 95 

total peroxides content by an Iodometric method, and for ROS by an electron paramagnetic 96 

resonance (EPR) instrument for total ROS, OH and superoxide radicals. Simultaneously, 97 

the SOA were characterized online by a high-resolution time of flight aerosol mass 98 

spectrometer (HR-ToF-AMS), scanning mobility particle sizer (SMPS) and directed to the 99 

ALI exposure system (CULTEX RFS system) for the exposure with lung A549 cell. After 100 

exposure, the cells were removed and investigated for cytotoxicity and redox state by flow 101 

cytometry. Cells’ viability was studied by WST-1 test. 102 
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 103 

 104 

Figure S2: Mass spectra of fresh, aged, and NOx conditions of (A1–A3) naphthalene and 105 

(B1–B3) α-pinene derived SOA obtained by HR-TOF-AMS. The difference of the mass 106 

spectra compared to that of fresh SOA are also shown for naphthalene and (A4–A5) and 107 

α-pinene (B4–B5) derived SOA. The pie charts show the average bulk chemical 108 

information including organic-related fragments (grouped as CxHy+, CxHyO+, CxHyOz+, 109 

CxHyOzN+, and NOi+, where x, y, i ≥ 1, z> 1). Large portions of more oxidized species 110 

(CxHyOz+) were observed in aged SOA and large fractions of nitrogen-containing species 111 

(CxHyOzN+ and NOi+) were detected in SOA produce under NOx condition. 112 

A. Naphthalene derived SOA B. α–pinene derived SOA
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 113 

Figure S3. EPR spectra of SOA radicals in (A) naphthalene and (B) α-pinene SOA 114 

collected on filters and extracted in water. Reaction with BMPO resulted in the total BMPO 115 

bound radicals. Reaction with BMPO and superoxide dismutase (SOD) together resulted 116 

in BMPO-OH adduct from hydroxyl radical only (blue spectra). 117 
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